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




Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) originated in Wuhan in December 2019 and rapidly spread across the globe, with the World Health Organization (WHO) declaring it a pandemic in March 2020. Since early 2021, multiple SARS-CoV-2 variants have emerged in various countries around the world (1). Among these, the “Variant of Concern” has been reported to be highly transmissible, infectious, and capable of evading the natural or vaccine-induced immune response. The rapid spread of these variants has resulted in a daily increase in SARS-CoV-2 cases, which are associated with severe morbidity and mortality, exacerbating the pandemic situation (2). The newly emerged variants have become a serious threat to the global COVID-19 vaccination program due to their reduced susceptibility to currently available vaccines (3). It is critical to conduct active genomic surveillance of SARS-CoV-2 variants in order to better understand their transmission, pathogenesis, and the efficacy of vaccines and other therapeutics against these variants.

This Research Topic was created to explore the global emergence and prevalence of SARS-CoV-2 variants, key mutations impacting transmission, infectivity, pathogenicity, and associated immune escape against vaccines and other therapeutics. The 64 papers that comprise this Research Topic, accepted by authors of various countries and continents, investigate mainly genomic variations of SARS-CoV-2, the clinical impact of COVID-19, and the interventions to control the pandemic.

The mutational landscape on the SARS-CoV-2 structural and non-structural proteins and their impact on diagnostics, therapeutics, and vaccines have been studied across different geographical locations worldwide. Many of the authors tried to determine the main characteristics of the emerging various variants of SARS-CoV-2, including their distribution, mutations, transmissibility, severity, and susceptibility to immune responses. All these studies revealed different mutational patterns and their impact on diagnostics, their role in immune evasion, pathogenesis, and advanced research on current vaccines and therapeutics, i.e., the emergence of Variants of Concern and Variants of Interest, novel mutations, rare double-deletion variation in the spike region (68-76del+spike 675−679del), dynamism in intrahost single nucleotide variants (iSNVs) in the severe and mild infection cohorts, immune evasion of the Mu variant and a derivative of the Delta strain with E484K and N501Y mutations, increased virulence and transmission, and the functional role of ORF8a in viral pathogenesis (Agius et al.; Biswas et al.; Bittar et al.; Cheng et al.; Deval et al.; Ha et al.; Huang et al.; Jiang et al.; Khan et al.; Levi et al.; Li T. et al.; Liu C. et al.; Liu L.-T. et al.; Miyakawa et al.; Mostefai et al.; Negrón et al.; Osman et al.; Qin et al.; Smith et al.; Takatsuka et al.; Thakur et al.; Zhang, Ejikemeuwa et al.; Zhang, Hu et al.; Zimerman et al.). In addition, these many studies also reported shedding of SARS-CoV-2, nosocomial transmission in a cluster of children with underlying malignancy, isolation of SARS-CoV-2 variants and assessment of their genetic diversity, cell tropism and interaction with proteins that promote virus entry, and animal pathogenesis with SARS-CoV-2 variants (Ding et al.; Fernandez et al.; Lavania et al.; Madi et al.; Mostefai et al.; Praharaj et al.; Putri et al.; Rodriguez-Sevilla et al.; Singh et al.; Zhang Y.-D. et al.). These findings will be of value to the development of next-generation vaccines and therapeutic antibodies.

Ending the COVID-19 pandemic necessitates a shared understanding of the SARS-CoV-2 and COVID-19 mechanisms. The studies demonstrated the weighted network modeling of frequency trajectories of mutations (FTMs), the Global Evaluation of SARS-CoV-2/hCoV-19 Sequences 2 (GESS v2), and how IdbSV and logistic regression models enable us to rapidly and easily track down SARS-CoV-2 variants, identify SNVs, and spike binding parameters of ACE2 (Essabbar et al.; Huang et al.; Li K. et al.).

Various studies have also reported the usefulness of real-time RT-PCRs for the detection of the relevant mutations/deletions present in the Spike protein in VOC/VOIs, amplicon-based genome sequencing with MinION, utilizing the ARTIC V4 primers for improving genome recovery of SARS-CoV-2 variants, and HiSpike, a method for high-throughput cost-effective targeted next-generation sequencing of the spike gene. These studies highlight the importance of whole genome sequencing and expanded real-time monitoring of diagnostic PCR assays during a pandemic (Angulo et al.; Castro et al.; Fass et al.; Lambisia et al.; Park et al.; Rafiqul Islam et al.).

The COVID-19 pandemic has been a great challenge to public health systems. The factors associated with a higher risk of death were those related to coinfection and comorbidities (Alfonso-Sanchez et al.; Angulo et al.; Hosch et al.; Pang et al.). Although the emergence of vaccines may reduce the threat posed by SARS-CoV-2 variants, these variants are still very important and need to be studied. Many of the studies focused on the various aspects of COVID-19, mainly a wide range of clinical presentations, viral transmissibility, viral load, disease severity, lethality, breakthrough infections, reinfections, waning response with natural or vaccine-induced immunity, and the need for booster vaccination (Colavita et al.; da Silva et al.; Guo et al.; Hu et al.; Isnaini et al.; Koyama et al.; Li R. et al.; Xu et al.; Shastri et al.; Temsah et al.; Thangaraj et al.). Moreira-Soto et al. also demonstrated that the equine polyclonal antibodies (pAbs) efficiently neutralize the variants of concern alpha, beta, epsilon, gamma, and delta.

Few studies demonstrated the usefulness of fluorescently labeled lateral flow assays enabling rapid detection of SARS-CoV-2 under field or at-home conditions and in-house IgG ELISA and PRNT in vaccine efficacy studies (Auerswald et al.; Gesto et al.; Walish et al.). Some research findings also revealed the ineffectiveness of red blood cell distribution width (RDW) as a prognostic factor for COVID-19 severity, potential adverse perinatal outcomes with the Gamma variant, and the importance of a booster vaccination in patients with rheumatoid arthritis (Fernandez et al.; Zhang, Ejikemeuwa et al.; Zhao et al.).

The outcome of SARS-CoV-2 infection varies from asymptomatic, symptomatic to fatal cases. This data highlights the importance of better-adapted non-pharmacological measures and clinical discharge of patients in order to prevent the spread of SARS-CoV-2 to the general population (Cunha et al.). Currently available COVID-19 vaccines are still effective against the SARS-CoV-2 variant. If vaccine effectiveness against SARS-CoV-2 variants continues to deteriorate, the pandemic could worsen. To address the new challenges posed by new SARS-CoV-2 variants, multiple measures should be implemented, including public health interventions, vaccination expansion, and the development of a new vaccine booster.

All these research findings emphasized the importance of monitoring vaccine breakthrough infections, through the characterization of virological, immunological, and clinical features associated with these events, in order to tune prevention measures in the next phase of the COVID-19 pandemic.
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Background: Post infection immunity and post vaccination immunity both confer protection against COVID-19. However, there have been many whole genome sequencing proven reinfections and breakthrough infections. Both are most often mild and caused by Variants of Concern (VOC).

Methods: The patient in our study underwent serial COVID-19 RT-PCR, blood tests for serology, acute phase reactants, and chest imaging as part of clinical care. We interviewed the patient for clinical history and retrieved reports and case papers. We retrieved stored RT-PCR positive samples for whole genome sequencing (WGS) of SARS-CoV-2 from the patient's breakthrough infections and the presumed index case.

Findings: The patient had three RT-PCR confirmed SARS-CoV-2 infections. Two breakthrough infections occurred in quick succession with the first over 3 weeks after complete vaccination with COVISHIELD and despite post-vaccination seroconversion. The first breakthrough infection was due to the Alpha variant and the second due to the Delta variant. The Delta variant infection resulted in hypoxia, hospitalization, and illness lasting seven weeks. Serial serology, acute phase reactants, and chest imaging supported WGS in establishing distinct episodes of infection. WGS established a fully vaccinated family member as the index case.

Interpretation: The patient had an Alpha variant breakthrough infection despite past infection, complete vaccination, and seroconversion. Despite boosting after this infection, the patient subsequently had a severe Delta variant breakthrough infection. This was also a WGS proven reinfection and, therefore, a case of breakthrough reinfection. The patient acquired the infection from a fully vaccinated family member.

Keywords: SARS-CoV-2, COVID-19, reinfection, breakthrough, whole genome sequencing, breakthrough reinfection


INTRODUCTION

A year and a half into the Coronavirus Disease 2019 (COVID-19) pandemic, we are at the heart-wrenching milestone of four million recorded COVID-19 deaths. Estimates of the actual number of deaths based on excess deaths are staggeringly higher at over ten million (1). The true number of infections is estimated to be five to twenty times higher than the number of confirmed cases (2) and runs into billions. Fortunately, we have several effective vaccines with which we can potentially contain the COVID-19 pandemic. Unfortunately, our vaccination efforts have to contend with rapidly spreading Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) variants, and that is a monumental challenge.

In December of 2020, the Alpha variant was detected in the UK (3) and designated the first variant of concern (VOC). Since then, it has been a race between the speed of COVID-19 vaccine distribution and the emergence and spread of SARS-CoV-2 variants.

While the number of vaccinated individuals has crossed one billion worldwide, new variants of concern have emerged that are more concerning than their predecessors, with the Delta variant being the most concerning variant so far. The variants are concerning because of increased transmissibility, increased disease severity, and immune escape resulting in the risk of reinfections in convalescent individuals or breakthrough infections in vaccinated individuals (4).

Between February and June of 2021, India experienced a second wave of COVID-19, partially attributable to VOCs (5). Both the Alpha and Delta variants have been identified in India, and have contributed to the second wave in India (5). With the Delta variant poised to become the dominant lineage worldwide, the combination of increased transmissibility and immune escape is perilous.

Breakthrough infections are tempered by vaccines and are generally mild (5). Vaccines also reduce the risk of onward transmission (6), but it is unclear whether this holds true for the Delta variant and all vaccines. Reinfections are thought to be relatively rare, but difficulty in retrieving paired samples from different episodes for whole genome sequencing (WGS) makes it challenging to establish reinfection. In the context of VOCs, reinfections are possible and likely more common than we think. Even when reinfections are WGS proven, serial serology, inflammatory markers, and radiological imaging are usually unavailable. This limits our understanding of these rare but immunologically significant episodes.

Individuals with immunity from natural infection and vaccination are said to have hybrid immunity. The combination of post-infection immunity and post-vaccination immunity results in antibody responses that are 25 to 100 times higher, improved memory B cell and CD4+ T cell responses, and better cross-protection against variants (7). SARS-CoV-2 infection in an individual with such hybrid immunity ought to be very rare, a severe infection even rarer still. However, proving that a breakthrough infection was also a reinfection is subject to difficulties in identifying such rare cases and retrieving samples. Therefore such cases are hard to prove.

The patient in our study had two WGS proven breakthrough infections with Alpha and Delta variants, with the second breakthrough infection resulting in hospitalization. The patient had serial serology, blood investigations, inflammatory markers, and radiological imaging giving us a unique opportunity to study this breakthrough reinfection.



MATERIALS AND METHODS


Study Participant and Case Details Including Clinical, Investigation, and Radiological Data

The Patient sought clinical care for COVID-19 in Delhi, India. All the treatment and most of the investigations were ordered by the patient's treating doctors. Some investigations were self-initiated by the patient. The patient contacted Kasturba Hospital for Infectious Diseases for whole genome sequencing and to get a better understanding of her case. Clinical history was recorded directly from the patient during telephonic interviews. We retrieved case records, inpatient papers, reports of all investigations, and radiological images. Other than WGS on old samples, no fresh investigations were conducted for this study. The patient in our study lived with and had close contact with a confirmed COVID-19 case. The presumed index case was a fully vaccinated family member. A stored nasopharyngeal plus oropharyngeal sample (NP + OP) from the presumed index case was also retrieved for whole genome sequencing.



RT-PCR and COVID-19 Serology

All RT-PCR tests were conducted on NP + OP swabs transported in viral transport media (VTM). The positive RT-PCR in August 2020 was performed using TRUPCR kit on Quant Studio 5 by Thermo Fisher. All positive RT-PCR samples during the first and second breakthrough infections were conducted at the same laboratory using TRUPCR kit on CFX 96 dx-Bio-Rad, allowing for a comparison of Ct values in these two episodes. The gene targets for TRUPCR kit are E gene, RdRp gene and N gene. Details on the methodology of the RT-PCR tests are presented in Supplementary Table 1.

Serological testing was conducted using chemiluminescence (CLIA) but with different kits and platforms, including Abbott anti-N IgG, Roche anti-N IgG, Abbott anti-S1 RBD IgG, Liaison Anti-S IgG, and Beckman Coulter anti-RBD IgG. The methodology for each test in mentioned in Table 1.


Table 1. Clinical features, RT-PCR, Ct values, and Serology.
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RNA Isolation

Viral RNA from the VTM solution was extracted using a commercially available RNA extraction kit (QIAmp viral mini kit, Qiagen, Cat. No. 52906). 200 μl of VTM solution was processed for lysing and viral enrichment following the kit protocol. After washing with wash buffers, viral RNA was eluted in RNase-free water.



Whole Genome Sequencing (WGS) and Analysis

WGS of SARS-CoV-2 was performed using Oxford Nanopore Technology (ONT). In brief, cDNA was prepared using the SuperScript IV first strand synthesis system (cat no.18091050), followed by RNA strand degradation using RNase H, and the second strand cDNA synthesis using DNA Polymerase I, Large (Klenow) Fragment (cat no.M0210L). 100 ng of double-stranded cDNA was used for PCR using ARTIC nCov-2019 V3 panel and Q5® Hot Start High-Fidelity 2X Master Mix (cat no. M0494L). The sequencing library was prepared as per ONT library preparation protocol (PTC_9096_v109revE_06Feb2020). In short, unique barcodes were ligated to samples using Blunt/TA Ligase Master Mix (cat no. M0367L), after end repair of the amplicons using NEBNext Ultra II End Prep Enzyme Mix (cat no. E7546L). The sequencing adapter was ligated using NEBNext® Quick Ligation Module and the final library was sequenced on the MinION Mk1C. RNA quantification and quality control was performed using Nanodrop and taking 260/280 ratio into account. With patient samples, even sometimes when the 260/280 ratio is below 1.8, the sample is taken forward for sequencing.

The ARTIC protocol was used for data analysis wherein the raw fast five files were base called and demultiplexed using Guppy. Read filtering was performed to retain read lengths of 400–700 and remove chimeric reads. MinION was used for generating consensus FASTA and detecting variants (VCF). Using 97 random COVID-19 Indian sequences from GISAID for May 2021 and the three study samples, phylogenetic analysis was performed. All the sequences were aligned to NC_045512 reference genome using MAFFT v7.475 (8). The aligned sequences were trimmed to remove gaps, and a phylogenetic tree was generated using the default model of the IQ-TREE v2.0.3 (9). The tree was visualized using FigTree v1.4.4 (10). The assembled SARS-CoV-2 genomes were assigned clade using Nextstrain (11). A lollipop plot was generated in RStudio using g3viz, rtracklayer, and trackViewer packages, followed by data visualization using the ggplot2 package. All the figures were updated using Inkscape software (https://inkscape.org).




RESULTS


Clinical Details and Investigations

The patient was a 61-year-old female health care worker in Delhi, India. She had a medical history of prediabetes for 6 months, hypertension for 2 years, and bronchial asthma since childhood. She did not have any history of immune-compromising conditions. A summary of the case is presented as a timeline in Figure 1 and of investigations in Tables 1, 2.


[image: Figure 1]
FIGURE 1. Breakthrough reinfection timeline.



Table 2. Investigations (CRP, IL-6, D-dimer, HRCT Chest).

[image: Table 2]

The first episode of SARS-CoV-2 infection was in August 2020. The patient underwent a pre-travel COVID-19 RT-PCR test on 16th August 2020, which was positive for SARS-CoV-2 (Ct values for all positive tests are presented in Table 1). A repeat test on 19th August 2020 was negative. She was entirely asymptomatic during this episode and self-isolated, and received care at home. Treatment included Tab. Ivermectin and Cap. Doxycycline. Serological testing was performed several times after this episode and before vaccination and the patient was seronegative (details are presented in Table 1).

On 1st February 2021, she received the first dose of COVISHIELD (Oxford-Astra Zeneca COVID-19 vaccine). On 18th February she was seropositive. On 15th March 2021, she received her second dose of COVISHIELD and was seropositive 6 days later on March 21st. On April 7th, 3 days before the onset of symptoms in the first breakthrough episode, serology was repeated and was positive but with a reduced index (details are presented in Table 1).

The second episode of SARS-CoV-2 infection, which was the first breakthrough infection, was in April 2021. On April 10th, the patient developed acute abdominal pain, fever, myalgia, and fatigue. The pain was in the epigastric region, acute in onset, dull aching in character, and localized. The pain was associated with tenderness but not associated with nausea, vomiting, and change in bowel or bladder habits. The pain was initially mild in intensity but progressed over the next 2 days to become severe. It resolved completely in another 3 days after starting treatment as described below. On April 10th, a few hours after the onset of abdominal pain, the patient had a single fever spike of 101°F. Fever resolved with paracetamol without any further spikes. Two days after symptom onset, the patient developed severe body ache and extreme exhaustion that persisted for 10 days, at which point all symptoms resolved, and the patient felt completely well. She did not experience sore throat, cough, breathlessness, nasal congestion, rhinorrhoea, change in smell or taste at any point in the illness. Pulse oximetry was performed daily during this episode, and her oxygen saturation was normal throughout, with values between 97 and 99%.

Two days after symptom onset (April 12th), she underwent RT-PCR testing, which was positive for SARS-CoV-2 RNA. This sample was retrieved for whole genome sequencing as detailed later. RT-PCR was negative for SARS-CoV-2 RNA 4 days (April 14th) and 14 days (April 24th) after symptom onset. Ct values are presented in Table 1.

During this episode, she had serial blood tests, including C-reactive protein (CRP). CRP peaked on April 13th, and reduced progressively to normal on April 21st. Details for CRP are presented in Table 2.

Three days after symptoms onset (April 13th), she underwent chest high resolution computed tomography (HRCT), which revealed subtle ill-defined ground glass opacification in the posterior and lateral basal segments of the bilateral lower lobes suggestive of viral pneumonitis, with a CT severity score of 2/25.

She self-isolated and received treatment at home. Treatment included T. Azithromycin, T. Ivermectin, T. Rivaroxaban, and T. Prednisolone (40 mg daily for 10 days). By April 21st, her symptoms had resolved completely, and RT-PCR on April 24th was negative for SARS-CoV-2 RNA.

The third episode of SARS-CoV-2 infection, which was the second breakthrough infection, was in late April 2021, and continued into May with some symptoms persisting until mid-June. On April 25th, the patient developed body ache, fatigue, and headache, which was later accompanied by cough, fever, rhinorrhea, vomiting, and breathlessness. Initially, the patient experienced body ache, fatigue, and headache and thought it was related to the prior infection. However, over the next 2 days, she developed a cough, initially dry but which over the next 2 days became productive with expectoration of small volumes of yellowish sputum. The cough worsened with bouts of coughing coming more frequently and lasting longer. Over the next few days, it progressed so that the patient would start coughing continuously on walking just a few steps or with the slightest exertion. Cough was not associated with hemoptysis or chest pain. Seven days into this episode (May 2nd), the patient developed a fever, which was continuous, and was associated with chills and rigor. Fever spikes continued for 2 weeks.

One week after the onset of fever (May 10th), the patient started to feel breathless at rest, and for the first time, pulse oximetry revealed hypoxia with oxygen saturation of 93%. She was hospitalized on the same day and started on supplementary low flow oxygen therapy. She remained in hospital for 5 days, and her oxygen saturation fluctuated between 93 and 97%. After 5 days of hospital care, she was discharged; fever and breathlessness had resolved, and oxygen saturation was normal on room air. Residual fatigue, body ache, and cough persisted for a month after discharge.

A day after the onset of fever (May 3rd), the patient underwent RT-PCR for the first time in the third episode, and it was positive for SARS-CoV-2. This sample was retrieved for whole genome sequencing as detailed later. Serial RT-PCR tests were positive with a reduction in Ct values. RT-PCR was negative on discharge from the hospital on May 15th. Details of RT-PCR tests and Ct values are presented in Table 1.

The patient underwent serial blood investigations in the third episode. CRP, which was normal on April 24th, increased progressively over the episode. CRP was elevated on April 30th and peaked on May 10th. Thereafter as the patient clinically improved, the CRP reduced progressively. Interleukin-6 progressively increased to a peak on May 10th. D-dimer was normal on the day of hospitalization (May 10th), indicating that the breathlessness and hypoxia were not due to a pulmonary embolus. D-dimer increased to a peak on May 15th. Details for CRP, IL-6, and D-dimer are presented in Table 2.

Serial chest HRCT was performed during this episode. An HRCT chest on May 3rd reported no abnormalities with a CTSS of 0/25. HRCT chest on May 8th revealed COVID-19 pneumonia with a CTSS of 7/25. HRCT chest on May 11th revealed progression of pulmonary involvement with multiple non-segmental areas of ground glassing and associated interlobular septal thickening involving bilateral lungs with intervening areas of consolidation with an increased CTSS of 12/25.

Treatment in the hospital included low flow oxygen therapy, Remdesivir, Dexamethasone, Enoxaparin, Paracetamol, and Cefepime. In addition, the patient, required insulin to manage hyperglycemia secondary to steroids. On discharge, the patient was prescribed Rivaroxaban, Novorapid, and a tapering dose of Prednisolone.

The patient made a complete recovery, and subsequent serological testing demonstrated boosting of humoral immunity (details have been presented in Table 1).



Close Contact With a Confirmed Case of COVID-19

The patient lived with a fully vaccinated family member who developed symptoms of COVID-19 3 days before the patient developed symptoms in the third episode. The patient cared for and had close contact with this family member, who was presumed to be the index case. The presumed index case was fully vaccinated and had taken the second dose 2 months prior to symptom onset. An RT-PCR positive sample from 27th April 2021 was retrieved for whole genome sequencing. The patient was self-isolating at home in a separate room due to the previous infection, and the only potential exposure to infection was with the fully vaccinated unwell family member during caregiving activities. There was no other potential exposure to infection.



Genomic Analysis Reveals Different Variants of Concern in Each Breakthrough Infection and Establishes the Index Case

The patient's NP + OP samples that were RT-PCR positive for SARS-CoV-2 RNA from 10th April 2021 in the first breakthrough infection and from 3rd May 2021 in the second breakthrough infection were retrieved for sequencing. The presumed index case's NP+OP RT-PCR positive sample from 27th April 2021 was also retrieved for sequencing. All three samples were sequenced together with positive control (SARS-CoV-2 culture RNA) for ascertaining the sequencing efficiency. The sequencing stats are summarized in Figure 2.


[image: Figure 2]
FIGURE 2. Whole genome sequencing stats including sequencing depth and genome coverage.


The patient's first breakthrough infection was due to the Alpha variant and the second breakthrough infection was due to the Delta variant. The Alpha variant belongs to clade 20I and the Delta variant to clade 21A. The presumed index case's breakthrough infection was also due to the Delta variant.

Mutation analysis revealed that the samples from the patient's Delta variant breakthrough infection contained 30 mutations in total: 5 synonymous, 20 non-synonymous, and 4 deletion mutations (Table 3). The presumed index case's samples also contained 30 total mutations: 4 synonymous, 21 non-synonymous mutations, and 4 deletion mutations. Although the second Breakthrough sample and the index case shared the same number of mutations, each differed in one mutation of ORF1a. The second breakthrough sample had a synonymous mutation at ORF1a: G728 (C2449T), which was absent from the index case sample, and the index case showed the presence of a non-synonymous mutation at ORF1a: H2092Y (C6539T), which was not seen in the second breakthrough sample (Table 3). We found 29 shared mutations between the patient and the presumed index case. In particular, the patient and the index case had the same 17 of the 23 mutations that are defining mutation for Delta variant or 21A (Figure 3). This helped us establish that the fully vaccinated family member was the index case from whom the patient acquired the infection.


Table 3. List of mutations seen in the three samples.
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FIGURE 3. Representation of mutations within SARS-CoV-2 genome for the Patient's paired samples and the single index case sample. The plot displays the different locations of the mutations observed in each sample, with different colors corresponding to different genes. (A) Represents the mutations from the Patient's first breakthrough sequence Alpha variant (superiorly) and the second breakthrough sequence Delta variant (inferiorly). (B) Represents the mutations from the index case's breakthrough sequence Delta variant (superiorly).


To evaluate amino-acid alterations, we performed protein-based annotation of all the non-synonymous mutations found, and we evaluated published literature to understand the role of the identified mutations with immune escape potential, as discussed later. The patient's breakthrough infection sequences and the index case's sequence have been represented in a phylogenetic tree in Figure 4.


[image: Figure 4]
FIGURE 4. Circular Phylogram of 100 sequences used in the analysis. The Patient's first breakthrough sequence falls in the clade 20I (Alpha, V1) (text in brown) and second breakthrough sequence belongs to clade 21A (Delta) (in blue). The index case sample is also seen to fall close to the second breakthrough sample in clade 21A (Delta) (text in blue).




Sequence Submission

Both SARS-CoV-2 sequences from the patient and the single sequence from the Index case were submitted to GISAID under the accession numbers EPI_ISL_2811395 (index case), EPI_ISL_2811394 (patient's first breakthrough), EPI_ISL_2811396 (patient's second breakthrough).




DISCUSSION

Breakthrough infections are defined as infections occurring 2 weeks after complete vaccination (12). While these infections are thought to be rare, it is likely that mild and asymptomatic infections are under-detected. Breakthrough infections are more commonly caused by VOCs (5, 13). Data from the UK suggests that single-dose vaccine efficacy against the Delta variant is reduced (14) and a study in India documented that the Delta variant was over-represented in vaccine breakthrough infections (5). A study looked at over 100 infections in vaccinated health care workers across 3 hospitals in India between March and April 2021. Although breakthrough infections in vaccinated health care workers were not severe, the average size of transmission clusters in these healthcare workers was larger for the Delta Variant (cluster size 3.2) compared to other variants (cluster size 1.1), suggesting that transmission resulting from breakthrough infections due to the Delta variant may be more likely than with other variants (15).

Compared with vaccinated individuals, those who had COVID-19 in the past also have an immune response that offers them some protection. While past infection does confer protection, reinfections may still occur. SARS-CoV-2 reinfections can be proved by whole genome sequencing and confirmed when genetically distinct sequences are available from the two episodes. A probable reinfection is when the virus causing the second infection is identified as a variant in circulation that was not known to be circulating at the time of the first infection. Several studies have documented SARS-CoV-2 reinfections, but reassuringly so far, the risk of reinfection appears to be low (16–18). While most reinfections are thought to be mild (19), a study in India documented reinfections in healthcare workers (20), where the second episode was more severe than the first. Some evidence suggests that those with asymptomatic or mild infections may have less robust and durable protection against future infection (21). A pre-print study estimated that the Delta variant could evade 20–55% of the immune protection provided by prior infection with a non-Delta virus (15), and past infection by itself may not confer sufficient protection from variants of concern in all individuals.

The patient in our study had three distant infections. The first episode was entirely asymptomatic. The RT-PCR positive sample could not be retrieved, and serial COVID-19 serology between this episode and vaccination was negative. Approximately 5–10% of people do not have detectable IgG antibodies following infection, more commonly following asymptomatic infection (22).

The subsequent two infections occurred after complete vaccination and documented seroconversion. They were both symptomatic and additional blood and radiological investigations were available to support the clinical and molecular evidence of COVID-19. In addition, stored samples were available for sequencing. Considering the positive RT-PCR report for the first infection before vaccination and that the first breakthrough infection was caused by the Alpha variant that was not in circulation at the time of the first infection, this may be considered probable reinfection.

The first breakthrough infection was symptomatic and was caused by the Alpha variant. Acute-phase reactant CRP was elevated, and HRCT chest showed COVID-19 pneumonia with CTSS 2/25. As the patient had radiological evidence of lower respiratory tract disease, this was a moderate illness. The patient recovered with treatment which included a course of oral steroids. In this symptomatic episode, the high Ct values were congruent with post-vaccination breakthrough infections that tend to have a lower viral load (23).

During the second breakthrough infection, the patient was infected by Delta variant and developed severe disease requiring hospitalization and supplementary oxygen. Fatigue and cough persisted for a month after discharge and impeded daily activities. Despite vaccination and past infections, the patient experienced a severe and debilitating Delta variant infection. The presence of different variants of concern in the first and the second breakthrough infection confirmed that the Delta variant infection was both a breakthrough infection and confirmed reinfection, an episode we labeled as “breakthrough reinfection.”

Serial serology showed a boosting effect of the humoral immune response after the Alpha variant infection, despite which there was subsequent breakthrough reinfection by the Delta variant. Serology revealed boosting after the Delta variant infection as well.

The time interval between the two breakthrough infections was short, with just 4 days between symptom resolution in the first and symptom onset in the second. However, several different lines of evidence show that the second and third episodes were distinct infections caused by different variants. Samples from the two episodes show two different variants that fit the criteria for best evidence for reinfection (24). However, the time period between the positive tests in the two episodes was just 21 days. In addition to genomic evidence, there was evidence from clinical history, negative RT-PCR tests, acute phase reactants, and chest imaging that support resolution of the first infection before a new infection occurred. Clinically the patient's symptoms had completely resolved for 4 days before symptoms reappeared in the third episode. There were two negative RT-PCR results between the second and third episode. CRP had normalized between the episodes. Chest imaging (HRCT) showed resolution of pulmonary involvement between the two episodes with new and progressive changes during Delta variant infection.

The short time interval between the two episodes of breakthrough infection highlights that the existing criteria for reinfection that use predefined periods may result in missing reinfections by the Delta variant. Following time-based criteria, such as those in the US CDC investigation protocol for reinfections (24), would have resulted in missing this important case of breakthrough reinfection. With the emergence of VOCs, clinicians need to be alert to the possibility of reinfections occurring in close succession. It would be prudent to use clinical, molecular, biochemical, serological, and radiological clues to assign reinfections.

It is epidemiologically relevant that we established that the patient acquired Delta variant infection from a fully vaccinated family member. The index case and the patient lived together, and the index case developed symptoms 3 days before the patient. The patient was still self-isolating at home while recovering from the Alpha variant infection, and there was no other potential exposure at home. Whole-genome sequencing of samples from the index case and the patient both identified Delta variant and mutation analysis identified 29 shared mutations between them. There was only one unique mutation between their samples, H2092Y in the ORF1ab region of SARS-CoV-2. High sequencing depth and genome coverage of the samples give credence to the findings and insights therein. Incidentally, this was also the time when India was in the middle of the Delta variant driven second wave.

During the patient's breakthrough reinfection with the Delta variant, Ct values were as low as 18.20 on confirmatory genes. A study on nosocomial transmission of SARS-CoV-2 between patients sharing a hospital room found that Ct values 21 or lower were associated with transmission (25). Despite vaccination, the patient in our study had Ct values low enough to suggest transmission potential. The patient herself acquired the infection from a fully vaccinated close contact. As Delta variant infections pose a threat of high transmissibility, precautions like wearing a mask will continue to be relevant to protect both vaccinated individuals, immunocompromised individuals, and naive individuals.

The first breakthrough infections occurred over three and a half weeks after the second dose of COVISHIELD and documented seroconversion with anti-RBD IgG antibodies. Serology on March 21st, 6 days after the second dose, showed a CLIA index of 5.84. Repeated serology on April 7th, 3 days before symptoms onset in the first breakthrough episode, showed a decreased CLIA index of 2.85. It is possible that the decrease in antibodies may have contributed to increased susceptibility to Alpha variant infection. After the first breakthrough infection by the Alpha variant, there was the boosting effect seen on serology. Breakthrough reinfection with Delta variant occurred despite this. There may be higher humoral correlates of protection for some VOCs.

COVID-19 serology was performed using different methodologies and platforms, with some of the assays targeting antibodies against different antigens. As we were unable to retrieve the samples, we could not repeat serological tests using a harmonized protocol and reported in the same units (BAU/ml). Fortunately, a few serial serological tests were conducted at the same lab using the same methodology and same assays, allowing for comparison. As neutralizing antibodies weren't measured, it is possible that the patient had anti-Spike and anti-RBD IgG without having sufficient neutralizing antibodies to prevent breakthrough reinfection. Cellular immunity was not assessed. It is possible the patient had a poor CD8+ T cellar response, which resulted in severe disease.

It is possible that steroids prescribed during the first breakthrough infection contributed to susceptibly to reinfection by Delta variant. The use of steroids during COVID-19 may delay the development of immunity following infection, and such individuals may be more susceptible to early reinfection by a VOC. This may be relevant to patients prescribed steroids and housed together in common COVID-19 wards, especially in the context of different VOCs in circulation.

Some VOCs like the Beta variant and Delta variant have been characterized to partially evade post-vaccination immunity. Despite the presence of numerous receptor-binding domain (RBD) mutations, strains such as B.1.1.7 remain potently neutralized by vaccine-elected sera. Several anti-RBD-specific antibodies can only bind to the open spike protein (26); it is possible that mutations altering the conformation of the spike protein may make the RBD less susceptible to neutralizing antibodies by decreasing the chance of the open conformation (27). Some mutations, combined with others, could make the virus more infectious. For example, Leucine-452 is found in the RBD receptor-binding motif, where it interacts directly with the ACE2 receptor. Its replacement with arginine is predicted to result in higher receptor affinity and resistance to neutralizing antibodies (28).

The structural analysis of RBD mutations, L452R and E484Q, and P681R in the furin cleavage area, highlight the likelihood of increased ACE2 binding and S1-S2 cleavage rate, resulting in better transmissibility. The identical two RBD mutations result in decreased binding to selected monoclonal antibodies (mAbs) and lowering mAb neutralizing activity (29). The ORF1ab mutation, A1708D, may reduce CD8+ T cell activation and thereby play a role in immune evasion (30). L5F mutation is seen to increase the epitope binding affinity for 37 different HLA alleles (31, 32). The TTTA->T deletion in Spike protein is predicted to change the structure of the N3 NTD loop (amino acid positions 140–156) and has been shown to impact neutralization by a variety of neutralizing antibodies (33). T478K affects the Spike binding domain with the human receptor ACE2, raising the electrostatic potential at the interface and may represent a genetic pathway for SARS-CoV-2 to avoid immune detection (34). N501Y is one of six essential amino acids involved in the development of the RBD-hACE2 complex. As a result, this mutation may allow a greater interaction between the spike protein and hACE2 (35). Thus genetic alterations may impair the host immune system's capacity to recognize and resist the virus (36, 37). Certain mutations may enhance viral spread from cell to cell by fusion. P681R mutation may enhance cell fusion and help the virus evade neutralizing antibodies (38, 39).

Although limited to a single patient, our study reiterates that rare cases of severe breakthrough infection and reinfection can occur with VOCs at a short time interval. These infections can have Ct values low enough to pose transmission risk, and breakthrough infections with the Delta variant can result in secondary transmission.

We are mindful that some may misinterpret our work to mean that widespread severe breakthrough infection and reinfections are likely; however, we would like to clearly state that our study is based on one patient, and no such conclusion can be made. The patient survived infection by two VOCs, and it is very likely that vaccination provided some protection.



CONCLUSION

Our study identifies a rare breakthrough infection that was also a confirmed reinfection. We propose the term “breakthrough reinfection” for such episodes. In this study, the patient had breakthrough reinfection severe enough to result in hypoxia and hospitalization. The patient was infected by a fully vaccinated family member, and the patient's Ct values in the Delta variant breakthrough reinfection were low enough to suggest transmission potential. This reinforces that fully vaccinated individuals should also continue to take precautions to protect themselves and others. The Alpha variant breakthrough infection occurred despite documented seroconversion, and the Delta variant breakthrough reinfection occurred despite boosting by prior infection. Seroconversion by itself may not be enough to prevent infection. With VOCs, there may be a short time interval between infections, and current time criteria to suspect reinfection may need to be revised in view of VOCs. There is an urgent need to understand the patient-specific variables such as pre-existing illness or immunological factors, including deficient humoral and cellular immune responses, that predispose to breakthrough reinfections.
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Whole Genome Sequencing of SARS-CoV-2 Strains in COVID-19 Patients From Djibouti Shows Novel Mutations and Clades Replacing Over Time
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Since the start of COVID-19 pandemic the Republic of Djibouti, in the horn of Africa, has experienced two epidemic waves of the virus between April and August 2020 and between February and May 2021. By May 2021, COVID-19 had affected 1.18% of the Djiboutian population and caused 152 deaths. Djibouti hosts several foreign military bases which makes it a potential hot-spot for the introduction of different SARS-CoV-2 strains. We genotyped fifty three viruses that have spread during the two epidemic waves. Next, using spike sequencing of twenty-eight strains and whole genome sequencing of thirteen strains, we found that Nexstrain clades 20A and 20B with a typically European D614G substitution in the spike and a frequent P2633L substitution in nsp16 were the dominant viruses during the first epidemic wave, while the clade 20H South African variants spread during the second wave characterized by an increase in the number of severe forms of COVID-19.

Keywords: SARS-CoV-2, UK variant, South African variant, Marseille 4 variant, COVID-19, epidemics, Djibouti


INTRODUCTION

Since the identification of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in China in late 2019 as the causative agent of COVID-19 (1–3), the virus has spread worldwide causing a global pandemic. Over the course of 17 months, the COVID-19 pandemic caused more than 3.69 million deaths and 171.74 million confirmed cases worldwide (4). SARS-CoV-2 genomic epidemiology has led to the detection of several mutations of the original Wuhan-Hu-1 strain of SARS-CoV-2. During the spring of 2020, a non-synonymous mutation leading to a spike protein substitution D614G became dominant in the reported sequences of SARS-CoV-2 and was found to enhance viral replication as a result of higher affinity for the ACE2 receptor (5, 6). Since the summer of 2020, the emergence of major viral variants has been observed (7–10). These variants have been found to be responsible for juxtaposed or successive epidemics in various geographic areas. Cases of re-infection with SARS-CoV-2 genotypes different from those which first infected patients, have also been documented (11). In order to track the evolution of the virus over time, many laboratories have performed virus genotyping. Laboratories equipped with whole genome sequencing capabilities have reported a large number of mutations which has increased over time. However, there are considerable disparities between countries and in some cases there is no database on circulating viruses (12).

The Republic of Djibouti is a country in East Africa with a population of 921,804 inhabitants in 2020 composed of 60% Somalis, 35% Afars, and 5% Arabs (Figure 1). To date no SARS-CoV-2 sequence has been characterized in the Djiboutian population although cases of COVID-19 have been declared by health authorities in March 2020 (13). In response to the WHO alert on the COVID-19 pandemic, the Republic of Djibouti has rapidly established a prevention strategy based on testing, isolation, treatment and tracing of contacts of each positive case (14). Being prepared for the prevention of the epidemic risk was perhaps more essential here than elsewhere due to regional specificities. Djibouti's geopolitical situation is interesting because it hosts the military bases of many countries such as China and the USA, as well as European countries including the largest French military base in Africa. This has led to a mixing of populations which is conducive to the circulation of pathogens, including SARS-CoV-2. The first COVID-19 case in Djibouti was confirmed on 18 March 2020 in a member of the Spanish special forces (15, 16). This patient was isolated and had no interaction with the local population (17). A second COVID-19 case was reported in the same month in a member of United States Department of Defense who was working in the US military base in Djibouti (18). The first epidemic period began on 8 April and lasted until 15 August 2020 with a peak in late May early June. A second epidemic wave period began on 21 February and lasted until 18 May 2021 with a peak in late March-early April. According to the most recent (23 June 2021) information available through the Johns Hopkins Resource Center, 11,595 total confirmed cases of SARS-CoV-2 infections and 155 deaths from severe forms of COVID-19 had been reported in Djibouti, (https://coronavirus.jhu.edu/).


[image: Figure 1]
FIGURE 1. Map of Djibouti. The Republic of Djibouti is located in the horn of East Africa. In 2020, the population of the Republic of Djibouti consisted of 60% Somalis, 35% Afars, and 5% Arabs with a total of 921,804 inhabitants. The map of Dijbouti was adapted from the Open Street Map (http://umap.openstreetmap.fr/). The geographical and geopolitical situation of Djibouti is interesting because it hosts several military bases and forces from different countries including France, Italy, Germany, Spain, China, the USA, and Japan.


Our main objective was to reduce the large data gaps regarding the genomic characterization of SARS-CoV-2 circulating in Djiboutian population. Here we used mini-spike sequencing to type strains and whole genome sequencing to evaluate the diversity of SARS-CoV-2 strains that had spread in the Djiboutian population. In addition, we compared these sequences to the fifty-two SARS-CoV-2 sequences which were very recently released by the GISAID database and which corresponded to viruses that had infected foreigners working for the US Department of Defense in Djibouti.



MATERIALS AND METHODS


Patients' Samples

Sputum and nasopharyngeal swab fluid (5–10 mL) samples from patients who had been diagnosed as positive for COVID-19 (lab-confirmed specimen by a quantitative reverse transcriptase-polymerase chain reaction, qRT-PCR) were collected in Djibouti (“Centre de soins 1 de la Caisse Nationale de Sécurité Sociale,” Social Security Care center number 1 of the Republic of Djibouti). The bank of samples (1,861 samples collected, including 407 SARS-CoV-2 positive samples) was kept in Djibouti until use and only fifty three frozen samples from individual with a cycle threshold (Ct) value below 25 [see column “Ct(Dji)” in Table 1] corresponding to a high viral load, were transferred in biohazard containers (Aramex company) to the IHU Méditerranée Infection institute (Marseille, France). Among these fifty three samples representative of the epidemiological situation, twenty-five were collected during the period from May 2020 to August 2020; three were collected during the inter-waves period (October 2020 to January 2021); and twenty-five were collected during the second epidemic wave in March 2021. Before being processed, each transferred sample was retested using a qRT-PCR performed with specific primers for the E gene of SARS-CoV-2, to confirm the presence of virus in sample after transport [see column “Ct(IHU)” in Table 1]. All samples received at the IHU showed CT values below 25, with the exception of sample number 00100 found with a CT of 32.4. According to our diagnostic criteria, this sample remained positive since the qRT-PCR are considered positive when the Ct value is below 35, as previously reported (19). Only samples that meet a Ct < 25 were transferred to the IHU Marseille genomic sequencing platform for mini-spike sequencing and/or whole genome sequencing.


Table 1. Typing of SARS-CoV-2 strains circulating in Djibouti from May 2020 to March 2021.
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SARS-CoV-2 Variant Typing and Mini-Spike Sequencing

Several specific qRT-PCR systems with primers and fluorescent dye-tagged probes (see Supplementary Table 1) that can confirm the presence of SARS-CoV-2 in samples (a pan-genomic SARS-CoV-2 probe that hybridizes with the E gene; size of the amplification fragment: 113 bp), and probes which can discriminate between the Marseille 4 variant (primers in the ORF1; size of the amplification fragment: 114 bp), UK variant (Nextstrain clade 20I; primers in the N gene; size of the amplification fragment: 110 bp), and South African variant (Nextstrain clade 20H; primers in nsp2; size of the amplification fragment: 119 bp) strains, were used for the rapid identification of variants.

Regarding the samples which were found positive for the SARS-CoV-2 E gene and negative for the three variants, a mini-spike sequencing strategy was performed as follows. the sequences of the spike gene 5'-region (nucleotides 1-1,854 in reference to NC_045512.2), named mini-spike, were obtained by next-generation sequencing (NGS) following an in-house protocol that enables the PCR amplification of a fragment between position 21,296 (in the ORF1b) and position 23,424 (in the spike gene) of the viral genome (primers: 5′-GCAAACCACGCGAACAAATA-3′; 5′-GGGACTTCTGTGCAGTTAAC-3′; size of the amplification fragment: 2,128 bp). Sequences were analyzed using Nextclade (https://clades.nextstrain.org/) (20) and an in-house Python script.



SARS-CoV-2 Whole Genome Sequencing

A few samples were further characterized by next-generation sequencing (NGS) using the Nanopore sequencing (Oxford Nanopore Technologies, Cambridge, UK), as previously described (21). Regarding the eight samples from the first wave characterized by NGS, they were selected to be representative of the different SARS-CoV-2 clusters found using the mini-spike sequencing (e.g., the Djiboutian sample 103 from May 2020 in Table 1 corresponds to sample ID Djibouti CNSS00103-IHU1031243436/2020 in Table 2). Regarding the five samples from the second wave, we have chosen to better characterize four South African variants (e.g., the Djiboutian sample 1095 from March 2021 in Table 1 corresponds to sample ID Djibouti CNSS001095-IHU1031441326/2021 in Table 2) and the only UK variant discovered in this series of samples. The consensus sequences were generated with a minimum coverage of 100 reads. Genome consensus sequences were generated through mapping on the SARS-CoV-2 genome using the sequence from the Wuhan-Hu-1 reference strain (GenBank accession no. NC_045512.2) with the Minimap2 software using short genomic paired-end reads as pre-set (22). All the new SARS-CoV-2 sequences reported herein have been placed in the open access GISAID database (Accession ID: EPI_ISL_2820509; EPI_ISL_2820514; EPI_ISL_2820756; EPI_ISL_2820520; EPI_ISL_2820757; EPI_ISL_2820547; EPI_ISL_2820621; EPI_ISL_2820626; EPI_ISL_2820687; EPI_ISL_2820701; EPI_ISL_2820704; EPI_ISL_2820705; EPI_ISL_2820706).


Table 2. Genotyping of SARS-CoV-2 strains circulating in Djibouti from May 2020 to March 2021.
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SARS-CoV-2 Phylogenetic Tree

Phylogenetic reconstruction was performed using the IQ-TREE software with the GTR Model and 1,000 ultrafast bootstrap repetitions after aligning genomes using MAFFT v.7 (23); the tree was visualized with the Interactive Tree Of Life (iTOL)-v6 software, as previously described (21).




RESULTS


Typing of SARS-CoV-2 Strains Spreading in Djibouti

As summarized in Figure 2 (upper panel), the Republic of Djibouti has experienced two epidemic waves of COVID-19. The first wave occurred between April and August 2020, and the second occurred between February and May 2021. The cases fatality rate was lower during the first wave (number of cases: 5,414; number of deaths: 60; fatality rate: 1.10%) than during the second wave (number of cases: 5,560; number of deaths: 90; fatality rate: 1.61%), (Figure 2 middle panel), suggesting the circulation of more deadly viruses during the second wave. The cumulative number of confirmed severe COVID-19 cases leading to patients' deaths was 152 from March 2020 to May 2021 (Figure 2, lower panel). As shown in the chart (Figure 3), all samples were tested for SARS-CoV-2 using a PCR-detection of the viral E gene, followed by screening using specific probes that discriminate between different SARS-CoV-2 variants (routinely used at the IHU for the identification of SARS-CoV-2 variants). This fast screening strategy was successful for the typing of samples collected in March 2021 in Djibouti but failed for samples collected during the first epidemic wave and the inter-wave period because the strains circulating in 2020 had not yet accumulated the characteristic mutations of the variants. In order to successfully type these SARS-CoV-2, the samples were submitted for mini-spike sequencing. For twenty-three samples the mini-spike sequencing (fragment 21296–23424) was successful, but for the five remaining strains it was not interpretable due to poor data quality. We found (Table 1) that during the first epidemic wave, all viruses derived from the Wuhan-Hu-1 reference strain but carried the non-synonymous A23403G mutation, leading to the substitution D614G in the spike. Six viruses showed only this mutation in the mini-spike region, while most other viruses (16 strains) carried an additional non-synoymous mutation C21365T in the ORF1b, leading to a P2633L substitution in the pp1ab precursor of nsp16 methyltransferase. Additional non-synonymous mutations were found in the mini-spike of some viruses, including G21624C (leading to a substitution R21T), C21789T (leading to a substitution T76I), and G22093C (leading to a substitution M177I), all located in the spike N-terminal domain.


[image: Figure 2]
FIGURE 2. Epidemiology of COVID-19 in Djibouti. Summary of the COVID-19 outbreaks in the Republic of Djibouti. (A) Epidemiological data regarding the COVID-19 episodes compiled from information provided by the WHO from March 2020 to May 2021 (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/). Three periods (first wave, inter-wave, second wave) were provisionally defined during which samples were collected for the genetic analysis of the SARS-CoV-2 strains. (B) Number of deaths over time. (C) Cumulative number of COVID-19 cases and SARS-CoV-2-associated deaths in Djibouti.



[image: Figure 3]
FIGURE 3. Chart of management of the fifty-three SARS-CoV-2 samples for typing and whole genome sequencing.


According to the mini-spike sequences, all SARS-CoV-2 circulating during the first epidemic wave derive from the 20A clade that evolves into two groups: one being clade 20B that comprises the ancestor viruses at the origin of the group 1 mutant virus carrying the non-synonymous mutation C18495T (leading to P1675L substitution in the ORF1b) and the synonymous mutation C19836T, and the other group comprising viruses carrying either the non-synonymous C21365T mutation compared to the 20A consensus sequence (cluster 6) or both mutations C21365T and C21789T (cluster 4). Regarding the viruses circulating during the inter-wave period, they belong to clade 20A with one virus which carried the non-synonymous mutation C21365T in the ORF1b. A completely different pattern was found for SARS-CoV-2 circulating during the second epidemic wave; one virus was identified as a UK variant (20I/501Y.V1) of SARS-CoV-2 while the large majority of the strains (24 of 25) were identified as South African variants (20H/501Y.V2).



Whole Genome Sequencing of SARS-CoV-2 Spreading in Djibouti

Once the SARS-CoV-2 spike gene typing was performed, it became interesting to study the genetic polymorphism of these viruses using whole genome sequencing. To achieve this goal, eight SARS-CoV-2 circulating in Djibouti during the first epidemic wave (chosen on the basis of their polymorphism in the spike gene) and five SARS-CoV-2 circulating during the second epidemic wave (four South African variants and one UK variant) were submitted to whole genome sequencing (Table 2).

Regarding viruses from the first epidemic wave, the total number of mutations along the genomes compared to the Wuhan-Hu-1 reference genome varied from eight mutations (strain code Djibouti/CNSS00390-IHU1031243473/2020) up to 21 mutations (strain code Djibouti/CNSS00326-IHU1031243462/2020). These mutations lead to a number of amino acid substitutions varying from 4 to 11 (Table 2). In addition the deletion of 5 amino acids was observed for one virus. The distribution of these mutations on the genome of SARS-CoV-2 is illustrated in Figure 4. Four substitutions affect the spike while the others are distributed in the non-structural proteins (nsp2, nsp3, nsp5, nsp12, nsp13, nsp14, nsp16), M (membrane), ORF9b, and N (nucleocapsid) proteins. As shown in Figure 5, when compared to other sequences (the closest sequences selected via blast) available through the Global Initiative on Sharing Avian Influenza Data (GISAID), the 20A SARS-CoV-2 genomes of the first epidemic wave are genetically related to genomes obtained in Japan (GISAID ID: Japan/TC-0464/2020) and in the USA (GISAID ID: USA/MI-MDHHS-SC20548/2020) while the 20B genomes are related to genomes from Somalia (Somalia/CV1232/2020) and England (England/ALDP-95C3C7/2020) characterized during the same period.


[image: Figure 4]
FIGURE 4. Location of genomic mutations and deletions on the complete nucleotide sequence from different isolates of SARS-CoV-2. Viruses circulating during the first epidemic wave derive from the 19A clade that evolves into two clades: 20A, including viruses from clusters 3, 4, 5, and 6, and 20B, including viruses from clusters 1 and 2. Del means deletion; Sub means substitution.
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FIGURE 5. Phylogenetic tree (obtained using the IQ-TREE software with the GTR Model and 1,000 ultrafast bootstrap 84 repetitions), including height SARS-CoV-2 strains from the first COVID-19 wave in Djibouti compared to 23 SARS-CoV-2 sequences (clades 19B, 20A, 20B), available through GISAID.


Regarding the South African SARS-CoV-2 variant from the second epidemic wave, the four genomes obtained by NGS showed between 23 and 30 mutations compared to the Wuhan-Hu-1 genome. Most of these mutations were non-synonymous, leading to between 15 and up to 22 amino acid substitutions and five amino acid deletions (Table 2). These four viruses are genetically related to one another and belong to clade 20H. They were found to be closely related to viruses circulating in Spain (Spain/CT-HUB00604/2021) and Equatorial Guinea (Equatorial Guinea/85185/2021) circulating during the same period of 2021 (Figure 6). Regarding the only UK variant (Djibouti/CNSS1283-IHU1031454612/2021) found during the second epidemic wave, it shows 35 mutations compared to the Wuhan-Hu-1 strain, leading to 25 amino acid substitutions and six amino acid deletions (Figure 7). This genome belong to clade 20I and was genetically related to a genome circulating the previous year in South Korea (South Korea/KDCA830/2020).
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FIGURE 6. Phylogenetic tree (obtained using the Nexcladevv0.14.4 software (https://clades.nextstrain.org/), including four South African variants of SARS-CoV-2 strains from the second COVID-19 wave in Djibouti compared to forty SARS-CoV-2 sequences (clade 20H) available through GISAID and automatically selected using Nextclade. The scale at the bottom of the figure indicates the number of mutations (deviation) compared to the sequence of the reference strain (Wuhan-Hu-1 reference strain; GenBank accession no. NC_045512.2).
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FIGURE 7. Phylogenetic tree (obtained using the Nexcladevv0.14.4 software (https://clades.nextstrain.org/), including the UK variant of SARS-CoV-2 strain from the second COVID-19 wave in Djibouti compared to six SARS-CoV-2 sequences (clade 20I) available through GISAID. The scale at the bottom of the figure indicates the number of mutations (deviation) compared to the sequence of the reference strain (Wuhan-Hu-1 reference strain; GenBank accession no. NC_045512.2).





DISCUSSION

Like what has been observed in the rest of the world, the Republic of Djibouti was confronted in 2020 with an epidemic of SARS-CoV-2 dominated by Wuhan-HU-1-like viruses. This first epidemic wave was followed in 2021 by the emergence of SARS-CoV-2 variant viruses belonging mainly to the South African lineage known to cause more severe forms of COVID-19.

When SARS-CoV-2 started to spread worldwide, the viruses that circulated were closely related to the Wuhan-Hu-1 strain, with only a few mutations. However, a D614G substitution in the spike has emerged with an increasing prevalence of this variant during the COVID-19 pandemic (24). Patients infected with this virus shed more viral nucleic acid compared with those infected with the wild-type (D614) Wuhan-Hu-1 strain and showed significantly higher infectious titers in vitro as a consequence of higher affinity for ACE2 (6). During the summer of 2020, the dynamic tracking of the SARS-CoV-2 mutants in the global pandemic highlighted a rapid evolution of the virus with an increase in the frequency of mutations and an epidemic pattern characterized by the generation of new variants including the Marseille 4 variant Nextclade 20A.EU2 (7), the UK variant 20I/501Y.V1 (8), the South African variant 20H/501Y.V2 (9), the Brazilian variant 484K.V2 (25), and others (10). These variants can be associated with different clinical features of COVID-19 and increased frequency of death (26, 27).

Despite the restrictive measures on international transport and the lockdown measures applied in most countries, the variants continued to spread from one geographic region to another (28). Although Africa is considered as the most vulnerable continent, it was the last to be impacted by the pandemic (29, 30). The SARS-CoV-2 was reported to have spread to Africa in February 2020, with the earliest diagnosed cases being detected in Egypt and Nigeria. The virus introduction in Africa was considered to be mainly of American and European origins rather than China. In partnership with the WHO, the Africa Task Force established a strategy to fight COVID-19 and 43 African countries were able to test for SARS-CoV-2, although test kits were in short supply. On 11 March 2020, the WHO declared COVID-19 a global pandemic. By 31 March 2020, 5,389 cases of COVID-19 had been reported in Africa (31). By 18 April 2020, the African CDC had reported 19,895 confirmed cases, including 1,017 deaths from 52 African countries. Compared to the global 7,700 genome sequences of SARS-CoV-2 available, the African continent had reported only 90 genome sequences from five countries (29). By the end of April 2020, confirmed cases were found in most African countries, with Djibouti ranking in the top seven of the most affected countries (Egypt: n = 3,490; South Africa: n = 3,465; Morocco: n = 3,209; Algeria: n = 2,811; Cameroon: n = 1,163; Ghana: n = 1,042; Djibouti: n = 945) (32). Despite a weak health care system and a large immune-compromised population linked to the high prevalence of malaria, HIV/AIDS, tuberculosis, and malnutrition, the progression of COVID-19 in Africa remained well-below the predictions forecasting a disaster on the continent (30). However, the second wave of COVID-19 appeared to be more aggressive, with more cases and higher fatality rates. By 31 December 2020, African countries had reported 2,763,421 COVID-19 cases (e.g., 38.3% in South Africa; 15.9% in Morocco; 5.1% in Tunisia; 5.0% in Egypt; 4.5% in Ethiopia), and 65,602 deaths, accounting for 3.4% of global COVID-19 cases for a population that represents 15.8% of the world population (33). Phylogenetic analysis of SARS-CoV-2 performed using 69 sequences from Africa and 155 SARS-CoV-2 sequences from other origins available through GISAID (34), suggested that the SARS-CoV-2 transmitted to Africa were the mutated forms of the Wuhan-Hu-1 strain which first spread to Europe and America and had accumulated mutations. A major characteristic of the African isolates was the high frequency (84.2%) of the A23403G mutation leading to a D614G. Among the African isolates, only the South Africa-2 strain was found to be identical to the Wuhan-Hu-1 strain, while the Benin-3 and Mali-2 isolates were likely to be of Asian origin. More recently, a study (35) investigated 1,414 SARS-CoV-2 genomic sequences collected in the Eastern Mediterranean Region before 12 November 2020 and available through GISAID, including sequences from Saudi Arabia (n = 521), the United Arab Emirates (n = 186), Oman (n = 185), and Egypt (n = 150). The other sequences were from viruses isolated in Iran, Iraq, Jordan, Morocco, Palestine, Qatar, and Tunisia. About 65.6% of the viruses belong to clades 20A, 20B, and 20C and non-synonymous mutations leading to two amino acid substitutions, the D614G in the spike and P323L in nsp12, were predominant in most countries. Many country-specific substitutions were also detected. No sequences were available from Djibouti, Afghanistan, Libya, Somalia, Sudan, Syria, and Yemen.

In this context, the situation of Djibouti, located in the horn of Africa with a strategic position at the southern entrance to the Red Sea, where 20,000 ships and 30% of the world's trade passes through (36), is interesting because it hosts the military bases of many countries, leading to a mixing of populations which might favor the circulation of SARS-CoV-2, including particular variants. As early as February 2020, the Republic of Djibouti had worked with the WHO to set up a response plan with rapid implementation to prevent and/or control SARS-CoV-2 spreading in the country (37). The first case of COVID-19 was detected in Djibouti on 17 March 2020, leading the health authorities to apply the strategy aimed at testing any person suspected of being infected with the virus or of being a contact case. Djibouti became the African country that has performed the most SARS-CoV-2 screening in Africa (the country increased its laboratory testing capacity from 100 samples tested by PCR per day up to 2,000 samples per day in April 2020) (14). Between 17 March 2020 and 16 May 2020, Djibouti reported 1,401 confirmed COVID-19 cases including four deaths (a case fatality rate of 0.3%) (13). SARS-CoV-2 continued to spread across the country over the following months. Since the start of the COVID-19 epidemic, the Republic of Djibouti has experienced two epidemic waves. On 18 May 2021, 11,468 confirmed cases of SARS-CoV-2 infection and 152 deaths from severe forms of COVID-19 had been reported in Djibouti (a case fatality rate of 1.32%), according to the Johns Hopkins Resource Center (https://coronavirus.jhu.edu/), with a case fatality rate of 1.10% during the first epidemic wave, 0.36% during the inter-wave period, and 1.61% during the second epidemic wave. This remains lower than the 2.27% fatality reported worldwide.

Although the COVID-19 epidemic has been well-managed with massive screening followed by treatment, the health authorities had no information on the type of strains circulating in the country. The first COVID-19 case in Djibouti was a member of the Spanish special-forces (15, 16). Our study sheds light on the history of COVID-19 in Djibouti. During the first wave of the epidemic, the strains that circulated derived from Wuhan-Hu-1-like strains (also named the “China” strain), namely clade 20A and 20B, but these viruses already carried the D614G found in Europe and USA. The 20A SARS-CoV-2 were genetically related to the Japan/TC-0464/2020 strain and USA/MI-MDHHS-SC20548/2020 strain while the 20B were related to the Somalia/CV1232/2020 and England/ALDP-95C3C7/2020 strain and can be organized in six clusters. It should be noted, the P323L substitution has been frequently observed in nsp12 in the strain spreading in Africa. During the inter-wave phase, the circulating viruses were of the same clade as those present during the first epidemic wave. In contrast, during the second epidemic wave the Wuhan-Hu-1-like viruses were no longer found giving way to variants previously described in Europe (UK variant) and South Africa (South African variant). The UK variant was found in 4% of samples, while the South African variant was found in 96% of samples. South African-like variants circulating in the Djiboutian population during the second epidemic wave belong to clade 20H and were related to viruses circulating in Spain (Spain/CT-HUB00604/2021) and Equatorial Guinea (Equatorial Guinea/85185/2021) Regarding the UK variant found in Djiboutian people, it was genetically related to a strain belonging to clade 20I that circulated the year before in South Korea (South Korea/KDCA830/2020). Very recently (13 June 2021), 52 sequences of SARS-CoV-2 spreading during the second epidemic wave among members of the US department of Defense in Djibouti were deposited in GISAID (GISAID ID Djibouti/NAMRU3-XXXX/2021 where XXXX corresponds to the number of the sequence and 2021 is the year for sample collection). We compared these sequences to the SARS-CoV-2 genomes from Djiboutian' COVID-19 patients (Supplementary Figure 1). Of these viruses sequenced by the US department of Defense in Djibouti, 28 genomes belong to clade 20I (UK variant) and 18 belong to clade 20H (South African variant); the others being 20A and 20B strains. This corroborates our results. However, the frequency of clade 20I was apparently much more widespread among foreigners (American troops) than Djiboutians, while clade 20I was spread in both populations.

In conclusion, the dynamics of SARS-CoV-2 spreading in Djibouti was not so different from that which was observed worldwide, with a first wave dominated by viruses belonging to clades 20A and 20B (Wuhan-Hu-1 -like viruses with viruses presenting several mutations), followed by a decay phase of the epidemic and then a second wave linked to the circulation of variant viruses with a very strong predominance of the South African variant strain of the virus belonging to clade 20H. This second wave turned out to be characterized by an increase in the number of severe forms of COVID-19, leading to more deaths.
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Supplementary Figure 1. Phylogenetic tree (obtained using the IQ-TREE software with the GTR Model and 1,000 ultrafast bootstrap 84 repetitions), including SARS-CoV-2 genomes from the COVID-19 Djiboutian patients reported herein (Djibouti/CNSS00XXX-IHU103XXXXXXX/2020 for samples collected in 2020 and Djibouti/CNSS1XXX-IHU103XXXXXXX/2021 for samples collected in 2020; Djibouti/CNSS00XXX: the number XXX can be found in Table 2) compared to the 52 sequences of SARS-CoV-2 spread during the second epidemic wave among members of the US department of Defense in Djibouti (GISAID ID: Djibouti/NAMRU3-XXXX/2021) and several other strains chosen to strengthen the organization of the phylogenetic tree.

Supplementary Table 1. qRT-PCR primers and probes.
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SARS-CoV-2 variants of concern show reduced neutralization by vaccine-induced and therapeutic monoclonal antibodies; therefore, treatment alternatives are needed. We tested therapeutic equine polyclonal antibodies (pAbs) that are being assessed in clinical trials in Costa Rica against five globally circulating variants of concern: alpha, beta, epsilon, gamma and delta, using plaque reduction neutralization assays. We show that equine pAbs efficiently neutralize the variants of concern, with inhibitory concentrations in the range of 0.146–1.078 μg/mL, which correspond to extremely low concentrations when compared to pAbs doses used in clinical trials. Equine pAbs are an effective, broad coverage, low-cost and a scalable COVID-19 treatment.

Keywords: equine antibodies, SARS-CoV-2, therapy, variant of concern, PRNT titers 50, neutralization test, COVID-19

SARS-CoV-2 causes coronavirus infectious disease 19 (COVID-19), which leads to either critical illness or death in 5% of patients (1). COVID-19 prevention and treatment options include vaccines, antivirals, and antibody formulations. A wide array of vaccine platforms have shown efficacy in preventing severe disease, but universal access is limited in many resource-limited settings lacking sufficient vaccine coverage (2). Even though there are more than 300 therapeutic drugs in clinical trials, few have proven effective, such as dexamethasone (1, 3). Direct-acting antivirals like Remdesivir are most effective if given very early in the course of the disease, require supplementary oxygen therapy and are very costly at 2,000–3,000 USD per treatment, limiting universal access (4). The use of monoclonal antibodies (mAbs) are safe alternatives shown to enhance viral clearance (5), but their large-scale production is challenging and costly, at around 1,500–6,500 USD per treatment. Polyclonal antibodies (pAbs), either homologous in the case of convalescent plasma and hyperimmune sera, or heterologous such as equine hyperimmune sera, constitute a proven alternative. Convalescent plasma is readily used as COVID-19 therapy due to its rapid capacity of deployment, decade long proven efficacy against emerging diseases such as Ebola and influenza (6), and affordability, at 350–1,000 USD per treatment. Another advantage of convalescent plasma is the use of routine blood donors or follow-up sera of discharged patients, which leads to the production of antibodies against the circulating pathogen, reducing the possibility of immune evasion (6). Nevertheless, patients with mild symptomatology may develop low-titer antibodies as observed for other emerging infectious diseases (6). To overcome this obstacle, hyperimmune globulins can be used, which are prepared from the pooling of many donors. However, both convalescent plasma and hyperimmune sera are donor-dependent, require strict donor rigorous testing for both blood-borne pathogens and high levels of neutralizing anti-SARS-CoV-2 antibodies, all of which might not be readily available in blood bank systems in many developing countries (5, 7). Another low-cost alternative are formulations of intact or fragmented equine polyclonal antibodies (pAbs), widely used for decades as therapies against some viral infections or as antivenoms (8).

We and others have previously shown that horses can be efficiently immunized with different SARS-CoV-2 antigens to yield high quantities of purified pAbs that are 50–80 times more potent than convalescent plasma for virus neutralization (9, 10). A formulation of equine polyclonal F(ab')2 fragments against the receptor binding domain (RBD) of SARS-CoV-2 was tested in a multi-center, double-blind, placebo-controlled phase II/III clinical trial showing that it is well tolerated and leads to clinical improvement of hospitalized patients with moderate to severe COVID-19 (11). Additionally, there is an ongoing randomized, multi-center, double-blind, placebo-controlled, dose-finding, phase IIb/III clinical trial (NCT04838821) at hospitals of the Costa Rican Social Security Fund testing equine pAbs formulations to treat moderate and severe COVID-19 cases.

However, pre-clinical data of equine hyperimmune pAbs are only available for early SARS-CoV-2 isolates, whereas such data are lacking for recent and globally circulating variants, considered of concern (VoC) due to their increased transmissibility. VoC alpha, beta, epsilon, gamma and delta (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html) (lineage designations in Pango/Nextrain: B.1.1.7/501Y.V1 first detected in the United Kingdom, B.1.351/501Y.V2 first detected in South Africa, P.1/501Y.V3 first detected in Brazil/Japan, B.1.427/B.1.429 first detected in the US/California and B.1.617.2/S:478K first detected in India) exhibit a substantial reduction of neutralization by therapeutic mAbs or by antibodies present in the plasma of vaccinated or convalescent individuals (12, 13).

Here we report the results of a plaque reduction neutralization assay (PRNT) against VoC for our purified equine pAbs formulations. PRNT were performed as follows. Briefly, VeroE6 cells (3.25 × 105 cells/ml) were seeded in 24-well plates and incubated overnight. Equine pAbs formulations were mixed in equal parts with a virus solution containing 20 PFU/well previously titrated in the same cells. The experiment was performed in triplicate, and six wells were incubated only with the virus solution containing 20 PFU/well as positive control. The antibody–virus solution was incubated at 37°C for 1 hour and added to the cells. After 1 hour at 37°C, supernatants were discarded, and cells were supplemented with 1.2% Avicel solution in DMEM. After 3 days at 37°C, supernatants were removed, and the 24-well plates were fixed and inactivated using a 6% formaldehyde/PBS solution and stained with crystal violet, and plaques were counted.

The two formulations contain antibodies either against the SARS-CoV-2 recombinant S1 protein (called anti-S1; produced in baculovirus insect cells), or SEM mosaic (called anti-mix; an E. coli derived recombinant protein containing the S, E, and M immunodominant regions) derived from the strain Wuhan-Hu-1, Accession Number: YP_009724390 (Native Antigen Company, Oxford, United Kingdom), purified using caprylic acid precipitation method (10). Both formulations effectively neutralized the five VoC and an early isolate of the virus (Germany/Gisaid_EPI_ISL_406862) at similar low inhibitory concentrations (IC50 range for anti-S1 formulation: 0.206-1.078 μg/mL; and for the anti-mix formulation: 0.146-0.8359 μg/mL; Supplementary Figure 1; IC50 dose-response curves are shown in the Technical Annex). The highest IC50 corresponds to the delta VoC (Figure 1). Differences between potencies were statistically significant for the anti-S1 formulation (sum-of-squares F test; p < 0.01). This difference was only observed when the delta variant was added to the dataset (sum-of-squares F test without the delta VoC; p = 0.9). Previously, the delta VoC has shown resistance to therapeutic monoclonal antibodies due to binding impairment to the spike protein, and fourfold reduced sensitivity in neutralization tests performed in sera of convalescent individuals, suggesting increased immune evasion (14). Therefore, it is expected that a higher dose is needed for neutralization of the delta VoC, in agreement with our data. For the anti-mix formulation, the differences between potencies against tested VoC and early SARS-CoV-2 isolates were not statistically significant (sum-of-squares F test; p = 0.3). Notably, IC50 values against the five tested VoC of both formulations are extremely low when compared to pAbs doses used by other groups in patients enrolled in clinical trials (4 mg/kg) (11), even at the upper estimates of the 95% confidence intervals, reaching a maximum of 13.89 μg/mL for the beta VoC (Figure 1). Hypothetically, hyperimmunization protocols with potent adjuvants lead to a strong immune response in the horses. Therefore, antibodies likely recognize a diverse variety of epitopes in the viral proteins, showing higher binding affinity that ensure a wider recognition and neutralization than in the case of plasma from vaccinated people or convalescent plasma.


[image: Figure 1]
FIGURE 1. In vitro neutralizing potency of (A) Anti-S1 (S1 SARS-CoV-2 recombinant protein) and (B) Anti-Mix (mixture of S1, N, and SEM mosaic SARS-CoV-2 recombinant proteins of Wuhan-Hu-1, Accession N YP_009724390.1) polyclonal antibodies purified from the plasma of hyperimmunized horses against different SARS-CoV-2 variants of concern (VoC) and an early isolate, named using WHO and Pango/Nextrain designations (strains used = GERMANY/GISAID EPI_ISL 406862, BetaCoV/ChVir21652, hCoV-19/Aruba_11401/2021, hCoV-19/Netherlands/NoordHolland_10915/2021, BetaCoV/ChVir22131/B.1.351/501Y.V2, SARS-CoV-2/CSpecVir25702_4/B.1.617.2 p.1, VS 09.07.2021 acquired from https://www.european-virus-archive.com/evag-news/sars-cov-2-collection). The inhibitory concentration (IC50) in plaque reduction neutralization tests (PRNT) was calculated using a non-linear regression analysis in the GraphPadPrism 5 software. Potencies (IC50) were not statistically different among viral variants with the Anti-Mix formulation, and the null hypothesis was not rejected, meaning the IC50 was equal in all datasets. The potencies (IC50) for the Anti-S1 formulations were significantly different, meaning the IC50 differed between formulations, but only when the delta VoC was added (denoted by an asterisk). Dotted lines denote the mean minimum and maximum concentrations and vertical solid lines denote 95% confidence intervals for both formulations.


The use of equine pAbs as potential COVID-19 therapy shows several limitations including the need for an early administration during the course of the disease, which is a limitation of all antibody-based therapies, and the risk of adverse reactions to equine immunoglobulins, including serum sickness, owing to the heterologous nature of the preparations. Nevertheless, such reactions can be readily managed pharmacologically, as evidenced by the long-standing experience with the use of equine-derived antivenoms. Our data underscore the high potential of equine pAbs for treatment of COVID-19. As more VoC emerge, further studies should evaluate whether this wide cross-neutralization between SARS-CoV-2 variants is maintained. Shifting antivenom platforms to produce equine pAbs, laboratories in both developed and developing countries that have been manufacturing and distributing safe and standardized antivenoms for decades could rapidly fill the gaps in global demand for therapies that are both effective against VoC and affordable to low- and middle-income countries.
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The emergence of several SARS-CoV-2 lineages presenting adaptive mutations is a matter of concern worldwide due to their potential ability to increase transmission and/or evade the immune response. While performing epidemiological and genomic surveillance of SARS-CoV-2 in samples from Porto Ferreira—São Paulo—Brazil, we identified sequences classified by pangolin as B.1.1.28 harboring Spike L452R mutation, in the RBD region. Phylogenetic analysis revealed that these sequences grouped into a monophyletic branch, with others from Brazil, mainly from the state of São Paulo. The sequences had a set of 15 clade defining amino acid mutations, of which six were in the Spike protein. A new lineage was proposed to Pango and it was accepted and designated P.4. In samples from the city of Porto Ferreira, P.4 lineage has been increasing in frequency since it was first detected in March 2021, corresponding to 34.7% of the samples sequenced in June, the second in prevalence after P.1. Also, it is circulating in 30 cities from the state of São Paulo, and it was also detected in one sample from the state of Sergipe and two from the state of Rio de Janeiro. Further studies are needed to understand whether P.4 should be considered a new threat.
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INTRODUCTION

The emergence of SARS-CoV-2 at the end of 2019 has led to over 4 million deaths worldwide so far (1). Coronavirus is a group of enveloped, single-stranded positive RNA viruses which infects mammals and birds (2). Molecular data suggest that SARS-CoV-2 originated in bats, as has the other Betacoronavirus that cause severe respiratory syndrome SARS-CoV and MERS-CoV, and emerged in humans following passage through an intermediary host (3, 4).

Viruses from the Coronaviridae family have unusually large genomes for RNA viruses (26 to 30 kb) (5). This is only possible due to the exonuclease activity of Nsp14 protein responsible for proofreading the RNA during replication, which maintains genome stability and a mutation rate of ~10−6 mutations/site/cycle (6–8). Despite the low mutation rate, the intense circulation of the virus favors the appearance of mutations in the genomes leading to the development of many different lineages (9, 10).

The emergence of lineages bearing adaptive mutations has raised concerns worldwide since they increase viral fitness and have rapidly spread and replaced previously circulating viruses (11–13). B.1.1.7 (Alpha), B.1.351 (Beta), Lineages P.1 (Gamma), and B.1.617.2 (Delta, a L452R mutant) are the current Variants of Concern (VOC) (14). They all present important mutations in Spike protein, especially in the Receptor Binding Domain (RBD) region, that have shown to reduce recognition by neutralizing antibodies in vitro (15). Although, studies show that the vaccines available so far are still effective against these new variants, as the virus continues to circulate at high rates, new adaptive mutations can emerge compromising the immunization of the population (16, 17). Thus, genomic surveillance is essential to identify new mutations in the existing VOCs as well as new emerging lineages that might pose a threat.

While doing epidemiological and genomic surveillance of SARS-CoV-2 in samples from the city of Porto Ferreira—SP—Brazil, using Sanger and NGS techniques, we detected a new lineage designated by Pango as P.4, harboring the L452R mutation, that is circulating in São Paulo state (18). This new variant may be regarded as a VOI and we should maintain a close look in its dissemination and evolution.



MATERIALS AND METHODS


Samples

This study is a part of the Corona-ômica.BR/MCTI Network and included RT-qPCR positive nasopharyngeal swab (NPS) samples from subjects from the city of Porto Ferreira—SP—Brazil, that were sent to the Instituto de Biotecnologia, UNESP, Botucatu for SARS-CoV-2 diagnosis. Samples collected from January to June with Cq levels lower than 27 were selected for genomic surveillance (19). This study was approved by the Institutional Ethical Review Board (protocol number: 33202820.7.1001.5348), following Brazilian regulations and international ethical standards.



RNA Extraction

Purified RNA was obtained with Guanidine Isothiocyanate cell lysis and nuclease inactivation, followed by magnetic beads purification (20) After diagnosis, aliquots of purified RNA samples were kept in −80°C storage until further analysis.



Tracking Variants by Sanger Sequencing

A Sanger sequencing strategy was designed to differentiate the main variants of concern (VOC) that have been circulating in Brazil. A set of PCR primers (SARS-CoV-2_S1_PF 5′ GAGTCCAACCAACAGAATC 3' and SARS-CoV-2_S1_PR 5′ GAATCTCAAGTGTCTGTGG 3′) was designed to amplify a fragment of the Spike genomic region (nt 956 to nt 1753), comprising the Receptor Binding Domain (RBD). cDNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) replacing random primers by the specific SARS-CoV-2_S1_PR primer. The PCR reaction was performed using GoTaq G2 Green Master Mix (Promega) and the specific primers. The sequencing reactions were set up in duplicates using SARS-CoV-2_S1_PF primer and BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and readings were made in ABI 3130xl Genetic Analyzer (Applied Biosystems).



Sanger Sequences Analyses

Partial Spike sequences obtained by Sanger sequencing were submitted to Electropherogram Quality Analysis for quality check and contig assembly (21). Sequences were aligned with the GISAID reference sequence EPI_ISL_402124 (only Spike) using Clustal Omega available at Seaview 4.6.1 (22, 23). The alignment was analyzed using BioEdit 7.2.5 (24). By analyzing four codons it is possible to differentiate between B.1.1.7, P.1, B.1.351 and P.2/N.9 as can be seen in Supplementary Figure 1. The analysis of the fragment also allows detecting new mutations in the RBD region.



Next Generation Sequencing (NGS)

NGS was used to confirm mutations found in Sanger screening. Libraries were prepared with the COVIDSeqTM Illumina Test (Illumina Inc., San Diego, CA, USA), according to the manufacturer's instructions. Briefly, 8.5 μL of RNA was used as input for cDNA synthesis, followed by amplification with two sets of primers covering the entire SARS-CoV-2 genome, tagmentation, and amplification. Libraries were then pooled and purified. The final pool was quantified with the Qubit DNA High Sensitivity kit (Thermo Fisher Scientific, Waltham, MA, USA), denatured and sequenced in 600 cycles V3 flow cells (2 x 151 cycles) with the MiSeq System (Illumina Inc.) at 10 pM and 10% PhiX.



NGS Reads Analysis and Lineage Classification

The IlluminaTM DRAGEN COVID Lineage workflow (Illumina Inc., San Diego, CA, USA—Available at https://www.illumina.com/products/by-type/informatics-products/dragen-bio-it-platform) was used to assemble NGS reads and generate consensus sequence. Sequences were classified using Pango lineages assignment tool (pangolin) (18).



Mutation Analysis

Preliminary mutation analyses were performed using Nextclade (25). To determine the set of characterizing mutations present in the potential new lineage, a database containing all mutations present in 2,770 genomes classified as B.1.1.28 was constructed (downloaded from GISAID June 4, 2021—acknowledgments in Supplementary File 1). The variant calling and annotation were performed with the snpsites v2.3.3 and SnpEff/snpSift 4.5covid19 programs, respectively. Using the database, we searched for all genomes that contain the T22917G (L452R) mutation. Next, in the set of genomes found, we verified all mutations, excluding those that define the B.1.1.28 lineage (C241T, F924F, P4715L, D614G, V1176F, R203K, R203R and G204R).



Phylogenetic Analysis

Two datasets were assembled for phylogenetic analysis. The first is composed of complete genome sequences generated in this study along with high coverage sequences available in GISAID of B.1.1.28 lineage with L452R mutation as well as representatives from B.1.1.28, P.1, P.2, P.3, B.1.1.7, B.1.427, B.1.429, B.1.617 lineages plus the reference sequence WIV04/2019|EPI_ISL_402124. The second is composed of all high coverage sequences, assigned by Pango as P.4, available in GISAID up until August 28, 2021. The datasets were aligned in MAFFT 7, available at https://mafft.cbrc.jp/alignment/server/, using default parameters. Both ends of the alignments were trimmed based on the smaller sequence using BioEdit. Maximum likelihood phylogenetic analyses were performed using PhyML 3.0 hosted at ATGC Montpellier Bioinformatics Platform (26). The substitution model was estimated by Smart Model Selection (SMS) implemented in PhyML and branch support was calculated by aLRT (27, 28). The phylogenetic tree based on the first dataset was edited using FigTree 1.1.4 (29). The P.4 phylogeny, based on the second dataset, was associated with geographical and temporal data using Microreact (30).



Modeling the Structure of SARS-CoV-2 Spike Protein From P.4 and Its Interaction With ACE2 Receptor

The structure of the Spike protein from P.4 lineage was modeled using SWISS-MODEL (31). A FASTA amino acid sequence of the Spike protein was loaded and a structure of the Spike protein from SARS-CoV-2 (Wuhan) bounded to the angiotensin-converting enzyme 2 (ACE2) was identified as the most appropriated template (PDB ID: 7DF4) for the computational study, presenting resolution of 3.80 Å2 (32). The 7df4.pdb file was downloaded from Protein Data Bank website and was used as template for modeling (33). The interaction between the P.4 Spike protein was analyzed by PyMol Molecular Graphics System (version: 2.3.2) and compared with the Spike from Wuhan strain (34).




RESULTS

Porto Ferreira is a city with 56,504 habitants and reported 6,720 Covid-19 cases and 149 deaths by COVID-19 as of the date this manuscript was written. From a total of 2,515 exams of RT-qPCR in NPS samples received by Instituto de Biotecnologia from Porto Ferreira city for Sars-CoV-2 detection, between February and June of 2021, 439 were positive and eligible for variant tracking by Sangersequencing. We detected the circulation of lineages P.1 (n = 302), B.1.1.7 (n = 18) and P.2/N.9 (n = 23). Also, 96 sequences presented only the mutation L452R in the analyzed fragment.

The L452R mutation had not been reported in any endogenous lineage circulating in Brazil at the time of the study (variant Delta was only introduced in the country later), so it required further investigation, through complete genome analysis, to understand which lineage we were detecting. Following, we sequenced the complete genome of 251 samples from Porto Ferreira from those that were previously screened by Sanger, being 92 samples that presented the L452R mutation, initially classified by pangolin as B.1.1.28, 142 classified as Gamma (P.1), and 14 classified as Alpha (B.1.1.7).

We performed a phylogenetic analysis using the Maximum Likelihood method, using the GTR+G+I model, with only high coverage sequences based on a dataset of 407 sequences. The dataset included sequences harboring the L452R mutation from this study together with representatives of B.1.1.28, P.1, P.2, P.3, B.1.1.7, B.1.427, B.1.429, B.1.617 lineages and the reference sequence WIV04/2019|EPI_ISL_402124 available on GISAID (see Supplementary File 2 for sequence information). The analysis revealed that sequences from Porto Ferreira, with L452R mutation, grouped into a monophyletic branch, with strong branch support (aLRT 1) along with other Brazilian sequences deposited on GISAID carrying the same mutation (Figure 1; Supplementary Figure 2). Most sequences of this branch belonged to other 28 cities from São Paulo state.


[image: Figure 1]
FIGURE 1. Maximum Likelihood Phylogenetic tree based on a dataset of 407 complete genome sequences of SARS-CoV-2. Tree was reconstructed based on GTR+G+I model and branch support calculated by aLRT (See Supplementary Figure 2 for detail on P.4 branch).


We also analyzed the set of mutations shared by the sequences that composed the clade, to verify the defining mutations of this possible new variant. Results showed that most of the sequences share 21 nucleotide mutations, resulting in 15 amino acid substitutions that are not present together in other B.1.1.28 sequences (Table 1). Six of those mutations occur in the Spike protein, but only L452R is in the RBD region. We submitted a proposal to Pango to consider this clade as a new lineage. The proposal was accepted and the new lineage was designated as P.4 (35).


Table 1. Lineage P.4 defining mutations.
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Following, we did a phylogenetic analysis based on a dataset that includes all high coverage sequences, classified by Pango as P.4, available on GISAID until late August 2021 and associated with geographical and temporal data using Microreact (See Supplementary File 3 for sequence information) (30). Results show that although P.4 lineage has been mostly reported in the state of São Paulo it was also detected in other two Brazilian states, Sergipe (May) and Rio de Janeiro (June and July) (Figures 2, 3).


[image: Figure 2]
FIGURE 2. Phylogeny and timeline of P.4 lineage. (A). Maximum Likelihood Phylogenetic tree based on a dataset of 166 complete genome P.4 lineage sequences of SARS-CoV-2. Tree was reconstructed based on GTR+G+I model. (B). Timeline of the detection of lineage P.4. This analysis is available at https://microreact.org/project/3K5w6sxdF2SnDNADdnwDmC/981f0278.



[image: Figure 3]
FIGURE 3. Geographical location of detection of P.4 lineage. (A). Brazil. (B). State of São Paulo.


Considering that most sequences from lineage P.4 are from Porto Ferreira—SP, we analyzed the distribution of all the lineages in this city. The P.4 lineage increased in frequency after its emergence in March when 67.4 and 16.3% of detected lineages were assigned as P.1 and P.2, respectively. The P.4 prevalence increased in the following months, reaching 34.7 % (26/75) in June, representing the second most prevalent after P.1 (Figure 4).


[image: Figure 4]
FIGURE 4. Distribution of lineages throughout the months in the city of Porto Ferreira—SP. Data from nasopharyngeal swab samples received by Instituto de Biotecnologia—Universidade Estadual Paulista (UNESP) for SARS-CoV-2 surveillance.


The interaction between the Spike protein of P.4 lineage with the ACE2 receptor was modeled and compared with the Wuhan original strain. Figure 5 illustrates the position of the mutation present on the Spike protein: G142V, N164K, Q173K, L452R, S704L, and I720V. The region of interaction between the Spike protein and ACE2 receptor is presented in Figure 6. We have arbitrarily divided this region in three parts in order to aid the analysis: (i) the “Left region” comprising E23, Q24, T27, F28, T78, L79, and M82 residues of ACE2 (in orange), (ii) the “Right region” comprising Q325, G326, G352, K353, G354 and D355 residues of ACE2 and (iii) the “Mutation region” comprising E34 and H35 residues of ACE2. Both SARS-CoV-2 Spike proteins present the same residues in the “Left region” and in the “Right region,” where carbons are presented in late for P.4 lineage (Figure 6A) and in yellow for Wuhan (Figure 6B) Spike proteins. These residues are in the regions which are responsible for Spike-ACE2 interactions for both SARS-CoV-2 Spike proteins. The “Mutation Region” highlights the R452 residue in the P.4 Spike protein (in green, Figure 6A) which may be able to perform electrostatic and cation-π interactions with E34 and H35 (respectively) depending on the conformational Spike-ACE2 changes. These strong potential interactions are not possible for the L452 residue in the Wuhan Spike protein (in magenta, Figure 6B).


[image: Figure 5]
FIGURE 5. Positions of the mutated residues (presented in spheres, with nitrogen atoms in blue and oxygen atoms in red) in the SARS-CoV-2 Spike proteins. (A). SARS-CoV-2 P.4 lineage (ribbon in green). (B). SARS-CoV-2 Wuhan ribbon in magenta as a trimer. ACE2 is presented in orange (ribbon) for both complexes. The figure was generated using PyMol software.
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FIGURE 6. The interaction regions between the SARS-CoV-2 Spike proteins and the ACE2 receptor (ribbons and sticks in orange). (A). SARS-CoV-2 Spike protein for the P.4 lineage (in silico model) is highlighted in green (ribbons and sticks, including the mutated residue), with important conserved residues in slate (sticks). (B). SARS-CoV-2 Spike protein for the Wuhan glycoprotein (cryo-EM structure) is highlighted in magenta (ribbon and sticks, including the mutated residue), with important conserved residues in yellow (sticks). For all atoms presented in sticks, carbon atoms are shown in orange (ACE2) or green/slate/magenta/yellow (Spike proteins), nitrogen atoms are shown in blue, oxygen atoms are shown in red and all hydrogen atoms are omitted for clarity. The figure was generated using PyMol software.




DISCUSSION

The explosive circulation of SARS-CoV-2 since its emergence in late 2019 has allowed the virus to diversify, giving rise to hundreds of different lineages. Some of those present adaptive mutations with considerable impact in transmission efficiency and potential reduction on the effectiveness of vaccines (15).

Through genomic surveillance of lineages circulating in the state of São Paulo—Brazil, we detected the circulation of a new lineage of SARS-CoV-2 in the city of Porto Ferreira bearing the L452R mutation as well as other 14 non-synonymous mutations, not found together in other SARS-CoV-2 sequences. Further analyses, based on our sequences and other sequences deposited on GISAID, revealed that the new variant is circulating in different cities from the state of São Paulo and was also detected in the states of Sergipe and Rio de Janeiro. This lineage descends from B.1.1.28, as has P.1 and P.2 (Zeta) lineages, both of which also emerged in Brazil and was named P.4.

Although we do not know at this time where or how P.4 lineage emerged, persistent circulation is known to be a major driver of emergence of adaptive mutations, which in turn favors the appearance of new lineages. In this case, lineages emerge by a multi-step process, where mutations rise one at a time, along several infections. An alternative hypothesis would be that long-term infections, especially in immunocompromised individuals, could provide a favorable environment for the rapid accumulation of several mutations, being a potential source of emergence of new lineages (36). Studies on lineages Gamma (P.1) and Beta (B.1.351) indicate that they emerged through sequential steps (37, 38). Considering the increase in the number of cases of COVID-19 in early 2021 in Brazil with social distancing levels lower than 40% in the state of São Paulo (1, 39), and limited NGS data, it is possible that intermediate sequences, harboring a subset, of mutations were not sequenced. It is therefore likely that the emergence of P.4 is a result of increased viral circulation due to low social distancing and low vaccination rates.

We analyzed how the mutations found in P.4 could interfere in Spike-ACE2 recognition. Results showed that the mutation of a Leucine (L) to an Arginine (R) in residue 452 has an impact since it allows additional interactions between Spike protein and the cell receptor. The other five mutations present in Spike protein from P.4 lineage did not affect the interaction with this receptor, which was expected since they are not located in the RBD region. The mutation L452R has been shown to decrease sensitivity to neutralizing antibodies in previous studies, when compared with parental strains, and has been emerging independently by convergent evolution in different lineages like the VOCs B.1.427/B.1.429 (Epsilon) and B.1.617.2 (Delta) (40–43). This mutation has been increasing in frequency worldwide since November 2020, being the second most frequent mutation up until July 2021, preceded only by N501Y (44).

Although we do not know at this time how P.4 will behave and if it will pose a significant problem, it certainly raises some concerns. Our analysis in Porto Ferreira—SP showed that P.4 emerged in a scenario of predominance of P.1 and has increased in frequency corresponding to 34.7 % of the samples analyzed in June 2021. P.1 is a highly aggressive lineage that has been shown to replace previously circulating lineages, in a short time, following its introduction in cities from Brazil (37, 45). In fact, it is the most prevalent lineage in all regions of the state of São Paulo (46). Our results revealed that P.4 is circulating in at least 30 cities of the state, suggesting an ability to compete with P.1. Unfortunately, the lack of epidemiological data prevented us to correlate the emergence of P.4 and the number of cases, severity and death in the city.

In summary, we report the emergence of a new lineage called P.4 of SARS-CoV-2 derived from B.1.1.28. Further studies are necessary to understand how transmissible and pathogenic P.4 lineage is and if or how it will impact the immunization of the population and/or pathogenicity of the disease.



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 the Institutional Ethical Review Board (protocol number: 33202820.7.1001.5348), following Brazilian Regulations and International Ethical Standards. Written informed consent from the participants' legal guardian/next of kin was not required to participate in this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

CB, FSP, MLN, PR, HLF, and JPAJ: conceptualization. CB, FSP, and LGPA: methodology. CB, FSP, LGPA, PRSS, NMNJ, and EMC: formal analysis. CB, FSP, LSU, DBG, VGC, LGPA, CAB, GRFC, LS, GCDS, MCPP, and MM: investigation. MLN, PR, HF, PC, and JA: resources. CB: writing—original draft preparation. FSP, LSU, ATRV, MLN, FRS, PR, HLF, and JPAJ: writing—review and editing. MLN, PR, HLF, PIC, and JPAJ: supervision. MLN, PR, HLF, PIC, and JPAJ: project administration. AV, FS, ATRV, FRS, and JPAJ: funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This work was developed in the framework of Rede Corona-ômica BR MCTI/FINEP affiliated to RedeVírus/MCTI (FINEP 01.20.0029.000462/20, CNPq 404096/2020-4). NMNJ is supported by FAPESP (2018/00187-7). EMC is supported by FAPESP (2020/12519-4; 2020/05761-3). GRFC is supported by FAPESP (2020/07419-0). MLN is supported by a FAPESP COVID Grant (20/04836-0). MLN is partially supported by a NIH Grant (CREATE-NEO 1 U01 AI151807-01). MLN is a CNPq Research Fellow. COVID research in MLN's lab is supported by a kindly donation from JBS. ATRV is supported by CNPq (303170/2017-4) and FAPERJ (E-26/202.903/20).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2021.745310/full#supplementary-material



REFERENCES

 1. Dong E, Du H, Gardner L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect Dis. (2020) 20:533–4. doi: 10.1016/S1473-3099(20)30120-1

 2. Weiss SR, Navas-Martin S. Coronavirus pathogenesis and the emerging pathogen severe acute respiratory syndrome coronavirus. Microbiol Mol Biol Rev. (2005) 69:635–64. doi: 10.1128/MMBR.69.4.635-664.2005

 3. Boni MF, Lemey P, Jiang X, Lam TT-Y, 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

 4. Hu B, Ge X, Wang LF, Shi Z. Bat origin of human coronaviruses. Virol J. (2015) 12:221. doi: 10.1186/s12985-015-0422-1

 5. Gorbalenya AE, Enjuanes L, Ziebuhr J, Snijder EJ. Nidovirales: Evolving the largest RNA virus genome. Virus Res. (2006) 117:17–37. doi: 10.1016/j.virusres.2006.01.017

 6. Minskaia E, Hertzig T, Gorbalenya AE, Campanacci V, Cambillau C, Canard B, et al. Discovery of an RNA virus 3′−>5′ exoribonuclease that is critically involved in coronavirus RNA synthesis. Proc Natl Acad Sci. (2006) 103:5108–13. doi: 10.1073/pnas.0508200103

 7. Sanjuán R, Nebot MR, Chirico N, Mansky LM, Belshaw R. Viral mutation rates. JVI. (2010) 84:9733–48. doi: 10.1128/JVI.00694-10

 8. V'kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. Coronavirus biology and replication: implications for SARS-CoV-2. Nat Rev Microbiol. (2021) 19:155–170. doi: 10.1038/s41579-020-00468-6

 9. Rambaut A, Holmes EC, O'Toole Á, Hill V, McCrone JT, Ruis C, et al. Dynamic nomenclature proposal for SARS-CoV-2 lineages to assist genomic epidemiology. Nat Microbiol. (2020) 5:1403–7. doi: 10.1038/s41564-020-0770-5

 10. Singh D, Yi SV. On the origin and evolution of SARS-CoV-2. Exp Mol Med. (2021) 53:537–47. doi: 10.1038/s12276-021-00604-z

 11. Baric RS. Emergence of a Highly Fit SARS-CoV-2 Variant. N Engl J Med. (2020) 383:2684–6. doi: 10.1056/NEJMcibr2032888

 12. Thomson EC, Rosen LE, Shepherd JG, Spreafico R, Filipe A da S, Wojcechowskyj JA, et al. Circulating SARS-CoV-2 spike N439K variants maintain fitness while evading antibody-mediated immunity. Cell. (2021) 184:1171-1187.e20. doi: 10.1016/j.cell.2021.01.037

 13. Lauring AS, Hodcroft EB. Genetic variants of SARS-CoV-2—what do they mean? JAMA. (2021) 325:529. doi: 10.1001/jama.2020.27124

 14. Tracking SARS-CoV-2 variants. Available at: https://www.who.int/activities/tracking-SARS-CoV-2-variants (accessed June 17, 2021).

 15. Abdool Karim SS, de Oliveira T. New SARS-CoV-2 variants — clinical, public health, and vaccine implications. N Engl J Med. (2021) 384:1866–8. doi: 10.1056/NEJMc2100362

 16. Abu-Raddad LJ, Chemaitelly H. Butt AA. Effectiveness of the BNT162b2 Covid-19 Vaccine against the B117 and B1351 Variants. N Engl J Med. (2021) 385:187–9. doi: 10.1056/NEJMc2104974

 17. Bernal JL, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S, et al. Effectiveness of COVID-19 vaccines against the B.1.617.2 variant. medRxiv. (2021). doi: 10.1101/2021.05.22.21257658

 18. PANGO lineages. Available at: https://cov-lineages.org/pangolin.html (accessed May 19, 2021).

 19. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Brünink S, et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro Surveill. (2020) 25:2000045. doi: 10.2807/1560-7917.ES.2020.25.3.2000045

 20. Drake K., Hore T.A. Bomb.bio - SARS-CoV-2 RNA purification from nasal/throat swabs collected in Viral Transfer Media. BOMB.bio. (2020). Available online at: https://bomb.bio/protocols/ (accessed May 27, 2021).

 21. Electropherogram quality analysis. Available online at: http://asparagin.cenargen.embrapa.br/phph/ (accessed May 18, 2021).

 22. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. (2011) 7:539. doi: 10.1038/msb.2011.75

 23. Gouy M, Guindon S, Gascuel O. SeaView Version 4: A multiplatform graphical user interface for sequence alignment and phylogenetic tree building. Mol Biol Evol. (2010) 27:221–4. doi: 10.1093/molbev/msp259

 24. Hall TA. BioEdit: a User-Friendly Biological Sequence Alignment Editor and Analysis Program for Windows 95/98/NT. Nucleic Acids Symposium Series. (Oxford: Oxford University Press).

 25. Nextclade. Available online at: https://clades.nextstrain.org (accessed May 19, 2021)

 26. ATGC: PhyML. Available online at: http://www.atgc-montpellier.fr/phyml/ (accessed October 1, 2019).

 27. Anisimova M, Gascuel O. Approximate likelihood-ratio test for branches: a fast, accurate, and powerful alternative. Syst Biol. (2006) 55:539–52. doi: 10.1080/10635150600755453

 28. Lefort V, Longueville JE, Gascuel O. SMS: smart model selection in PhyM. Mol Biol Evol. (2017) 34:2422-24. doi: 10.1093/molbev/msx149

 29. Rambaut A. FigTree v1. 4. (2012). Available online at: http://tree.bio.ed.ac.uk/software/figtree/

 30. Argimón S, Abudahab K, Goater RJE, Fedosejev A, Bhai J, Glasner C, et al. Microreact: visualizing and sharing data for genomic epidemiology and phylogeography. Microb. Genomics 2:e000093. doi: 10.1099/mgen.0.000093

 31. Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al. SWISS-MODEL: homology modelling of protein structures and complexes. Nucleic Acids Res. (2018) 46:W296–W303. doi: 10.1093/nar/gky427

 32. Xu C, Wang Y, Liu C, Zhang C, Han W, Hong X, et al. Conformational dynamics of SARS-CoV-2 trimeric spike glycoprotein in complex with receptor ACE2 revealed by cryo-EM. Sci. Adv. (2021) 7:eabe5575. doi: 10.1126/sciadv.abe5575

 33. PDB. RCSB PDB - 7DF4: SARS-CoV-2 S-ACE2 complex. (2020). Available online at: https://www.rcsb.org/structure/7DF4 (accessed August 14, 2021).

 34. PyMOL| pymol.org. (2021). Available online at: https://pymol.org/2/ (accessed August 14, 2021).

 35. https://github.com/cov-lineages/pango-designation/issues/68. GitHub Available online at: https://github.com/cov-lineages/pango-designation (accessed May 6, 2021).

 36. McCormick KD, Jacobs JL, Mellors JW. The emerging plasticity of SARS-CoV-2. Science. (2021) 371:1306–8. doi: 10.1126/science.abg4493

 37. Naveca FG, Nascimento V, de Souza VC, Corado A de L, Nascimento F, Silva G, et al. COVID-19 in Amazonas, Brazil, was driven by the persistence of endemic lineages and P.1 emergence. Nat Med. (2021) 27:1–9. doi: 10.1038/s41591-021-01378-7

 38. Tegally H, Wilkinson E, Giovanetti M, Iranzadeh A, Fonseca V, Giandhari J, et al. Detection of a SARS-CoV-2 variant of concern in South Africa. Nature. (2021) 592:438–43. doi: 10.1038/s41586-021-03402-9

 39. Isolamento| Governo do Estado de São Paulo. Isolamento | Governo do Estado de São Paulo Available online at: https://www.saopaulo.sp.gov.br/coronavirus/isolamento/ (accessed August 14, 2021).

 40. Li Q, Wu J, Nie J, Zhang L, Hao H, Liu S, et al. The Impact of mutations in SARS-CoV-2 spike on viral infectivity and antigenicity. Cell. (2020) 182:1284-94.e9. doi: 10.1016/j.cell.2020.07.012

 41. Motozono C, Toyoda M, Zahradnik J, Ikeda T, Saito A, Tan TS, et al. An emerging SARS-CoV-2 mutant evading cellular immunity and increasing viral infectivity. bioRxiv. (2021). doi: 10.1101/2021.04.02.438288

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

 43. SARS-CoV-2 variants of concern as of 3 June 2021. European Centre for Disease Prevention and Control. Available online at: https://www.ecdc.europa.eu/en/covid-19/variants-concern (accessed June 17, 2021).

 44. Alam I, Radovanovic A, Incitti R, Kamau A, Alarawi M, Azhar EI, et al. CovMT: an interactive SARS-CoV-2 mutation tracker, with a focus on critical variants. Lancet Infect Dis. (2021) 21:e81. doi: 10.1016/S1473-3099(21)00078-5

 45. de Almeida LGP, Lamarca AP, da Silva Francisco R Jr, Cavalcante L, Gerber AL, Guimarães APdeC, et al. Genomic Surveillance of SARS-CoV-2 in the State of Rio de Janeiro, Brazil: technical briefing - SARS-CoV-2 coronavirus / nCoV-2019 Genomic Epidemiology. Virological. (2021).

 46. IAL- Intituto Adolfo Lutz. SARS-COV-2 Monitoranto. Governo de São Paulo. (2021). Available online at: http://www.ial.sp.gov.br/resources/insituto-adolfo-lutz/publicacoes/report-epigenomica_21_05/report_epigenomica_drs_6.pdf (accessed May 27, 2021).

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

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

Copyright © 2021 Bittar, Possebon, Ullmann, Geraldini, da Costa, de Almeida, da S. Sanches, Nascimento-Júnior, Cilli, Artico Banho, Campos, Ferreira, Sacchetto, da Silva, Parra, Moraes, da Costa, Vasconcelos, Spilki, Nogueira, Rahal and Araujo Jr. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 10 November 2021
doi: 10.3389/fpubh.2021.747791






[image: image2]

The Influence of Infection and Colonization on Outcomes in Inpatients With COVID-19: Are We Forgetting Something?

Jose Luis Alfonso-Sanchez1,2*, Adriana Agurto-Ramirez1, María A. Chong-Valbuena1, Isabel De-Jesús-María1, Paula Julián-Paches1, Luis López-Cerrillo1, Hilary Piedrahita-Valdés1, Martina Giménez-Azagra1 and José María Martín-Moreno2,3


1Preventive Medicine Service, Hospital General Universitario de Valencia, Valencia, Spain

2Department of Preventive Medicine and Public Health, School of Medicine, University of Valencia, Valencia, Spain

3Biomedical Research Institute INCLIVA, Hospital Clinico Universitario de Valencia, Valencia, Spain

Edited by:
Sanjay Kumar, Armed Forces Medical College, Pune, India

Reviewed by:
Manish Manrai, Armed Forces Medical College, Pune, India
 Rogelio de J. Treviño-Rangel, Autonomous University of Nuevo León, Mexico

*Correspondence: Jose Luis Alfonso-Sanchez, jose.l.alfonso@uv.es

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

Received: 26 July 2021
 Accepted: 19 October 2021
 Published: 10 November 2021

Citation: Alfonso-Sanchez JL, Agurto-Ramirez A, Chong-Valbuena MA, De-Jesús-María I, Julián-Paches P, López-Cerrillo L, Piedrahita-Valdés H, Giménez-Azagra M and Martín-Moreno JM (2021) The Influence of Infection and Colonization on Outcomes in Inpatients With COVID-19: Are We Forgetting Something? Front. Public Health 9:747791. doi: 10.3389/fpubh.2021.747791



The COVID-19 epidemic has been a great challenge to health systems and especially hospitals. A prospective observational epidemiological study was planned as of February 26, 2020 in a tertiary hospital in the Valencia region. The total number of patients followed up with complete information during the first year was 2,448. Among other variables, the comorbidities of the patients were collected (and grouped in the Charson index), the stay in the intensive care unit (ICU), the co-infections, and the colonizations. Data on nosocomial infections due to said virus were also collected. The median days from the onset of symptoms to diagnosis were 4 + 4.6, while an additional 4.4 days had to pass for the patients to be admitted to the ICU. The factors associated with a higher risk of death were those with coinfection, especially with Candida auris [odds ratio (OR): 4.6], a situation that also occurred in the ICU (OR: 3.18). Charlson Index comorbidity and C. auris colonization were also very important both in general hospitalization and in the ICU.
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INTRODUCTION

Since the first known cases were described in Wuhan at the end of 2019 (1), the infectious disease caused by SARS-CoV-2 and christened as COVID-19 by the World Health Organization (2) has become an unprecedented pandemic. It has tested the limits of scientific and health system capacity with regard to understanding SARS-CoV-2 transmission mechanisms, physiopathology, the body's humoral and cellular immune response, and clinical presentation; building diagnostic capacity; determining the best pharmacological and non-pharmacological treatments; and developing truly effective and comprehensive control strategies. Fortunately, new knowledge is gradually being generating in response to the unrelenting need imposed by the circumstances.

COVID-19 encompasses a wide clinical spectrum, as it can present as anything from an asymptomatic or mild infection to severe pneumonia and respiratory failure, with the potential to develop into a multiorgan syndrome. Its complications can even lead to death, with rapid onset of acute respiratory distress syndrome in some patients (3).

Prior to the pandemic, antimicrobial resistance in bacteria and fungi was among the main health threats globally (4–6). The impact of antibacterial and antimycotic resistance can be minimized through adherence to recommendations on the administration of antimicrobials and the implementation of infection control measures. These practices are based on the active detection of colonization with resistant pathogens as well as compliance with strict precautions regarding the isolation of carriers to prevent horizontal transmission among patients (7, 8). Optimizing prescriptions of antimicrobials can be challenging in patients with COVID-19, as the clinical severity, imaging characteristics, and laboratory parameters complicate the differentiation between bacterial coinfection and the effects of SARS-CoV-2 itself. It is important to characterize the underlying risk present in the patient's situation; tools like the Charlson comorbidity index can be useful in defining diverse clinical conditions predictive of mortality (9) and that can influence prognosis and confer added risk.

Finally, as part of the treatment strategy and considering the above, it is necessary to adapt infection control programs and administration of antimicrobial agents in real time to evolving and updated scientific evidence (7). The aim of this study is to determine the importance that infection and/or colonization with multidrug-resistant germs has on outcomes in COVID-19, taking into account patient comorbidities.



MATERIALS AND METHODS


Data and Analysis

The study was carried out in a tertiary hospital in Valencia, Spain. This Hospital has a Preventive Medicine Service that is dedicated to the control of hospital isolations and infections. It also has an accredited Microbiology Service in its procedures and cultures.

This was an observational epidemiological study with prospective follow-up; it was still ongoing at the time of writing. Patients were enrolled upon admission to hospital for COVID-19, starting on 27 February 2020; we report on outcomes to 26 February 2021, that is, at one natural year from study commencement.

Data were collected on a daily basis from our own electronic healthcare databases, with continuous cross-referencing, for all COVID-19 patients admitted to a public tertiary hospital in the province of Valencia (Spain) (N = 2,448). The hospital is the reference center for microbiological testing for a large part of the province of Valencia (more than 500,000 inhabitants), especially Health Department number 9.

The study included all patients admitted for more than 24 h; identifying information was anonymized in accordance with regulations on patient confidentiality and personal data protection laws.

Variables analyzed were: age, sex, mean length of hospital stay for COVID-19 (days), mean length of stay in patients admitted to the intensive care unit (ICU), date of symptoms onset, date of discharge for COVID-19, type of coinfection, and/or colonization, classified as: Candida auris, multidrug-resistant germs, or both; Charlson index (scoring according to that index), time from symptoms onset to hospital admission (days), and type of discharge (death, yes/no). In this study co-infection is when two or more germs are in or on the body and make you sick, which results in signs and symptoms such as fever, pus from a wound, a high white blood cell count, diarrhea, or pneumonia. Colonization means germs are on the body but do not make you sick. People who are colonized will have no signs or symptoms (10).

The Charlson index included 19 comorbidities for which points were assigned to patients, in line with the classification (9). The group of multidrug-resistant germs comprised all the germs classified as such in the hospital antibiogram.

Some variables were recoded: age was transformed into a categorical variable by 10-year age groups in the descriptive analysis and length of hospital stay (ward/ICU) was categorized in intervals of 10 days. Charlson index scores were considered both as an ordinal variable (1, 2, 3,.6), with all scores of 7 or more grouped into a single category, and as a dichotomous variable (0 points vs. ≥1 point).

The length of hospital stay was considered only for the time admitted to the corresponding unit, until the patient was considered “COVID-19-free” or was discharged to their residence, nursing home, or even another hospital ward when an additional pathology required it.



Statistical Analysis

Quantitative variables are described as means (standard deviation, SD), but for the distribution from symptoms onset to hospital admission including nosocomial transmission we used median and SD. The normality of the distribution was tested using the Kolmogorov-Smirnov statistic, and means were compared first with Levene's test of equal variances and then with the student's t-test. Variables were grouped, covariances studied, and simple and multiple logistic regressions performed, with analysis of possible interactions and confounding. For small, non-parametric samples, we used the Mann-Whitney U- and Wilcoxon W-tests.

Independence and multicollinearity of the variables were assessed using the Durbin Watson and variance inflation factor tests. Goodness-of-fit was also assess using the Hosmer-Lemeshow test. We calculated odds ratios (ORs) with their 95% confidence intervals (CIs) for all variables, including dummy variables. P-values of < 0.05 were considered statistically significant.

Analyses were undertaken with SPSS software for Windows (version 26.0, IBM Corp., Armonk, NY).



Study Setting and Population

A specific COVID-19 unit with established treatment protocols was created to attend patients.

To assess antibiotic resistance, gram-positive germs were tested with betalactams, aminoglucosides, and other antibiotics like vancomycin, levofloxacin, and linezolid. Gram-negative germs were exposed to betalactams, piperacillin/tazobactam, imipenem, aminoglucosides, and others such as ciprofloxacin and fosfomycin. Resistance to meropenem (minimum inhibitory concentration ≥8 mg/L) was considered indicative of resistance to all carbapenems (11).

For C. auris, susceptibility was interpreted according to the cutoffs proposed by the US Centers for Disease Control and Prevention (12). All strains of C. auris considered in the present study demonstrated resistance to amphotericin B and had shown greater susceptibility to azoles and echinocandins. In addition to collecting test swabs, microbiological samples were taken in case of clinical suspicion of infection. The microorganisms cultured from the blood samples, nasopharyngeal specimens, or urine were identified by means of MALDI-TOF mass spectrometry, antimicrobial susceptibility tests were performed with the Vitek2 system (Biomerieux, Craponne, France), and antifungal testing employed the microdilution method of the Clinical and Laboratory Standards Institute and the Sensititre YeastOne panel (Thermo Scientific, Waltham, MA, USA).

Bacterial infection was defined as an acute infection that included both the coinfection at the time of presentation and the secondary infection that emerged over the course of the illness and the hospital stay, as we could not always distinguish between these. We considered colonization based on the same criteria.

Microbiological eradication was defined by negative cultures during follow-up plus improvement in clinical and laboratory parameters. Clinical cure was defined as clinical improvement without evidence of microbiological eradication.

The primary outcome was colonization or the development of infection with multidrug-resistant germs, C. auris, or both in inpatients with COVID-19.

This study protocol was conducted according to the guidelines of the Declaration of Helsinki and approved by the Valencia University General Hospital Ethics Committee. The information obtained was treated with absolute confidentiality, respecting the principles of the Declaration of Helsinki. Participants' data were anonymized upon extraction. All patients, when invited to be included in the health system through their personalized identification number, gave their authorization to the Regional Ministry of Health for their information to be used for research purposes, in compliance with data protection regulations.




RESULTS

A total of 2,448 patients were admitted and discharged over the study period, including 364 people admitted to the ICU. Table 1 presents patients' baseline characteristics. Approximately 55% were men, and the mean age was 66.7 years (SD 18.3). On average, women were older than men (68.9 vs. 64.8 years, p > 0.05). The age group with the most representation was 71–80 years, comprising 21% of the sample. Admission trends showed clear waves of COVID-19 infections. The first, starting in March 2020, showed the largest month-to-month increase in admissions in the entire study period. Admissions fell to very low levels until August 2020, when cases again started to increase at rates of 1,000%. Admissions increased at low rates, especially at the beginning of December 2020, until a third wave of infections started, resulting in an increased rate of admissions (85%) in January 2021, before starting to fall again in February 2021. Mean length of hospital stay in the total sample was 11.6 days (SD 11.5), while for ICU patients it was 13.9 days (SD 14.5). Notably, 36.9% of the patients had a Charlson comorbidity score of 0. It should be underlined that in patients with comorbidity, COPD, and diabetes were the most frequent pathologies, together accounting for slightly more than 50%. On the other hand, 15% of the patients admitted for COVID-19 had a co-infection with MR germs, the most frequent germs being Escherichia coli and Klebsiella pneumoniae, which together accounted for 50% of all co-infections. In addition to the above, it is worth noting that the overall mortality rate for all inpatients, including ICU patients, was 19.4%.


Table 1. Baseline characteristics of inpatients with COVID-19, February 2020 to February 2021.
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Table 2 presents data on the interval from symptoms onset to hospital admission, as reported by patients, as well as the date of admission. Although the data set was widely dispersed, the three groups with the shortest interval (0, 1, and 2 days from onset to admission) made up over 36% of the total. There was also a relatively large proportion (14.3%) who had had symptoms for over 10 days before presenting to the emergency department and being admitted.


Table 2. Days from symptoms onset to hospital admission, including in nosocomial cases.
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Regarding the median days from symptoms onset to diagnosis, and not counting patients with nosocomial infections, this interval was 4 (SD 4.6) days. Patients acquiring COVID-19 by nosocomial transmission had been admitted for a median 8.5 (7.2) days, with no differences between the 21 men and 7 women in this group.

Among the 364 patients admitted to the ICU (Table 3), there was a preponderance of men (68%). Mean age was 63.7 (SD 13) years, with no difference according to gender (student's t-test p > 0.05). About 20% of the ICU patients presented coinfections (in addition to COVID-19), being almost 6% higher than co-infections found in other hospitalized patients. Multidrug-resistant germs were behind approximately 13% of the infections, and C. auris was responsible for 4%. The percentage of patients with colonization was higher, reaching 30.8%, while the mortality rate was 31.04%. The median interval between symptoms onset and ICU admission was 8.4 (SD 7.7) days, and it is worth noting the fact that 60% of the patients admitted to the ICU did not exceed a stay of 10 days in the ICU.


Table 3. Characteristics of patients admitted to the ICU for COVID-19, February 2020 to February 2021.
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Table 4 presents the results of the analysis of variables associated with mortality among COVID-19 patients admitted to the ICU. The strongest association observed was for Charlson comorbidity, especially for scores of 7 or more (OR 8.14 95% CI 2.25, 29.42), followed by Charlson scores of 6 or more (OR 6.05, 95% CI 1.56, 23.48), infection with multidrug-resistant germs (OR 3.52, 95% CI 1.64, 7.58), and coinfection with both multidrug-resistant germs and C. auris (OR 3.07, 95% CI 1.11, 8.52).


Table 4. Multivariable logistic regression for mortality in patients admitted to the ICU with COVID.
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Regarding the factors associated with a higher risk of death in the total sample (Table 5), the most important was coinfection, especially with C. auris (OR 4.64, 95% CI 3.12, 6.91) but also with multidrug-resistant germs. And interestingly, here the colonisations by Candida auris were significant (OR: 2.36 95% CI 1.58. 3.52), as well as by MR germs and by the association of both (OR: 1.65 95% CI 1.65, 2.35). Charlson indexes of 6 points and 7 or more points were also linked to higher mortality. Notably, age had virtually no statistically significant influence when the effect of comorbidity, gender, co-infections, and average hospital stay were removed.


Table 5. Multivariable logistic regression for mortality in total sample of patients admitted to hospital for COVID-19.
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DISCUSSION

To our knowledge, this is one of the few prospective studies with up to 1 year of follow-up assessing the influence of multidrug-resistant pathogens on mortality in patients hospitalized for COVID-19. The pandemic has interrupted life in general and hospital routines in particular, with many centers compelled to provide diagnostic and treatment services exclusively to those with suspected or confirmed COVID-19. This narrow focus has been applied without sufficient consideration for other possible factors, including colonization and infection. There are many published studies and even meta-analysis on predictors of mortality (13), but the vast majority are small in size and practically none include colonizations of germs that are so important today.

The crude mortality rate in our study population of inpatients during the first year of the pandemic was 19.4%, within the range of other studies reporting rates of 4–28%, although generally other studies have had smaller populations (14), especially with regard to those admitted to the ICU (15, 16). In our study, the median interval from onset to admission, not counting those with nosocomial infections, was slightly shorter at 4.6 days than the 7-day interval reported in a retrospective multicenter cohort study from the Netherlands (17), which may reflect a faster and more severe evolution in our patients. Unlike other studies (18), we did not find a higher risk in men after adjusting for comorbidity and age.

Compared to the literature, the mean length of hospital stay was relatively high at 11.6 days. A US study based on administrative data observed a mean stay of just 7 days (in a selected population of adults) (19), similar to another retrospective study using an administrative database in Australia (20), and another in a small sample of patients precisely in Wuhan but in only 1 month of 2020 (21).

According to the WHO, there is currently an alarmingly rapid propagation of multidrug-resistant and pan-resistant bacterias (also known as “superbacterias”), causing infections that cannot be treated with existing antimicrobials (22). While antibiotics are not effective for COVID-19, they are nevertheless administered to patients with suspected or confirmed COVID-19 infections, for several reasons. For one, it is difficult to rule out a bacterial coinfection at the time of presentation, and moreover, there is a risk of a secondary bacterial infection during the course of the disease. Because researchers have extrapolated information on the increased mortality in patients with bacterial superinfection during flu pandemics, empirical antibiotics are used for patients with severe COVID-19 (23). In our study, just 21% of our COVID-19 patients had a coinfection, and this was associated with an added risk for the patient. On the other hand, a much larger proportion—63%—had a Charlson index of 1 point or more.

Azithromycin is probably one of the most commonly administered treatments for inpatients with COVID-19, both in general (24–26) and in our center. This antibiotic belongs to the family of macrolides, which is used against a wide range of bacterial diseases; however, it has also been shown to have antiviral and immunomodulating properties that could be of interest in viral infections like COVID-19. Its value for preventing coinfections is unknown.

Co-infections continue to be important in COVID-19 mortality, as has been progressively established (15, 16). However, in this study, mortality was also associated with colonization by both MR and C. auris germs or both simultaneously, a situation that has not been reported in published studies so far. It may be that the germ in the carrier state is able to enter the human body when it finds a route of access or a significant decrease in immunity and ends up producing a co-infection as has been described in other infectious conditions (8).

One reflection of the greater severity and difficulty for treating COVID-19 is the fact that the mean length of hospital stay was longer than the overall average (7.2 days) for all inpatients in the year prior to the pandemic. The additional 4.5 days they spent in hospital could increase the risk of infections. Something similar occurred in the patients admitted to the ICU, indicating greater clinical complexity and a subsequently higher risk of coinfections and colonization, an added risk for nosocomial infections.

It is known that the outbreaks of C. auris that occur in patients with COVID admitted to the ICU are very important and their containment is very difficult, as is widely documented (27, 28). Due to the nature of hospital care in COVID-19, health professionals often wear the same personal protective equipment to attend different patients. This practice may have increased the risk of horizontal transmission, even though these patients have always been indicated for isolation protocols. However, in our case we cannot document the horizontal transmission due to difficulties cloning C. auris and/or multidrug-resistant germ chains.

The consequences of colonization/infection by multidrug-resistant bacteria have not yet been evaluated in patients with COVID-19, but they could be concerning for several reasons. First of all, these patients already experience immune system dysfunctions, both because of the disease itself and the immunomodulating therapies administered to treat it. Secondly, hospital COVID-19 cases have a profile characterized by advanced age, comorbidities, prolonged hospital stays, and numerous invasive procedures, all of which are risk factors for colonization or infection by multidrug-resistant bacteria.

There seems to be evidence that some serological markers of inflammation associated with bacterial infections, like elevated procalcitonin and C-reactive protein, can appear in patients with COVID-19 (29) without any bacterial coinfection. However, in our study we used only the germ cultures and their corresponding resistance, so this limitation does not apply.

Another important variable we assessed was comorbidity, adjusted for age, sex, and infection/colonization. Comorbidity has been studied in an ad hoc way conjunction with age in patients with COVID-19 (13, 30–32), but in this patient group, it is more appropriate to use standardized comorbidity indicators that are quantitatively associated with mortality, such as the Charlson comorbidity index. One study of COVID-19 did use that indicator; however, the sample was limited to people aged 40–85 years (33), unlike ours; moreover, when age was adjusted for comorbidity, it did not influence mortality.

Many of the components of the Charlson index have been individually linked to higher mortality in COVID-19, including diabetes (13, 34) and chronic obstructive pulmonary disease (35), among others, as cardiovascular diseases (36). Thus, it is unsurprising that this tool is useful for measuring composite mortality risk in this population, even after adjusting for other factors.

Among the main limitations of this study, we included patients with nosocomial infections. However, we considered that these cases generally originate in routine hospital activities, and these are often the patients with the poorest outcomes. Our sample was also quite heterogeneous, and it was sometimes difficult to obtain data for patients were referred from private hospitals. It is even possible that these referrals led to an increase in coinfections and colonization in some patients who were carrying these infections upon admission to our center.

In most cases, patients were not assessed for colonization on the same day of admission, so it is not possible to conclude whether all cases of colonization were acquired in hospital. Moreover, detecting coinfections and colonization often depends on clinical suspicion or investigation, as the symptoms may be masked by those caused by COVID-19 itself. For the same reason, patients did not always distinguish the onset of symptoms, confusing them with the symptoms of respiratory pathologies or others. When they presented to the emergency department, they often did not suspect that they had COVID-19 and had delayed seeking care until their condition had deteriorated substantially.

The implications of our results include the need to perform more controls in patients with COVID-19 monitoring not only infections, but also colonizations, all aimed at optimizing isolation measures. In that respect, control of MR germs (including Candida auris) is essential. Moreover, there is a clear need to characterize the difference in outcome with colonization vs. infection with MDR.

Obviously, it is also necessary to continue assessing the precise impact of COVID-19 in relation to the administration of antimicrobials, infection control, and development of appropriate public health strategies to prevent the propagation of antimicrobial-resistant pathogens.

All in all, much remains to be studied, but the practical importance that can be generated for the benefit of the patient makes it worth the effort.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection is caused by a respiratory virus with a wide range of manifestations, varying from asymptomatic to fatal cases, with a generally short outcome. However, some individuals present long-term viral shedding. We monitored 38 individuals who were mildly affected by the SARS-CoV-2 infection. Out of the total studied population, three (7.9%) showed atypical events regarding the duration of positivity for viral RNA detection. In one of these atypical cases, a previously HIV-positive male patient presented a SARS-CoV-2 RNA shedding and subgenomic RNA (sgRNA) detected from the upper respiratory tract, respectively, for 232 and 224 days after the onset of the symptoms. The SARS-CoV-2 B.1.1.28 lineage, one of the most prevalent in Brazil in 2020, was identified in this patient in three serial samples. Interestingly, the genomic analyses performed throughout the infectious process showed an increase in the genetic diversity of the B.1.1.28 lineage within the host itself, with viral clearance occurring naturally, without any intervention measures to control the infection. Contrasting widely spread current knowledge, our results indicate that potentially infectious SARS-CoV-2 virus might be shed by much longer periods by some infected patients. This data call attention to better adapted non-pharmacological measures and clinical discharge of patients aiming at preventing the spread of SARS-CoV-2 to the population.
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INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in Wuhan, Hubei province, China, in late December 2019 (1–3) causing highly transmissible respiratory infection and acute disease in humans. The SARS-CoV-2 (family Coronaviridae, genus Betacoronavirus) quickly spread over a large geographical area (4), impacting a global scale in terms of morbidity, mortality, and economic impact. The first diagnosed SARS-CoV-2 patient in Brazil occurred on February 26, 2020 (5). The virus rapidly started its community circulation process caused by multiple lineages in a short period in all Brazilian states (6), and distinct viral lineages were identified (6–8).

Since the SARS-CoV-2 emergence, hundreds of thousands of viral consensus genomes have been sequenced and quickly made available around the world (9). The rapid spread of SARS-CoV-2, initially with an apparent low diversity, suggested that the ancestor of the virus accumulated a genetic diversity allowing for the emergence of several phylogenetic lineages while spreading geographically across the world (9). Recently, genetically diverse viral populations that co-circulate within a single host began to be explored in some population groups infected with SARS-CoV-2 (10–13).

Generally, SARS-CoV-2 causes acute respiratory syndrome with a rapid and broad clinical outcome. However, some studies had reported viral RNA (vRNA) and infectious particles for an atypical considered period (14–16). Other studies that characterized the intra-host viral diversity in patients with persistent infection showed a strong selection bias, with the introduction of neutralizing antibody cocktails or several interventions to treat secondary symptoms to the virus action (11, 12). Here, we explore the clinical and molecular aspects of the prolonged viral shedding process in a patient with evidence of viral replication for extended period. An intra-host genomic evolution process was evidenced by the detection of subgenomic RNA (sgRNA) and by the accumulated viral mutations over the period.



MATERIALS AND METHODS


Ethical Statement

The samples analyzed in this study were collected after the consent of the patient following the protocol approved by the Human Research Ethics Committee of the Biomedical Sciences Institute—University of São Paulo (CEPSH-ICB-USP) (no. 4.036.252).



Patients and Samples

This study is a molecular investigation of symptomatic, mildly affected patients, sampled between April 2020 and November 2020 in the city of São Paulo. In total, 721 patients with symptoms were screened for the detection of viral RNA of SARS-CoV-2. This first criterion of inclusion consisted in the presence of cold/flu symptoms, such as fever and/or respiratory symptoms (cough, breath shortness, and sore throat), following criteria recommended by the Brazilian Ministry of Health guidelines for Coronavirus Disease 2019 (COVID-19) diagnosis and treatment. Exclusion criteria included patients presenting symptoms of viral infections related to other agents than SARS-CoV-2, according to the same guidelines. Thirty-eight mild symptomatic positive to the SARS-CoV-2 detection out of 721 symptomatic patients were included in the present work. For inclusion in this group, the criteria were the acceptance to be followed weekly from the first episode of molecular positivity to the SARS-CoV-2 infection until they completed at least two or three consecutive episodes of negativity by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) in nasopharyngeal-oropharyngeal (NP-OP) swab samples used for the screening and viral molecular diagnosis. Blood of all patients was collected individually after the first episode of molecular positivity for further serological analyses.



Molecular Characterization

Nucleic acid extraction from all the NP-OP swabs was performed using the MagMAX™ Viral/Pathogen II (MVP II) Nucleic Acid Isolation Kit (Catalog number: A48383; Applied Biosystems, Waltham, MA, USA) and carried out according to the instructions of the manufacturer. Molecular detection of SARS-CoV-2 was performed using the AgPath-ID One-Step RT-PCR Reagents (Ambion, Austin, TX, USA). For the first screening, specific SARS-CoV-2 primers and probes were applied to the Envelope (E) gene, followed by the detection of the RNA-dependent RNA polymerase (RdRp) gene (17), as recommended by the WHO (18, 19). The screening study included some patients who were positive for the SARS-CoV-2 E gene but were considered as having an inconclusive diagnosis for COVID-19 due to negative results for the RdRp gene. They were followed up according to the same criteria used for confirmed cases (Supplementary Table 1). To detect sgRNA, we applied one of the Envelope primer and the probe in combination with other primer previously described (20). The RT-qPCR reactions consisted of a step of reverse transcription at 45°C for 10 min, enzyme activation at 95°C for 10 min, and 50 cycles at 95°C for 15 sec, and 60°C for 45 sec for hybridization and extension using QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific Inc., Waltham, MA, USA) to collect a fluorescence signal at the end of each cycle. We used the isolated virus SP02/BRA as the positive control, which was kindly provided by the Laboratory of Clinical Virology, Institute of Biomedical Sciences, University of São Paulo (21).



Serological Characterization

We assessed patients anti-SARS-CoV-2 antibody production performing an enzyme-linked immunosorbent assay (ELISA), using sera of positive patients to analyze the presence of specific IgA and IgG against the viral nucleocapsid C-terminal portion, which was kindly provided by Prof. L. C. S. Ferreira (Institute of Biomedical Sciences, University of São Paulo, São Paulo, Brazil).

MaxiSorp plates (Nalge Nunc International, Rochester, NY, USA) were coated with antigen (375 ng in 50 μl of 1 × phosphate-buffered saline [PBS] per well) and incubated overnight at 4°C. We used 1 × PBS plus 2.5% of heath inactivated Fetal Bovine Serum as a blocking buffer (PBS-FBS −200 μl/well), incubating for 1 h at room temperature (RT). After, the diluted sera (1:100 in a PBS-FBS) was added (50 μl/well) and incubated at RT for 2 h. Subsequently, secondary peroxidase-conjugated anti-IgA (1:16,000 in PBS-FBS; Sigma Aldrich, St Luis, MO, USA) or anti-IgG (1:8,000 in PBS-FBS; Sigma Aldrich, St Luis, MO, USA) antibodies were added to each well (75 μl/well) and incubated at 37°C for 50 min. To reveal the reaction, 100 μl/well of the reagent 3,3′,5,5′-TetraMethylBenzidine (TMB) (Thermo Fisher Scientific Inc., Waltham, MA, USA) were added and incubated in the dark for 10 min at RT. Then, the enzymatic reaction was stopped using 100 μl/well of 0.2 N H2SO4. Between the blocking steps and the enzymatic reaction, four washing steps were performed using 1 × PBS with 0.05% Tween 20. We used a Multiskan™ FC Microplate Photometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) to read the reaction, considering the difference between the optical density (OD) at 450 and 620 nm.



Receptor-Binding Inhibition Assay (Surrogate Virus Neutralization Test Kit, SVNT)

The ability of the patient to neutralize SARS-CoV-2 was assessed through a sVNT (Catalog number: L00847-A; GenScript, Piscataway, NJ, USA), following manufacturer instructions (22). Their sera were incubated with a recombinant receptor-binding domain conjugated with horseradish peroxidase (RBD-HRP) at the final dilution of 1:20 for 30 min at 37°C. Afterward, the combination was added to a plate pre-coated with human ACE2 (hACE2) and incubated for 15 min at 37°C. Unbound RBD-HRP was removed by four washes, using the provided washing solution. The colorimetric signal was developed on the enzymatic reaction of HRP with 100 μl with TMB. Then, 50 μl of provided stop solution was added, and the OD at 450 nm using Multiskan™ FC Microplate Photometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). Percentage of inhibition (%) = (1—Sample OD value/Negative Control OD value) × 100. The sVNT inhibition was settled as positive when the percentage value resulted in inhibition ≥ 20% (98.9% sensitivity and 100% specificity), as previously validated (22).



Virus Isolation

Samples with positive RT-qPCR NP-OP were submitted to viral isolation. To do this, Vero CCL81 cells were seeded in 24-well plates and incubated overnight at 37°C, using a 5% CO2 incubator. The initial inoculum (passage 1) was prepared to dilute the clinical sample (1:5) in non-supplemented Dulbecco's Modified Eagle Medium (DMEM) low glucose media (LGC Biotecnologia, São Paulo, Brazil). The inoculum was then added to the monolayer cells, homogenized, and maintained for 1 h at 37°C. The inoculum was then removed, cells were washed two times with warm PBS and fresh DMEM low glucose media supplemented with FBS (2%) and penicillin/streptomycin (1%, 10,000 U/ml) was reloaded. The cell culture was observed for a cytopathic effect every day after the inoculation. Seventy-two-hour post-infection the cell culture supernatant was collected, centrifuged for the removal of debris (500 g, 10 min, 4°C) and stored at −80°C as the first viral passage. The same strategy was employed three times to obtain a third isolate passage. To confirm the isolation, we submitted the supernatants of each passage to RT-qPCR molecular assay to detect the Envelope gene, as mentioned above. Viral samples were considered isolated when the Ct value has dropped between passages one and three. We considered samples with Ct below 35 suitable for the next isolation passages. Samples in which the Ct value has not dropped were considered as non-isolated samples.



Sequencing and Viral Genome Assembly

Based on the Ct values of the NP-OP samples, the total RNA was extracted using the MagMAX™ Viral/Pathogen II (MVP II) Nucleic Acid Isolation Kit (Catalog number: A48383) (Applied Biosystems) and carried out according to the instructions of the manufacturer. The target whole viral genome library preparation was constructed using the QIAseqTM SARS-CoV-2 Primer Panel (Catalog number: 333896; Qiagen, Hilden, Germany). Sequencing was done at the Core Facility to Support Research—University of São Paulo (CEFAP-USP/GENIAL) using the Illumina MiSeq platform. Each sample was barcoded individually, which allowed the separation of reads for each one of them. Short unpaired reads and low-quality bases and reads were removed using Trimmomatic version 0.39 (LEADING:20 TRAILING:20 SLIDINGWINDOW:4:25 MINLEN:36) (23). Consensus genomes were assembled with paired end reads using Bowtie2 version 2.0.6 using default parameters (24). All the datasets analyzed during the current study are available from the corresponding author on reasonable request. The new sequence here characterized was deposited in GenBank under the accession number MW495017.



SARS-CoV-2 Lineage Nomenclature and Phylogenetic Analysis

The viral genome sequences obtained from the NP-OP samples and assembled in this study were submitted to the SARS-CoV-2 lineage assignment using the Phylogenetic Assignment of Named Global Outbreak LINeages web application following a methodology previously described (9). Phylogenetic tree of SARS-CoV-2 based on full-length, curated sequences was estimated using the Maximum Likelihood (ML) method implemented in IQ-TREE 1.5.5 (25) with automatic model selection by ModelFinder and using the Bayesian Information Criterion (BIC) (26). To characterize the sequences of the atypical patient studied, we retrieved all complete sequences in GISAID (June 28, 2021), collected in Brazil for SARS-CoV-2 lineage B.1.1.28 with high coverage and with collection date completed. In total, 1,303 sequences were retrieved (Supplementary Figure 1). Sequences were initially resampled, excluding all identical sequences (https://biopython.org/wiki/Sequence_Cleaner), and after separation by Brazilian states, the outliers were resampled considering the average of the low sampled Brazilian states + 2 x SD (n = 53 sequences; https://web.expasy.org/decrease_redundancy/). In the end, we worked with a final dataset containing 56 sequences, 53 from São Paulo state and 2 sequences from the atypical patient, and we included the reference genome as an outgroup (NC_045512.2). The robustness of the groupings observed was assessed using 1,000 non-parametric bootstrap replicates. ML tree was visualized and plotted using FigTree v.1.4.3 (27). All taxon labels for sequences used in this work are presented in the format: hCoV-19/local of isolation/strain name/date of isolation.



Statistical Analysis

The Shapiro–Wilk normality test was used in the present study. To compare the differences in the duration of positivity and symptoms according to each biological sex, the Mann–Whitney U test was applied, assuming a significance level of 0.05. All the statistical analysis and most of the graphs presented here were performed using R scripts and are available upon request.




RESULTS

From February 2020 to the epidemiological week 45 (first week of November 2020), Brazil had intense SARS-CoV-2 dissemination characterized in the country as the first pandemic phase. In this period, we had monitored symptomatic individuals to characterize the SARS-CoV-2 infection status of the patients. Once positive on the molecular assay, we monitored the patients weekly by collecting NP-OP swabs and blood derivatives, such as whole blood, serum, and plasma. We found a positive correlation by the detection of Envelope and RdRp genes (r = 0.89) in the first sample collected in the molecular assay (Figure 1A). Thirty-eight mild symptomatic patients were followed weekly from the first episode of positivity until they completed at least two or three consecutive episodes of negativity by RT-qPCR in the NP-OP. The duration of the positivity after the onset of symptoms was not significantly different (p-value = 0.3531) between female (average 22.67 days ± SD 19.88) and male (average 33.34 ± SD 41.71) biological sexes (Figure 1B). The duration of symptoms in females (average 32 days ± SD 11.51) and males (average 34 days ± SD 18.14; Figure 1C) was similar (p-value = 0.8887). The length of time of the symptoms was weakly correlated with the length of the positivity (Figure 1D). Among the total number of surveyed patients, 7.9% (3/38) of them were RT-qPCR positive for an “atypical” period and were considered as “outliers” (Figure 1B), such as one female (71 days) and two male (81 and 232 days) individuals. The positive symptomatic patients presented a wide spectrum of mild-illness symptoms, the most frequent being coryza, ageusia and/or anosmia, cough, fever, headache, myalgia, nasal congestion, and presence of sputum (Figure 2).


[image: Figure 1]
FIGURE 1. Molecular characterization of the studied individuals during the first SARS-CoV-2 pandemic phase in Brazil. The different colors represent the female and male individuals. (A) Correlation of the SARS-CoV-2 detection to Envelope and RdRp genes. (B) Duration of positivity on Envelope molecular assay after the symptom onset. Boxplots represent the 75th percentile, median, 25th percentile, and the whiskers extend to the highest and lowest value in the 1.5 × interquartile range. (C) Duration of symptomatology since the onset of symptoms. Boxplots represent the 75th percentile, median, 25th percentile, and the whiskers extend to the highest and lowest value in the 1.5 × interquartile range. (D) Correlation of the duration of symptoms to the duration of positivity after the onset of symptoms. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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FIGURE 2. Frequency of each symptom of the Coronavirus Disease 2019 in the 38 SARS-CoV-2 positive patients. Normalized frequency considering the presence of the symptom with the lowest (n = 1) and highest (n = 26) value, to values between 0 and 1. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.


One of those outliers presented a very peculiar picture regarding positivity over time. The male patient, 38-year-old, was previously diagnosed with HIV without AIDS as confirmed by negative molecular diagnosis for HIV infection and normal levels of T CD4+ and CD8+ lymphocytes both before and after the infection with SARS-CoV-2 (Supplementary Table 2). The patient did not present any other comorbidity, started the clinical symptoms compatible with the classic condition caused by COVID-19 on April 21, 2020, notably fever, asthenia, headache, cough, coryza, ageusia, and anosmia until May 11, 2020 (Figure 3A). In total, the symptoms lasted for 20 days. The patient was diagnosed as positive to the SARS-CoV-2 by RT-qPCR on the seventh day after the onset of symptoms (Figure 3B), with the lineage B.1.1.28, as ascertained by sequencing (Figure 4). Up to 232 days after the onset of symptoms, the patient was still positive in the RT-qPCR assay for the presence of vRNA (Figure 3B). Furthermore, two of the collected samples were also positive for sgRNA, the first (April 27, 2020) and the one before the last sample (December 1, 2020) (Supplementary Figure 2), suggesting at least 224 days of viral replicative activity. Before the last positivity collection point, the patient had four negative harvestings in three moments of the infectious process, the last being for 2 consecutive weeks in November 2020 (Figure 3B). None of the samples was positive for viral isolation in cell culture.


[image: Figure 3]
FIGURE 3. Timeline infection of the atypical studied patient with prolonged detection of viral RNA. (A) Schematic figure containing the diagnostic points, harvesting, and symptoms over time. (B) Cycle threshold to the Envelope gene of the SARS-CoV-2 according to the timeline of infection, as determined by RT-qPCR. The NP-OP swabs positive to the detection of subgenomic RNA are indicated by the dashed circle. (C) ELISA data showing the detection of IgA and IgG specific anti- SARS-CoV-2 nucleocapsid according to the timeline of infection. (D) Inhibition of the SARS-CoV-2/ACE2 ligation mediated by receptor-binding domain by neutralizing antibodies, according to the timeline of infection. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; NP-OP, nasopharyngeal-oropharyngeal; ELISA, enzyme-linked immunosorbent assay.
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FIGURE 4. Maximum likelihood phylogenetic tree for SARS-CoV-2 lineage B.1.1.28 based on full-length genome sequences (n = 56). The sequence NC_045512.2 was used as an outgroup to reroot the tree and the nodes are labeled with bootstrap support values higher than 50. The two sequences obtained from the atypical patient are highlighted in yellow. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.


Serological samples of this atypical patient were then tested in ELISA for the presence of anti-nucleocapsid (Nc) IgA and IgG antibody levels. We observed that specific anti-Nc IgA was detected from 3 weeks after the onset of symptoms (May 11, 2020) and persisted for the next two sera sample harvestings, (May 14, 2020 and May 27, 2020), remaining at basal levels until the last blood collection of the studied period (Figure 3C). On the other hand, anti-Nc IgG levels were detectable during the entire course of infection, with high OD values throughout the analyzed period, being the highest values observed in the first 2 months of the study, corresponding to the points with the greatest amount of vRNA (Figure 3B). Inhibition assays showed that total neutralizing antibody levels increased in the first 14–21 days of positivity for the molecular envelope gene assay, and around 85% of inhibition persisted during the sampling period (Figure 3D). In accordance, a perfect correlation was observed between the peaks of serum neutralizing antibodies and the decrease of the viral charge at the beginning of the asymptomatic period and the negative amplification of the envelope gene by RT-qPCR every since.

Among all NP-OP positive samples, the genomic monitoring was performed in three positive samples of this patient to perform genomic sequencing, one at the beginning (collection date = 27-Apr-2020), one at the middle (collection date = August 18, 2020), and one at the end (collection date = December 1, 2020) of the positivity period, all of them been chosen based on the combination of Ct values and period of infection (Figure 4). We obtained a complete genome for the first one, and for the other two samples only partial genomes. All sequences were characterized as lineage B.1.1.28. The last sequenced sample (collection date = December 1, 2020) had low coverage and was discarded from the phylogenetic analysis. The two sequences included in the phylogenetic studies were grouped in a monophyletic group when compared to other sequences isolated in São Paulo, Brazil for the same lineage and diversified between the first and the last atypical patient's harvestings, suggesting a within-host evolution of the SARS-CoV-2 (Figure 4).



DISCUSSION

The clinical manifestations induced by SARS-CoV-2 vary from a broad spectrum of symptoms, ranging from asymptomatic or mild-to-severe cases of COVID-19 (28–31). In autopsy investigations, the SARS-CoV-2 was identified in several organs, such as the lung, heart, and kidney (31). The viral infection has been associated with respiratory, gastrointestinal, hepatic, cardiac, renal, and neurological dysfunctions (30, 32), which leads to a multisystem inflammatory disease, acute respiratory distress syndrome, multiple organ failure, and death in severe cases (30, 32, 33). The dysfunctions induced by COVID-19 are manifested by signs and symptoms, which when well elucidated can be crucial to the clinical diagnosis and treatment (34). Initial descriptions of the average period of vRNA presence in samples of the patients who survived the infection are around 20 days, although other studies have identified atypical cases that can last up to 154 days (11, 12).

In the present study, the duration of positivity to SARS-CoV-2 by RT-qPCR was not statistically significantly different comparing biological sexes, with an average of 33.34 days for males and 22.67 days for females. However, one outlier was noted within the female group and two males. One male outlier patient remained detectable for SARS-CoV-2 for 232 days from the onset of symptoms. It is worth noting that a suggestive replicative viral activity observed in this particular patient was detectable at least until 224 days after the beginning of the infection, with lower Ct values even in advanced phases of the COVID-19 what may be of epidemiological significance in terms of transmission. This was clearly shown by the correlation between the detection of both sgRNA and the genomic envelope gene of SARS-CoV-2 (Supplementary Figure 2). Although the clinical and molecular conditions caused by viruses characterized as acute infections are generally quickly resolved, some of them can cause a long-lasting infection in mild (35) or severe conditions (36), and the impact in transmissibility and pathology still needs to be understood. Thus, it is very important to clarify whether a prolonged vRNA shedding is correlated to the clinical outcome of the infection, or yet to the condition of the patients, such as immunosuppressive states or occurrence of comorbidities.

The serological data of the atypical individual analyzed here above indicated that during the period of molecular vRNA detection, it was possible to detect specific IgA and IgG antibodies against SARS-CoV-2 Nc antigen. These data are compatible with the development of a humoral immune response raised against the virus very early after infection. Our results showed that both IgA and IgG anti-SARS-CoV-2 were already present in the first collected serum sample, 20 days after the onset of the symptoms. As with other viral infections (37, 38), the detection of serum IgA antibodies was limited in time, while the presence of IgG antibodies could be identified in the serum for long periods and present during the entire period of the study. Additionally, from the beginning of the sera collection, we identified the presence of total neutralizing antibodies (which can be of all immunoglobulin classes), with fluctuations during sampling. Despite an unrestrained innate immunity that can account for virus clearance at the beginning of acute infections (39), the specific responses observed here may reflect an early attempt of the immune system to control the viral infection by the induction of a robust neutralizing humoral immune response.

On top of the development of humoral and cellular immune responses, viruses escape from other immunological barriers imposed to clear the infection. Usually, to avoid an immune-mediated viral clearance, viruses frequently use a combination of several different strategies to subvert recognition by the immune system, such as (i) settling latent infections, (ii) replicating in immune-privileged sites, (iii) downregulating the expression of immune recognition signals on the surface of infected cells, or (iv) undergoing antigenic variation or else mechanisms for suppressing the immunological response (40). Possibly, a combination of one or more of these mechanisms could explain the prolonged viral shedding in the studied patient.

Nevertheless, the integration of the reverse-transcribed RNA into the genome of cultured human cells with the possibility of being expressed in tissue cells derived from humans seems to be an explanation, contradictorily proposed to clarify the persistent detection of SARS-CoV-2 RNA after COVID-19 recovery (41). This hypothesis does not seem to be the case of the outlier male patient studied here, since (i) we showed that sgRNA, a molecular marker for active SARS-CoV-2 replication (42, 43) was found during the long-term infection, (ii) there was a fluctuation in the levels of virus neutralization over time possibly characterizing the dynamics of the humoral immune response directed to the RBD antigen that binds to the human ACE2 receptor and yet, and (iii) the genetic divergence accumulated throughout the viral infection process (Figure 4) indicating an intra-host evolution over time. In addition, although the viral shedding was prolonged, the elimination of the viral infection was ultimately observed.

Conversely, since the outlier male patient studied here is seropositive for HIV since 2018, it could be hypothesized that this comorbidity would be impacting an appropriate immune response against SARS-CoV-2 through possible mechanisms of immunosuppression. It is worth noting that the differential lymphocytic markers to monitor HIV infection of this patient were consistently normal since the beginning of the antiretroviral therapy in 2019. Still, in-depth implications of HIV infection on the overall functioning of the immune system, even in treated individuals, are not fully comprehended (44), and data published elsewhere show that during the acute phase of HIV, there is a critical loss of memory CD4+ lymphocytes mainly in lymphoid tissues (45), which are critical to the maintenance of a fully competent immune system. The post-effects of this massive CD4+ loss may range to increased cell turnover and disrupted activation/differentiation and maturation of immune system cells, possibly due to indirect effects of the HIV replication (44, 46). Also, post-acute phase HIV causes a dramatic skewing of the lymphocyte population that is not fully recovered after effective antiretroviral treatment (47), possibly due to a decreased thymic functioning and HIV-induced lymph nodes architecture changes (48) that may impact innate and adaptive immune responses.

Thus, it remains to be concluded how the effects of HIV infection could be impacting positively or negatively the clearance of the SARS-CoV-2. In this sense, it is well recognized that an appropriate cell-mediated immune response mediated by the activation of CD4+ and CD8+ T cells producing class I interferon, i.e., interferon (IFN)-α and IFN-β, and the activation of B cells producing neutralizing antibodies are associated with a favorable clinical outcome of COVID-19 (49–52). However, other data have correlated HIV treatments to the increased incidence of diabetes mellitus, hyperglycemia, and drug-altered metabolism (53), known as rather enhancing the SARS-CoV-2 replication (54). Altogether, our data suggest that if the previously existing HIV-positive status is somehow related to a prolonged infection, it may instead be favoring the emergence of new variants.

Finally, since the severity of the clinical condition of patients with COVID-19 or the resistance status to the infection is previously shown to be associated with a genetic background of the host (55, 56), it could also be hypothesized that the prolonged viral shedding is related to the host genetic environment. Still, genetic factors associated with the SARS-CoV-2 viruses or specific for certain viral lineages could certainly influence viral shedding. Other linked factors to the host, such as age, other comorbidities association, nutritional state, and previous exposure to different pathogens, could interfere with such a differential behavior of the SARS-CoV-2 during the infectious process and affect healing and transmission.
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With the continuation of the pandemic, many severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants have appeared around the world. Owing to a possible risk of increasing the transmissibility of the virus, severity of the infected individuals, and the ability to escape the antibody produced by the vaccines, the four SARS-CoV-2 variants of Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2) have attracted the most widespread attention. At present, there is a unified conclusion that these four variants have increased the transmissibility of SARS-CoV-2, but the severity of the disease caused by them has not yet been determined. Studies from June 1, 2020 to October 15, 2021 were considered, and a meta-analysis was carried out to process the data. Alpha, Beta, Gamma, and Delta variants are all more serious than the wild-type virus in terms of hospitalization, ICU admission, and mortality, and the Beta and Delta variants have a higher risk than the Alpha and Gamma variants. Notably, the random effects of Beta variant to the wild-type virus with respect to hospitalization rate, severe illness rate, and mortality rate are 2.16 (95% CI: 1.19–3.14), 2.23 (95% CI: 1.31–3.15), and 1.50 (95% CI: 1.26–1.74), respectively, and the random effects of Delta variant to the wild-type virus are 2.08 (95% CI: 1.77–2.39), 3.35 (95% CI: 2.5–4.2), and 2.33 (95% CI: 1.45–3.21), respectively. Although, the emergence of vaccines may reduce the threat posed by SARS-CoV-2 variants, these are still very important, especially the Beta and Delta variants.

Keywords: SARS-CoV-2, variants of concerns, disease severity, mortality, epidemic potential, COVID-19


INTRODUCTION

There are multiple severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants identified by viral genomic sequencing in different parts of the world. Based on the potential threats of these viral variants in terms of transmission, disease severity, immune escape, etc., they were classified into variants of concern (VOCs) and variants of interest (VOIs) by the World Health Organization (WHO). So far, four variants have been defined as VOCs—Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2).

In late December 2020, the Alpha variant was reported in the United Kingdom (1), followed quickly by the detection of the Beta variant, which carried three mutations including K417N, E484K, and N501Y at important locations in the Spike protein receptor-binding domain (S-RBD) in South Africa (2). In early January 2021, the Gamma variant carrying three mutations consist of K417T, E484K, and N501Y in the S-RBD was reported in Brazil (3). In December 2020, the Delta variant carrying mutations called 452R and 478K was first isolated in India (4).

Three key concerns of SARS-CoV-2 VOCs are viral transmissibility, disease severity, and the impacts on vaccine efficacy. For viral transmissibility, the reported studies have yielded good evidence that all VOCs are more transmissible than the wild-type virus (5–13). Risk of transmission, reported in 15 studies, was 45–71% higher for Alpha variant than the wild-type virus, while the basic reproduction number R0t was 75–78% higher than the wild-type virus, and the reported effective reproduction number Rt ranged from 1.1 to 2.8 (8). For Beta variant, the Rt was 1.55 (95% confidence interval [CI]: 1.43–1.69) and ~50% more transmissible than the previously circulating variants (11, 12). Using dynamic modeling that integrates genomic and mortality data, Faria et al. (13) estimated that the transmissibility of the Gamma variant could be 1.4–2.2 times higher than that of the wild-type virus. A statistically significant increase in Rt relative to wild-type virus of Delta variant at 97% (95% CI: 76–117) (9). For impacts on vaccine effectiveness, the effects of the viral variants on the vaccine's protection of infection, symptomatic disease, and severe disease have been considered. The Alpha variant had less impact on the vaccine, and the vaccine was therefore still protective (14, 15). For Beta variant, the protection offered by the vaccine against symptomatic disease was reduced (16–18). The conclusion on the impact of Gamma variant on the vaccine was not yet clear. Delta variant likely reduced the protective effect of the vaccine with respect to infection and symptomatic disease (19).

Based on the newest report from WHO, the conclusions on disease severity were most uncertain among the reviews focusing on the phenotypic effects of SARS-CoV-2 VOCs. There were few reports on the disease severity of the variant viruses. Clinical outcomes were influenced by factors such as the use of health-care resource, demographic changes, and trends in social behavior (20). To date, we have found few reports of disease severity analysis based on clinical outcomes of the VOCs. By comparing four studies with datasets on the disease severity of infected persons, it was concluded that Alpha variant may not increase the risk of disease severity (21). A meta-analysis of these four studies indicated significantly increased hazard of mortality among patients with COVID-19 infected with Alpha variant relative to those infected with the wild-type virus (22). Alpha, Beta, and Gamma variants had a 1.7-, 3.6-, and 2.6-fold increased risk of hospitalization, and a 2.3-, 3.3-, and 2.2-fold increased risk of admission to the ICU, respectively (23). However, further confirmation in larger studies of Alpha variant as well as other viral variants are needed.



METHODS

This study is a systematic review of current evidence conducted in June 2021 to determine the effects of SARS-CoV-2 VOCs on disease severity and clinical outcomes. The study was guided by the Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P) to ensure reliability and validity of the reported results (24).


Sources of Data

A systematic search was conducted by using search terms in online databases such as PubMed, Medline, and Embase to retrieve all relevant English papers and reports published between June 1, 2020 and October 15, 2021. The search strategy adopted a combination of the following search terms: (B.1.1.7) OR (B.1.351) OR (P.1) OR (B.1.617.2) OR (SARS-CoV-2 Variants of Concern) OR (SARS-CoV-2 VOCs). Related references were also searched in Google Scholar.



Selection of Research

In all, 1,745 papers were extracted, and the full-text of the most relevant papers based on eligibility criteria were reviewed. Original and peer-reviewed papers in English that met the eligibility criteria in the final report were included. A flow chart of the search strategy and study selection process using PRISMA guidelines is presented in Figure 1. In addition, the following exclusion criteria were used:

• Non-human studies, including animal experiments, in vitro observations, and papers that do not refer to the keywords in this review.

• Papers that do not contain data on at least two kinds of viruses.

• The full paper is not available.

• Any duplicate and suspicious results in the database.


[image: Figure 1]
FIGURE 1. Flow diagram of the search strategy and article selection process.




Extraction of Data

The first author's name, variant type, patient recruitment type, study dates, number of participants, age, rate of severe disease, and mortality were recorded in an information sheet. We rechecked the collected data to avoid duplication or overlap. Then, we extracted the relevant data (Table 1).


Table 1. Comparison of studies assessing the effect of SARS-CoV-2 VOC on disease severity and clinical outcomes.
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Assessment of Quality

This study adhered to the PRISMA guidelines to ensure the quality and accuracy of selected publications and outcomes.




RESULTS

We identified a total of 1,745 (1,076, PubMed; 448, MEDLINE; 183, Embase; and 38 from other sources) relevant articles, and 1,123 studies were left after removing the duplicates. After excluding 775 articles by title and abstract screening, 348 articles met the conditions for full-text screening. Based on the above exclusion criteria, a further 322 articles were excluded. Ultimately, 26 studies that met the inclusion criteria were selected in this review for further analysis. Each study's main findings are summarized in Table 1 (25–50). Among the 26 studies, most were related to variant Alpha, followed by Beta, Gamma, and Delta.

Through meta-analysis, the data provided by the retained studies were integrated; the values of total random effects were retained; and the risk of hospitalization, ICU admission, and mortality of patients infected with VOCs compared with wild-type virus were obtained to analyze the disease severity of the VOCs. The main process of meta-analysis of variants Alpha, Beta, Gamma, and Delta are, respectively, shown in Figures 2–5, and the main results of the meta-analysis are summarized in Table 2.


[image: Figure 2]
FIGURE 2. Pooled hazard ratio of hospitalization, ICU admission, and mortality for patients infected with Alpha variant compared to those with wild-type virus.
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FIGURE 3. Pooled hazard ratio of hospitalization, ICU admission, and mortality for patients infected with Beta variant compared to those with wild-type virus.
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FIGURE 4. Pooled hazard ratio of hospitalization, ICU admission, and mortality for patients infected with Gamma variant compared to those with wild-type virus.
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FIGURE 5. Pooled hazard ratio of hospitalization, ICU admission, and mortality for patients infected with Delta variant compared to those with wild-type virus.



Table 2. Hazard ratios (95% CI) of disease severity of the SARS-CoV-2 VOCs compared with wild-type virus.
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In the case of Alpha variant compared with the wild-type virus, most studies concluded that the risk of hospitalization, ICU admission, and mortality were increased. Only Frampton et al. (25) and Stirrup et al. (49) reported that the risk of ICU admission were equivalent. In addition, the differences in the risk of mortality mainly came from Funk et al. (31) and Martínez-García et al. (43) wherein they concluded that the mortality rate was reduced, and Stirrup et al. (49) concluded that the mortality rate was equivalent. For the Beta variant compared to wild-type virus, Funk et al. (31), Fisman and Tuite, (35), and Veneti et al. (46) found that it increased the risk of hospitalization and ICU admission. In addition, Funk et al. (31) and Fisman and Tuite, (35) reported that Beta variant also increased the risk of mortality. It is worth mentioning that Beta variant had the highest risk of hospitalization at 2.16 (95% CI: 1.19–3.14). The only study involved in the meta-analysis regarding the Delta variant was from Fisman and Tuite, (35). The risk of ICU admission and mortality were 3.35 (95% CI: 2.5–4.2) and 2.33 (95% CI: 1.45–3.21) respectively, and it was slightly lower than that of Beta variant in the risk of hospitalization at 2.08 (95% CI: 1.77–2.39)(35).

The results showed that in the risk of hospitalization, ICU admission, and mortality, all the SARS-CoV-2 VOCs had different degrees of increase compared with wild-type virus; Delta variant had the highest risk of ICU admission and mortality, and Beta variant had the highest risk of hospitalization.



DISCUSSION

Since the rapid spread of the SARS-COV-2 pandemic, many variant viruses including Alpha, Beta, Gamma, and Delta have emerged. However, the conclusions regarding disease severity of these variant viruses are not consistent. Accordingly, we searched for studies in the relevant field and recorded their clinical data. A meta-analysis was used to combine the information of different studies. Finally, we found that all VOCs increase the risk of hospitalization, ICU admission, and death compared with the wild-type virus, and variant Delta and Beta carried a much higher risk than other variants.

By comparing the results from different studies, we found that most of the conclusions stated that Alpha variant had a higher risk of disease severity than the wild-type virus, but Frampton et al. (25), Funk et al. (31), Martínez-García et al. (43), and Stirrup et al. (49) have expressed different opinions. However, the sample size of Frampton et al. (25) was very small, which is why their results were likely not very convincing. Although Frampton et al. (25) used whole genome sequencing to identify Alpha variant, while other reports used PCR detection of S-gene target failure (SGTF) as an alternative detection method, it did not make much of a difference to the results. Funk et al. (31) found that Alpha variant showed significantly higher risk of hospitalization rate and ICU admission, but lower risk of mortality than the wild-type. The clinical drugs for the Alpha variant in EU/EEA were more effective or some of the reported cases may have been vaccinated. The previously reported increased binding affinity between the spike receptor-binding domain and the angiotensin-converting enzyme 2 (ACE2) receptor in the Alpha SARS-CoV-2 strain may have led to further down-regulation of ACE2 if an individual got infected by this new variant compared with other variants. ACE2 was suggested to have a protective effect on lung injury in patients with COVID-19 (51, 52). Patients were aged ~70 years, and there was a large gap with the age of other studies' patients, which led to certain limitations regarding the conclusion of mortality risk (43). Stirrup et al. (49) concluded that female rather than male patients infected with the Alpha variant would have a higher risk of severe disease. In summary, it can be argued that Alpha variant was more threatening than the wild-type virus and can cause higher risk of more severe disease. The explanation for the conclusion from Funk et al. (31) that variants Beta and Gamma may also have a lower risk of mortality can be consistent with the explanation for Alpha variant. In addition, Hoang et al. (39) speculated about the risk of hospitalization and ICU admission by directly comparing variants Beta, Gamma, and Alpha. The risk of Beta variant was significantly higher than that of Alpha variant, while the risk of Alpha variant was similar to that of Gamma variant, which was consistent with our conclusion.

Although the sample size on the Delta variant was limited in conducting meta-analysis, those studies that directly compared the disease severity of variants Delta and Alpha supported our conclusions from the side. Using stratified Cox proportional hazard regression, there was a significantly increasing risk of hospitalization and emergency care attendance for Delta variant cases compared with Alpha variant cases after adjustment for confounders, which were 2.16 (95% CI: 1.56–4.36) and 1.67 (95% CI: 1.25–2.23), respectively (32). Ong et al. (42) calculated that the risk of ICU admission and mortality were 1.88 (95% CI: 0.95–3.76) and 1.88 (95% CI: 0.95–3.76), respectively. Among similar studies, the main debate involved the study from Frampton et al. (25), but as mentioned earlier, their work was limited by a much smaller sample size, which is why their conclusions were not very persuasive (21). The result of Kow et al. (22) in the risk of mortality for Alpha variant compared with the wild-type virus was 1.45 (95% CI: 1.18–1.78), which was close to our meta-analysis result at 1.37 (95% CI: 1.15–1.60). A recent review concluded that variants Alpha, Beta and Gamma all had a higher risk of hospitalization and ICU admission compared with the wild-type virus, and the risk of Beta variant was much higher (23), which supported our conclusion to some extent.

To our knowledge, this is the first study to compare the disease severity of VOCs with the wild-type virus and draw specific conclusions. We believe that our results present the threats of VOCs more clearly to the public, particularly the variants Beta and Delta. Although several different types of vaccines have been developed, further research is required regarding the protection rate of the viral variants. The fact that we did not further analyze the influence of age, sex, and geographic parameters is the limitation of the study. However, we performed meta-analysis, which is known to better reduce the impact of each study.



CONCLUSION

In this meta-analysis, we analyzed the results of studies that reported on the disease severity of SARS-COV-2 VOCs from June 1, 2020 to October 15, 2021 and processed the relevant data. By comparing with the wild-type virus, in terms of the risk of hospitalization, ICU admission, and mortality, the variants Beta and Delta have a higher risk than the variants Alpha and Gamma, and all SARS-COV-2 VOCs have a higher risk of disease severity than the wild-type virus. This is the first comprehensive study that compared the disease severity of variants Alpha, Beta, Gamma and Delta with wild-type virus and drew specific conclusions. We hope that this report can increase the awareness of the disease severity of SARS-COV-2 VOCs, particularly of variants Beta and Delta, and make the public aware of routine precautions and the importance of vaccination.
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The pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been basically under control in China since March 2020, but the import of domestic SARS-CoV-2 has begun to increase. This study reported the first case of asymptomatic SARS-CoV-2 infection imported from Spain into Sichuan Province, China, on March 11, 2020. The infected male had a body temperature of 37.5°C, normal blood oxygen saturation levels, and a computed tomography (CT) examination showed that his lungs had no shadows. However, a throat swab from the subject tested positive for SARS-CoV-2 using qPCR assay. In this study, we conducted transcriptome sequencing on respiratory throat swabs from the subject and found that the dominant SARS-CoV-2 sequence (Gene Bank ID: MW301121) was a spike protein D614G mutant strain, which is currently popular throughout world. We downloaded and analyzed SARS-CoV-2 sequences collected from cases in China and Spain for comparison and tracing purposes. After March 11, 2020, the Chinese domestic clade was naturally divided into the imported SARS-CoV-2 D614G mutant strain and evolutionarily-related similar sequences and that of sequences collected in the original Wuhan area. The sequence reported in this study was located on a small branch, far from the evolution of Wuhan sequences. As expected, the identified sequence was closely related to the evolution of the SARS-CoV-2 D614G mutant strain circulating in Spain.

Keywords: SARS coronavirus, virus classification, BLAST algorithm, biostatistics and bioinformatics, clustal analysis


INTRODUCTION

The International Commission on Classification of Viruses (ICTV) officially classified the new virus as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). The epidemic led the Chinese government to take drastic measures to restrain the spread, including quarantining millions of residents in Wuhan and other affected cities, as well as strict designated quarantining of returning business people and students.

The global spread of SARS-CoV-2 has caused immeasurable losses to healthy living and economic development around the world (2). The WHO declared the disease a pandemic on March 11, 2020 (3). Till November 1, 2021, the total number of confirmed SARS-CoV-2 infections worldwide has exceeded 240 million, and the cumulative death has exceeded 5 million. In addition, the number of infections and deaths continues to increase.

Fortunately, under the control of the Chinese government, the epidemic in Hubei Province was effectively controlled in mid-March 2020 (4). However, inevitably, business travelers and students infected overseas caused small-scale infections after returning home. In this study, we used next-generation sequencing analysis to examine the SARS-CoV-2 infection strain from an asymptomatic individual who had returned from Spain to Sichuan Province, China, on March 11, 2020. Unexpectedly, this sequence contained a spike protein mutation (D614G). In addition, an Nsp12 mutation (P323L) and N protein double mutations (R203K and G204R) were also found. Phylogenetic tree analysis revealed that the virus sequence had very high homology with most of the sequences of infected persons who returned to China from other countries in March. Mutant strains have appeared one after another around the world, currently mainly including D614G, B.1.1.207, 501Y.V2/B.1.351, B.1.1.7, B.1.429, P.1, and P.2, B.1.617, etc. Since discovering, these mutant strains quickly spread to dozens of countries including the United States, Singapore, and the United Kingdom, and tend to become the main epidemic strains in some areas of these countries. To trace the source of such RNA virus infection, genomics testing is of great significance to epidemiological investigation and monitoring. In addition, the presence of fewer nucleotide (nt) mutations in the viral genome of asymptomatic patients in cluster infection may help us clarify the virus shedding pattern and replication model of SARS-CoV-2 infection.



MATERIALS AND METHODS


SARS-CoV-2 RNA Extraction and Real-Time Quantitative PCR

The samples tested for SARS-CoV-2 included oropharyngeal swabs, sputum, and stool. RNA was extracted in a biosafety II laboratory using a TRIzol LS kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's instructions. According to the guidelines released by the National Health Commission of the People's Republic of China (NHC of China), COVID-19 (SARS-CoV-2) Nucleic Acid Testing Kit (Bioer Technology, Hangzhou, Zhejiang, China) was used to detect SARS-CoV-2 genes, including the ORF1ab polyprotein gene (ORF1ab) and the nucleoprotein (N) gene. ORF1ab Fluorescent probe (P): 5′-FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ1-3′, N Fluorescent probe (P): 5′-FAM-TTGCTGCTGCTTGACAGATT-TAMRA-3′.



SARS-CoV-2 Gene Sequencing

The samples with SARS-CoV-2 positive were analyzed by quantitative reverse transcription PCR (RT-qPCR) from the subject's respiratory secretions and stools, and the next-generation sequencing was used for sequencing. The sequencing library was constructed using a transposase-based methodology and an Illumina Hiseq 4500 sequencing platform (Illumina, San Diego, CA, USA). At least 20 million paired-end 150-bp reads were generated for each sample.

Quality control processes included adapter trimming, low-quality read removal, and short read removal by fastp v0.20.0 (5). Processed reads from each sample were first aligned to the human hg38 genome (GCA_000001405.20) using hisat2 v2.1.0 (6). Only unassigned reads were exported to a bam file using samtools v1.9 (-f 4 parameter). Non-human reads were converted back to FASTQ format and mapped to SARS-CoV-2 (GenBank: MN908947.37) using BWA mem v0.7.17.8. Only mapped reads were extracted using samtools. Duplicate reads were removed using Picard Toolkit v2.22.1.9. Binary BCF files were generated using samtools mpileup v1.9 and then intra-individual variants were called using VarScan v2.3.9.10. Variants in each sample were filtered using bcftools v1.10.2 based on satisfying the following criteria: (i) read depth at a particular position ≥20, (ii) conditional genotype quality (GQ) ≥20, and (iii) no other sites of variation in the adjacent five bases. Genetic variant annotation and functional effect prediction were carried out using SnpEff v4.3t11 with the GFF file of reference genome.



Phylogenetic Analysis

All of the available SARS-CoV-2 genome sequences (screening conditions were “complete” and “high coverage”) were downloaded from the GISAID database (https://www.epicov.org/epi3/frontend). MEGA software v7.018 was used to perform multiple sequence alignment between the sequence sequenced by the subject and the available GISAID sequence.

Phylogenetic trees were generated using MEGA software 18 with the neighbor joining method and Kimura-2-parameter as the nt substitution model, and performing 1,000 bootstrap replications (7).




RESULTS


Overview of Case Information

On March 11, 2020, a male citizen who had lived in Spain for more than 6 months, returned from Barcelona to Sichuan, China. According to the request of Chinese government, the individual was quarantined after returning to China and throat swab was obtained for SARS-CoV-2 screening. On March 13, RT-qPCR amplification of both the SARS-CoV-2 ORF1ab gene and N gene revealed positive results. However, the subject did not display any discomfort and his body temperature was 37.5°C. Soon, he was transferred to a designated hospital for isolation and treatment. Later blood test performed in the hospital showed a decrease in lymphocytes (0.73 * 109/L) and an increase in monocytes (0.75 * 109/L). However, the patient's blood oxygen saturation level was normal, the lung computed tomography (CT) scan was normal (Figure 1), and the presence of other common pathogens/infectious viruses was ruled out.


[image: Figure 1]
FIGURE 1. Chest computed tomography (CT) scan of the positive SARS-CoV-2 individual examined on March 13, 2020. The scans show healthy lungs based on the absence of abnormal shadow patch and the presence of ground glass shadow.


A treatment plan was designed for the infected patient after referring to the seventh edition of “Diagnosis and Treatment Plan for Pneumonia Caused by New Coronavirus Infection.” The treatment consisted of interferon α-2β nebulized inhalation, lopinavir/ritonavir, and “LianHua Qingwen granules” for antiviral therapy and other symptomatic treatments. On March 30, RT-qPCR testing for the SARS-CoV-2 ORF1ab gene and N gene yielded negative results. On April 2, a serum SARS-CoV-2 antibody test was positive. After 14 days of consecutive testing of the patient's feces and throat swabs, RT-qPCR results were negative for the SARS-CoV-2 ORF1ab gene and N gene, and the patient was discharged.



Whole Genome Sequencing Analysis

To analyze the characteristics of the SARS-CoV-2 sequence, we performed next-generation sequencing on the collected respiratory and fecal samples. The complete sequencing data for the SARS-CoV-2 strain from the infected subject has been submitted to NCBI (Gene Bank ID: MW301121). The sequence contained a total of 29,903 bases. The sequence of the SARS-CoV-2 strain was compared with the hCoV-19/Wuhan/WIV04/2019 (GISAID Accession ID: EPI_ISL_479681) for mutation analysis. Eight single nucleotide polymorphisms (SNPs) were identified, including C242T, C313T, C3037T, C14408T, A23403G, G28881A, G28882A, and G28883C. In addition, these mutations were expressed as amino acid changes in the spike (D614G), Nsp12 (P323L), and N proteins (R203K and G204R). According to the evolutionary classification of the GISAID database, the new sequence identified in this study belonged to the B.1.1 lineage.



Phylogenetic Analysis

To analyze the imported SARS-CoV-2 cases, we downloaded all high-quality and complete SARS-CoV-2 sequences uploaded in China after March 12 from the GISAID database. The evolutionary tree showed that the phylogenetic tree had two large clades: branch A, contained a concentration of Wuhan sequences (shaded light blue in Figure 2); and input branch B, grouped sequences from multiple regions (Figure 2). In addition, there were scattered evolutionary branches from oversea residents who had returned to China. The evolutionary tree showed that the domestic SARS-CoV-2 epidemic was relatively conserved, but the imported SARS-CoV-2 sequences showed diversity. Among the latter, SARS-CoV-2 with the D614G spike protein mutation was the main input.


[image: Figure 2]
FIGURE 2. Phylogenetic tree of SARS-CoV-2 sequences collected in China after March 11, 2020. The SARS-CoV-2 of the Wuhan series is Branch A (light blue); the next-generation sequencing sequence (Gene Bank ID: MW301121) was stained red.


The spike protein in SARS-CoV-2 interacts with the human ACE2 receptor to gain entry into a cell to initiate infection. Previous studies found that SARS-CoV-2 sequences with the D614G mutation were predominant in European countries (8). To analyze the source of SARS-CoV-2 of the infected subject from Spain, we first performed a simple analysis against sequences uploaded to the GISAID database in Spain before March 11. A total of 545 sequences (including incomplete and low-quality sequences) were uploaded, of which 108 sequences had D614G mutation in the spike protein, and 96 sequences had P323L mutation in NSP12. We downloaded the complete high-quality SARS-CoV-2 sequences of all spike protein D614G mutations in Spain before March 11, and used them to construct a phylogenetic tree (Figure 3). Analysis of this tree did not reveal any obvious dominant branches in Spain. The mixed D614G mutation and other multiple mutations formed multiple branches. Some of these branches formed small-scale clusters, including the new Sichuan sequence (shaded red in Figure 3) that we isolated and sequenced. However, this branch did not form a larger dominant epidemic group.


[image: Figure 3]
FIGURE 3. Phylogenetic tree of the SARS-CoV-2 spike protein sequence with the D614G mutation collected in Spain before March 11, 2020. The next-generation sequencing sequence (Gene Bank ID: MW301121) was stained red.





DISCUSSION

Severe acute respiratory syndrome coronavirus 2 is by far the most serious pandemic of this century. Severe acute respiratory syndrome coronavirus 2 was first reported in Wuhan, China, in December 2019 (9). However, due to the efforts of the Chinese government and their health system, the large-scale epidemic in China basically ended by late March 2020 (10). Since then, all business travelers and students returned to China, were required to be quarantined and COVID-19 patients were treated within the country. As a result, the virus from these returning carriers has not caused a new large-scale epidemic in China. In fact, only 118 SARS-CoV-2 sequences were uploaded to the GISAID database in China since late March 2020.

In this study, we sequenced the SARS-CoV-2 virus carried by a Chinese citizen who lived in Spain and returned to China in March 2020. A total of eight bases in the viral RNA sequence were mutated (referred to as: Gene Bank ID: MW301121) as follows: C241T, C313T, C3037T, C14408T, A23403G, and GGG28881AAC. These changes translated to four amino acid changes in three proteins: spike (D614G), Nsp12 (P323L), and N protein (R203K and G204R). Analysis determined that the modified sequence belonged to the B.1.1 lineage, and only 20 sequences of this lineage in China have been sequenced and uploaded, indicating that the SARS-CoV-2 strain in the B.1.1 lineage is not the main epidemic viral strain in China. Previous reports indicated that the B.1.1 lineage is one of the most dominant lineages in continental Europe and the United States (11). Although it has been found that SARS-CoV-2 with the D614G mutation in the spike protein can replicate and spread faster than strains without this mutation (12), interestingly, the P323L mutation has been reported to co-evolve with D614G worldwide, this adaptation of the virus might strengthen SARS-CoV-2 G614 strain replication rates and infectivity (12). Siqi suggested that R203K and G204R mutations could change viral protein structure, binding affinity, and hot spots of the interface, thereby impact on SARS-CoV-2 transmission, diagnosis, and treatment of COVID-19 (13). The strict isolation, observation, and treatment were very effective in controlling the spread of SARS-CoV-2 from person to person, regardless of the strain.

Most of the SARS-CoV-2 sequences collected after March 12, 2020, in China belong to the B lineage, of which 44 sequences belong to the B.1 lineage. Further analysis found that these B.1 genealogies mainly sampled from patients in Beijing, Zhejiang, Fujian, and Liaoning. Among them, the small clusters of infectious cases in Beijing (14) and Liaoning have closely contacted to imported frozen food contaminated with SARS-CoV-2. In addition, in our evolutionary tree, our new sequence is close to the sequences of Beijing and Liaoning, much closer than the sequences of Wuhan. This study showed that from March 12 onwards, the infection caused by SARS-CoV-2 in China could be divided into two parts: the local clade based on Wuhan native sequences and the main clade formed by the D614G mutation and many other different clades. Thus, the SARS-CoV-2 strain introduced to China after March 12 is not a single introduction, and its genetic background is relatively complicated.

We determined the Sichuan-2020 sequence belongs to haplogroup A2a4 (diagnostic variants: C241T–C3037T–C14408T–A23403G plus characteristic MNP: GGG28881AAC) according to the haplogroup nomenclature of SARS-CoV-2 clades by Gómez-Carballa et al. (15) Haplogroup A2a4 is one of the most successful clades worldwide, and A2a4 genomes have been identified in 63 different countries, areas, and territories (16). In the Spanish evolutionary tree, the A2a4 haplogroup did not form a dominant spread in Spain (Figure 2). According to previous reports, the A2a4 haplogroup has the highest frequency in Europe and Russia, and its earliest genome data appeared in European countries for the first time on February 24, 2020 (16). It accumulated in Spain mainly from March 11 to March 28, 2020 (59 out of 68 A2a4 genomes) (16). This basically coincides with the time the carrier in our study returned to China, indicating that the SARS-CoV-2 strain introduced to China was originated from Spain, although Spain may not be the first country where the D614G mutation was discovered.

In summary, we sequenced and reported the first case of mutations in the genes encoding the spike (D614G) and Nsp12 (P323L) proteins of SARS-CoV-2 in Sichuan Province, China. The SARS-CoV-2 strain was sequenced from a respiratory sample from an asymptomatic Chinese citizen returning from Spain. Timely sharing of the entire genome sequence of SARS-CoV-2 strains and information on their geographic distribution over time is very important for monitoring viral genetic changes related to the spread of the virus and its clinical manifestations.
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Ending COVID-19 pandemic requires a collaborative understanding of SARS-CoV-2 and COVID-19 mechanisms. Yet, the evolving nature of coronaviruses results in a continuous emergence of new variants of the virus. Central to this is the need for a continuous monitoring system able to detect potentially harmful variants of the virus in real-time. In this manuscript, we present the International Database of SARS-CoV-2 Variations (IDbSV), the result of ongoing efforts in curating, analyzing, and sharing comprehensive interpretation of SARS-CoV-2's genetic variations and variants. Through user-friendly interactive data visualizations, we aim to provide a novel surveillance tool to the scientific and public health communities. The database is regularly updated with new records through a 4-step workflow (1—Quality control of curated sequences, 2—Call of variations, 3—Functional annotation, and 4—Metadata association). To the best of our knowledge, IDbSV provides access to the largest repository of SARS-CoV-2 variations and the largest analysis of SARS-CoV-2 genomes with over 60 thousand annotated variations curated from the 1,808,613 genomes alongside their functional annotations, first known appearance, and associated genetic lineages, enabling a robust interpretation tool for SARS-CoV-2 variations to help understanding SARS-CoV-2 dynamics across the world.
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INTRODUCTION

The Coronavirus Disease 2019 outbreak (COVID-19) caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), has spread from Wuhan China in November 2019 to over 214 countries and territories around the world causing more than 4 million deaths (as August 2021) (1). Concerted efforts have been made in sequencing, analyzing and sharing SARS-CoV-2 genomes all around the world to control the spread of the virus and in particular to assess the virulence of the variants in circulation (2). In the absence of evidence of mutational escape from the currently developed treatments, one should continuously track all possible variations (3, 4). Monitoring SARS-CoV-2's variation dynamics is critical for the treatment of COVID-19 and ensuring the effectiveness of potential vaccines plays a central role in reinforcing international efforts to control the spread of viruses. So far, several databases have been published focusing on the genetic variants of SARS-CoV-2. GISAID is a pathogenic virus database that provides options to search for SARS-CoV-2 sequences based on their location and date of collection alongside an analytical tool for sequence alignment and visualization (5). The abundance of sequencing data on GISAID and other databases such as NCBI Genbank (6), ViPR allowed the development of more specific tools for monitoring SARS-CoV-2 evolution (7). Pangolin (Phylogenetic Assignment of Named Global Outbreak Lineages) was developed to help the assignment of likeness between SARS-CoV-2 genomes according to a dynamic lineage nomenclature scheme (8). However, Pangolin were dedicated to the classification of SARS-CoV-2 by clades, which have been determined on the basis of several variants of current genetic markers instead of a systematic analysis of all individual variations. In the same context, after over a year of COVID-19, several tools have been developed including Nextstrain (9), BioAider (10), Coronapp (11), CoV-Seq (12), ViruSurf (13), NGDC (14), CoV-GLUE (15), Favicov (16), and IDP 2.0 (17) to provide analysis of SARS-CoV-2 sequences. Yet most of these tools either settle for the annotation of an input given sequence, or lack information associated with the genetic variations such as functional interpretation, location and date of appearance, and associated lineages which are essential for exploring the time course and potential routes of transmission of SARS-CoV-2. Likewise, GESS (18) provide information about single nucleotide variants (SNVs) within a chosen genomic region or protein, or in a certain country/area of interest, however, it misses information about the other types of variations (INDELS and MNV) that played a crucial role in the evolution of SARS-CoV-2 and enhancing its spreading capacities (19). The International Database of SARS-CoV-2 variations (IDbSV) was developed to close these gaps. IDbSV is an open repository, with monthly scheduled updates, hosting curated data about SARS-CoV-2 genetic variations identified from the analysis of high-quality SARS-CoV-2 genome sequences. In the next sections, we present a brief overview of the main genomic findings, with special focus on the most dominant variations, their first appearance and associated lineages well as the main functions implemented within IDbSV.



MATERIALS AND METHODS


Data Collection

Complete nucleotide sequences of SARS-CoV-2 genomes were collected from the GISAID EpiCovTM (https://www.epicov.org/epi3/), belonging to 188 territories and distributed over five continents as follows: Africa (1.57%), Asia (8.62%), Europe (63.81%), North America (21.23%), Oceania (1.86%) and South America (2.91%) and the date of samples collection was between December 24 2019 to July 28th, 2021. (The list of genomes used to build the current version of IDbSV can be found as Supplementary Table).



Quality Control

Only high-quality complete genomes with available metadata were considered for the variations analysis. Genomes were first filtered considering genomes completeness (>29,000 bp), coverage (<1%) and percentage of undefined bases (<5% Ns). The remaining sequences were selected according to the availability of their geographical and temporal metadata.



Variants Calling and Functional Annotation

High-quality sequences were mapped individually against the SARS-CoV-2 reference genome Wuhan-Hu-1/2019 (Genbank ID: NC_045512.2) using Minimap2-2.17 (20) to identify variants. The resulting SAM files were sorted and converted to BAM formats before calling the genetic variants in Variant Call Format (VCF) using multiple-sample pileup (mpileup) from the SAMtools suite (21). Variation's functional significance was predicted using snpEff 5.0e (22) based on each variant's relative location and nucleic acid alteration (Figure 1A). The variants identified in more than 1% of studied samples were considered as recurrent variations and the variations identified in more than 10% of the studied samples were considered as hotspot variations. The identified DNA variations and Amino acid mutations were represented in the HGVS standards and nomenclature to enable systematic exploration of our database via semantic web tools and APIs (23).
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FIGURE 1. Data analysis workflow and database schema. (A) Variations' extraction workflow: the flowchart resumes the procedure of variation extraction and annotation. The variations are identified using MINIMAP2, SAMTOOLS and BCFTOOLS and annotated using snpEff. These SNPs are then associated with appropriate strain's metadata and lineages according to GISAID (www.epicov.org/epi3/) and PANGOLIN (pangolin.cog-uk.io). The data is then exported from CSV files to relational tables as SQL files. Finally, the outputs are deployed online on a monthly basis. Data processing scripts are available openly in https://github.com/mouneem/IDbSV and the extracted list of strains can be found in Supplementary Table 1. (B) Database Schema. Using this object-oriented architecture, instead of the standard VCF table, allowed further queries and alleviation of search queries flexibility and reduced storage.




Metadata Annotation

The identified list of variants was first linked to their appropriate strain's contextual information according to GISAID geographical and temporal metadata. Then, based on their amino acid annotations, each variant was associated with appropriate lineages according to Rambaut's nomenclature proposal for SARS-CoV-2 lineages (pangolin.cog-uk.io/) (8).



Platform Architectural Design and Structure

Data processing and analysis were conducted using Python-3.8 and R-3.6, and the web platform was implemented using PHP 7 and a relational database connection.

An object-oriented architecture was designed and implemented in a relational database (MySQL) to store the annotated variants instead of the conventional spreadsheet file (CSV/VCF) to allow further flexibility when formulating search queries and alleviate database load by reducing data duplication. The database architecture and relationships between tables is shown in Figure 1B. The Human Genome Variation Society (HGVS) nomenclature (23) were used as primary keys for both nucleotide and amino acids variations to join tables.




RESULTS


Distribution of Variations

From over 2,683,000 genomic sequences available on the GISAID database on the 5th of August 2021, we selected 1,808,613 (67.8%) complete high-quality SARS-CoV-2 genomic sequences. Our analysis of these sequences revealed the presence of 60,148 distinct variations coding for 57,581 different amino acid mutations across the 11 SARS-CoV-2 genes. The accumulation of variations, especially in structural regions gives viruses a selective advantage for host invasion and adaptation, higher translatability of more virulent strains, and drug resistance (24, 25). Figure 2 shows the different types of variants identified, their positions, and their frequencies. We identified 27.2% of the variants in regions coding for structural proteins including spike (S): 14.8%, nucleocapsid (N): 4.8%, membrane (M): 2.1%, and envelope (E): 0.8%. while the remaining 72.2% were distributed over six Open-Reading Frame genes (ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10) as it is shown in Figures 2A,E. From an evolutionary perspective, the rate of variations can also be a key parameter to assess the speed of viral evolution. We found an evolution rate of 18.86 variations per genome on average and we estimated the increase in the cumulative count of variation by ~0.08 [std error 0.001] additional variant each day as it is shown in Figure 2F. In addition, among the 60 thousand variations, 98.2% were located in coding regions of the genome and distributed as follows: 67.2% missense variations and 30.8% synonymous variations, resulting in a 2.18 Non-synonymous/Synonymous variations ratio.
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FIGURE 2. Prevalence and distribution of types of variants in 201,951 SARS-CoV-2 genomes (A) variants locations: the y-axis represents the gene location of variants, and the x-axis the rate of each gene. (B) Gene length corrected frequency (C) variants type frequencies: the y-axis represents the type of variants, and the x-axis the rate of each variation. (D) Types frequency: The prevalence of each type of variation: the y-axis represents the type of variant, and the x-axis the rate of each type. (E) Distribution of the 36,967 variants across the SARS-CoV-2 genome. The Lollipop plot illustrates the location of variations. The horizontal lines represent the threshold for recurrent (light-blue) and hotspot (Red) variations. All types of variations are included (non-synonymous, synonymous, and intergenic). Forty two (hotspot) variations occurred in more than 10% of analyzed genomes from which 241C > T, 3037C > T, 14408C > T and 23403A > G were identified in more than 91% (N ≧ 184525). (F) Variations accumulative on SARS-CoV-2 genomes over 16 months. Points on the scatter-plot represent genomes, the x-axis represents the collection date and y-axis is the number of variations. Linear (red) and Local Polynomial (light-blue) regression models are plotted to visualize the trend of evolution over the past 16 months of the pandemic.




Frequency of Variations

Despite the low rate of recurrent variations, some variations were widely spread worldwide. Figure 2E shows the distribution of variations and their frequencies: 162 variations were identified with a frequency >1% while only 40 variations were identified as hotspot variations (frequency > 10% of the total samples). Expectedly, the two missense mutations 23403A > G and 14408C > T were identified in nearly 1.6 million genomic samples (93.8%), this mutation was linked to the B.1 lineages that spread from Europe to become the most prevalent form of the virus around the world. The frequency of the remaining variations changed according to geographic location as described in Table 1. Other noteworthy lineages that spread to over 10% of the population are B.1.1, B.1.1.7 and B.1.617.2 which correspond to the current literature (3, 26).


Table 1. Top-20 recurrent variants and their frequencies in 5 different geographic regions.
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Content and Features

The present findings in the previous sections were summarized in the interactive web-platform (accessible through http://IDbSV.medbiotech-lab.ma) to assist the navigation over thousands of annotated records via a user-friendly graphical user interface. A querying tool has been implemented in the platform to simplify the genome browsing by positions in genome and genes which allows the investigation of the variations occurring in specific regions or genes (Figure 3). Users may retrieve information about a specific variation by its position in the genome (Figure 3), by its position in a specific gene (Figure 3) or by the summarize table visible in the home page. User is automatically redirected to the page with functional annotation of the selected variation such as HGVS nomenclature, resulting Amino Acid mutation, position in the specific gene, type of mutation and the predicted impact of the mutation. For example, the screenshots in Figure 3 provide a demonstration of the database functionalities using the substitution of Guanine (G) by Adenine (A) in the 23,012 positions of SARS-CoV-2 genome which led to a missense change of glutamic acid (E) by Lysine (K) in the position 484 of the Spike protein (S: p.Glu484Lys).


[image: Figure 3]
FIGURE 3. Case study of the 23012G > A variant. Screenshots from IDbSV web-portal providing contextual information about IDbSV c.23012G > A coding for the variation E484K in spike glycoprotein region. The users can start by searching for a genetic variation using its position in the genome (1), or its amino acid position in a specific gene (2). The database automatically returns three main results: (1) the functional annotation of the selected mutation (Position in the genome, associated amino acid mutation, type of mutation, predicted effect), (2) geographic and time information about the first known appearance of the selection variation, (3) the associated lineages with the selected variation.


Furthermore, the annotated list variations were linked to metadata information about the countries and regions of origin and date of collection. Which allows the users of IDbSV to extract the contextual information about the first known appearance of each variant (Figure 3). Moreover, we identified variations to their appropriate lineages following (8) nomenclature to allow further understanding of the global spread patterns and determinants. As shown in the show case example in (Figure 3), according to the IDbSV 23012G > A was first identified in Japan on 1st February 2020 (GISAID ID: HCOV-19JAPANDONNER3802020), then subsequently spread around the world across more than 8 lineages including the lineages of interest B.1.351, A.23.1 and B.1.525. This example not only showcases the use of the present database, but also highlights the importance of metadata such as appearance location and date and lineages association in the context of following the spread of SARS-CoV-2 and understanding the dynamics of the virus.




DISCUSSION

The global collaborative efforts have been, with no doubt, the key weapon in the fight against COVID-19. The massive efforts in sequencing and sharing SARS-CoV-2 genomes allowed investigators to reveal many previously unknown characteristics of COVID-19 in its diagnosis and treatment (27). IDbSV joins international efforts by providing comprehensive datasets on the genetic evolution of SARS-CoV-2 in time and space. The current version of IDbSV provides access to the result of analysis of over 1.8 million high quality complete genomes. The inclusion of a maximum number of genomic samples increases the statistical significance of our findings and allows the consideration of more recent variations and less pathogenic ones, which may raise more concerns in the future (28). In addition to the thousands of identified variations that can be browsed through the platform's GUI, the database provides access to their associated metadata. Furthermore, unlike the existing tools developed to assist monitoring SARS-CoV-2's evolution, IDbSV does not require any input file and/or computational knowledge to be used. Moreover, IDbSV can be used as an online annotation tool for the interpretation of mutations. These annotated variations are openly accessible using the GUI or API requests which enable the use of IDbSV for the development of other specific pipelines.

Until 5th August 2021, IDbSV hosted over 60 thousand variations extracted from the analysis of over 1.8 million SARS-CoV-2 genomes. It is interesting to note that the analysis of these strains revealed consistent results with the finding of more specialized studies (29–35). Yet we revealed a median variation rate of 18.6 variations per genome with an increasing rate of one more variation every 12.5 days, which is expectedly higher than what identified in earlier studies (36, 37). Noteworthy, 27.8% of variations were identified in regions coding for structural proteins, this put more emphasis on the importance of monitoring SARS-CoV-2 variations especially in these regions, as these structural proteins are the main targets of the currently developed vaccines) (38, 39).



SUMMARY

Since November 2020, IDbSV provided a complete atlas of SARS-CoV-2 genetic changes, with particular emphasis on recurrent and potentially harmful mutations. To the best of our knowledge, the current version of IDbSV (August 2021) provides open access to the largest repository of SARS-CoV-2 variations, with 60.148 annotated genetic changes curated from 1.8 million selected samples representing different regions and countries. Given the importance of monitoring the changes in virus transmissibility and severity, the goal of IDbSV is to provide an open-access and user-friendly platform for researchers and the public to browse SARS-CoV-2 variations in real-time. In addition to the functional annotation of the identified variations, IDbSV provides detailed information about the date of appearance, location of appearance and associated phylogenetic lineage of each variation. The results of these work produced an overview of circulating variations that provide guidance for public health measures to fight the pandemic. We plan to continuously update the platform monthly with new data and features as the fight against COVID-19 continues, to help researchers reveal and interpret new variations and potentially aid in drug and vaccine design.
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Brazil is the country with the second-largest number of deaths due to the coronavirus disease-2019 (COVID-19). Two variants of concern (VOCs), Alpha (B.1.1.7) and Gamma (P.1), were first detected in December 2020. While Alpha expanded within an expected rate in January and February 2021, its prevalence among new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) cases started to decrease in March, which coincided with the explosion of Gamma variant incidence all over the country, being responsible for more than 95% of the new cases over the following months. A significantly higher viral load [i.e., mean cycle threshold (Ct) values] for Gamma in comparison to non-VOC samples was verified by the analysis of a large data set of routine reverse transcription–PCR (RT–PCR) exams. Moreover, the rate of reinfections greatly increased from March 2021 onward, reinforcing the enhanced ability of Gamma to escape the immune response. It is difficult to predict the outcomes of competition between variants since local factors like frequency of introduction and vaccine coverage play a key role. Genomic surveillance is of uttermost importance for the mitigation of the pandemic.
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INTRODUCTION

Since the beginning of the SARS-CoV-2 epidemic in December 2019, this beta-coronavirus has been diversifying at an average rate of 1–2 nucleotides per month, generating hundreds of variants worldwide. Mutations conferring adaptive advantage to a strain result in its geographical and quantitative expansion at the expense of other variants/lineages.

This became evident by November/December 2020, when three variants emerged independently in distant locations such as the United Kingdom (UK) (1), South Africa (2), and Brazil (3). These three variants rapidly became the predominant SARS-CoV-2 isolates in the regions where they surged, thus, being named variants of concern (VOCs) to distinguish them from other variants and to highlight the need for intensified surveillance. VOCs have a number of spike gene mutations, some in the receptor-binding domain (RBD). Among RBD mutations, these variants share N501Y, as previously postulated by in vitro experiments, that increases the affinity of the S-protein RBD to the cellular receptor ACE2 (4), thus, facilitating cell invasion.

Variant B.1.1.7, named Alpha, was recognized as a VOC in December 2020, when UK authorities made it public knowledge that this variant was increasingly prevalent in some parts of the country, despite an overall decrease in the number of new cases, suggesting enhanced transmissibility (1). This led to restrictions in dozens of countries on flights and travelers from the UK. The discovery and surveillance of B.1.1.7 were eased by an unpredicted reverse transcription–PCR (RT–PCR) anomalous result, named “S-dropout” (5), which is observed when carriers of B.1.1.7 are submitted to an RT-PCR method using the ThermoFisher COVID-19 TaqMan assay. This assay has three SARS-CoV-2 genomic targets: nucleocapsid (N), ORF1ab, and spike (S). Unexpectedly, the assay was able to amplify two targets (N and ORF1ab) but failed to detect the S gene. Upon sequencing, it was shown that B.1.1.7 carries 23 mutations, which included two deletions and six non-synonymous mutations in the S gene (6). One of the deletions (Δ21765–21770/HV 69–70) abrogates a primer (or probe) binding site, thus leading to S-gene target failure (SGTF). Although other variants, like B.1.375, also carry this deletion, in a scenario of B.1.1.7 expansion, SGTF represents B.1.1.7 infections and is used as a trusted proxy for it (5).

As the ThermoFisher COVID-19 TaqMan assay is currently adopted in many UK laboratories, epidemiological data from B.1.1.7 are much more abundant than from the other two VOCs, which were initially recognized and investigated by RNA sequencing, a cumbersome and expensive method that provides a lower throughput. B.1.1.7 is associated with significantly higher viral loads (7), which also impacted the rate of transmission. By collecting data from hundreds of thousands of patients, UK scientists showed that B.1.1.7 is also more lethal than non-B.1.1.7 variants (8), although current SARS-CoV-2 vaccines and monoclonal antibody therapies appear to be effective against this variant.

Dasa is the largest clinical pathology laboratory in South America, having performed ~4.5 million COVID-19 RT-PCRs since February 2020. Due to the constant shortage of reagents and high-throughput demand, several platforms and kits are used in its laboratories. In December 2020, a routine saliva-based RT-PCR test was introduced, employing, by chance, the same ThermoFisher reagent, that led to the detection of the first two cases of B.1.1.7 in Latin America (9). The use of the ThermoFisher multiplex assay was further expanded to nasopharyngeal swabs, allowing for the accumulation of a large dataset of B.1.1.7 cases.

In January 2021, P.1 (Gamma) emerged and caused a tragedy in the Amazonas state. Its increased transmissibility was evidenced by the short period between P.1 emergence and it being found in virtually 100% of the cases in that region (10). P.1 also carries N501Y and shares with B.1.351, the receptor-binding domain (RBD) E484K mutation, associated with immune evasion, which is one of the explanations for the explosion of cases in the region previously reported to present, at that time, probably, the highest seroprevalence in the world, of about 66% (11). Later on, the E484K mutation also emerged independently among Alpha isolates, although it never became prevalent worldwide (GISAID).

It is revealing that the first Amazon P.1 autochthonous case was described in a well-documented re-infection episode (12), and it has been estimated that 28% of the second wave cases in Amazonas state may have been re-infections (13). The aim of this study is to report the dynamics of these two SARS-CoV-2 VOCs, Gamma, and Alpha, during the first trimester of 2021, in Brazil.



METHODS


Samples

Combined naso/oropharyngeal swabs were collected between January and March 2021 from subjects seeking one of the 800 Dasa units, which are spread all over the country, 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.



RT–PCR and VOC Identification

Samples were processed in no more than 72 h. An aliquot of 300 μl was submitted to RNA extraction in a platform that integrates an automated pipettor (Janus; Perkin-Elmer, São Paulo, Brazil) to a nucleic acid extraction system (Chemagic 360; Perkin-Elmer, São Paulo, Brazil) employing Chemagic Viral 300 (Perkin-Elmer, São Paulo, Brazil) reagents. Ten microliters of the eluate was added to the ThermoFisher COVID-19 TaqMan (ThermoFisher, São Paulo, Brazil) assay reagents according to the manufacturer's instructions. All amplification curves were inspected visually, and data were electronically transferred to the central laboratory information system. Ct values were stored in the database but not included in the final report to patients and prescribers. Samples presenting an N gene Ct value below 30, in addition to ORF 1ab amplification, but no S gene Ct value was assigned as B.1.1.7. The Ct value for the N gene was taken as a surrogate of the viral load.



P.1 Assignment

A randomly selected subset of positive SARS-CoV-2 RNA samples with N gene Ct value below 30, but showing S gene amplification, were submitted to two VOC-identifying assays (14, 15). These assays are unable to distinguish P.1 from B.1.351. Those harboring the nine-nucleotide deletion in the ORF1ab (NSP6) common to the three VOCs were categorized as P.1, while those lacking the deletion were assigned as “other lineages.” Since during the study period there was no report of any B.1.351 isolate identified in Brazil by other surveillance programs, samples with this profile were considered as P.1.



Reinfection Analysis

For the investigation of reinfections, the full dataset (3,369,718 entries/samples) was used, including samples collected since March 2020. Patients with negative results were removed from the base. Patients with more than one test in a single day had positive results prioritized. Reinfection was defined as a second positive RT-PCR test, with a minimum window of 120 days between positive tests. The resulting database was filtered to account for reinfections that occurred after the window of 120 (4), 150 (5), and 180 days (6 months).




RESULTS

From January 1 to March 31 2021, a total of 361,198 nasopharyngeal swabs were submitted to the Thermo assay, with 109,349 (30.27%) testing positive. Within the positive group, 89,165 (81.5%) samples displayed an N-gene Ct value ≤ 30 and, among these, 1,891 (2.1% [1,891/89,165] of the cases with low N gene Ct and 0.5% [1,891/361,198] of the total) showed no S-gene amplification. São Paulo state has the larger dataset; thus, it is where the majority of the SGTFs (1,527; 80.7%) were identified. At least one sample from each of the 25 out of the 27 Brazilian states (exceptions were Amapá and Roraima) was tested, and SGTF was present in 17 states. Three states with more than 5,000 samples analyzed were selected for a detailed temporal analysis (Figure 1). In this analysis, real data are shown along with a projected growth rate, adopting a B.1.1.7 doubling frequency every 10 days (16).


[image: Figure 1]
FIGURE 1. Temporal evolution of B.1.1.7 (S-gene target failure, SGTF) in three Brazilian states with more than 5,000 samples tested. Blue lines, actual frequencies, orange lines, projections with a 10-day doubling time fixed rate. (A) Santa Catarina state; (B) Goiás state; and (C) São Paulo state.


The prevalence of P.1 verified in five Brazilian states is shown in Table 1. A gradient of P.1 frequencies is observed, being higher in the South/Southeast and lower in Northeast and Central regions. For a dynamic perspective, where available, frequencies are presented on a monthly basis (Tables 2, 3).


Table 1. Prevalence of P.1 severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) ribonucleic acid (RNA)-reactive samples in five Brazilian states.
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Table 2. Frequency of P.1 and non-P.1 variants in SARS-CoV-2 RNA-reactive samples over time in Rio de Janeiro state.
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Table 3. Frequency of P.1 and non-P.1 variants in SARS-CoV-2 RNA-reactive samples over time in Brasília, national capital.
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Cycle threshold (Ct) values from samples carrying either P.1, B.1.1.7, or other variants, obtained in the same period, were compared (Table 4) from the samples. Only N gene data are presented, but ORF1ab Ct values are very similar and reflected differences of the same magnitude (data not shown).


Table 4. Nucleocapsid (N) gene cycle threshold (Ct) values according to SARS-CoV-2 variants.
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A total of 3,430, 2,607, and 1,964 reinfections were observed in 120, 150, or 180 days between two positive RT-PCRs, respectively. These reinfections represented ~1% of all RT-PCR reactive samples in the months corresponding to the peak of the second wave, as shown in Figure 2A. March 2021 accounted for at least one-quarter of all reinfections of the evaluated period (March 2020 to June 2021) (Figure 2B).


[image: Figure 2]
FIGURE 2. Putative reinfections considering all positive real-time (RT)-polymerase chain reactions (PCRs). (A) Monthly rate over a total number of reinfections from March 2020 to June 2021. (B) Absolute number of reinfections that occurred after the periods of: blue bars, 120 days (4 months); orange bars, 150 days (5 months); green bars, 180 days (6 months).




DISCUSSION

During the first months of the pandemic, SARS-CoV-2 variants were identified and used as tools for tracing transmission routes and international movement. Many studies investigated whether viral mutations/variants could justify the diversity of clinical outcomes in infected patients with similar demographic backgrounds and health conditions. However, except for the current universal mutation D614G, which affects the spike protein gene and is related to increased transmission (18), no other significant associations between viral genotype and phenotypic expression could be made.

From its emergence in late December 2020 (9), the tracking of B.1.1.7 in January 2021 and the first weeks of February 2021 revealed a doubling rate of ~10 days, as predicted and further verified in the United States (19). Surprisingly, in late February, its incidence rate became flat. At that moment, an increase in the number of new cases, recognized as a COVID-19 “second wave,” was being reported all over Brazil. Samples randomly selected from some capitals revealed the dominance of the P.1 VOC. It was inevitable to conclude that P.1 clearly prevailed over B.1.1.7 and P.2, which was the major lineage in December 2020 all over the country (20). However, it must be acknowledged that assignment to P.1 was solely based on the NSP6 deletion common to the three VOCs described at the time, Alpha, Beta, and Gamma. While Alpha was distinguished based on the failure to amplify the S gene fragment, the Beta variant was dismissed based on the absence of this VOC in Brazil at the time and later on. Another limitation of the study is the definition of re-infection, which relies on two consecutive positive RT-PCR exams with a time interval longer than 4 months. Although the majority of COVID-19 cases have a short course of about 2 weeks, viral reactivation cannot be excluded. Reinfection is categorically determined by sequencing both isolates and showing that they undoubtedly belong to distinct SARS-CoV-2 lineages, which was not performed here.

It has been reported that both B.1.1.7 (7) and P.1 (2, 10) harbor, on average, higher viral loads when compared to other coexisting variants. The median N gene Ct value reported here from P.1 isolates (17.65) is 2.5 log10 lower than that of other lineages, resembling the difference observed in the Amazonas state by Naveca et al., between P.1 and non-P.1 isolates (10). This 2.5 log10 difference between median values corresponds to P.1 viral loads 245 and 27 times higher than those of other variants and B.1.1.7, respectively, which certainly contribute to its enhanced transmissibility. Even though a lower mean Ct value for B.1.1.7 compared to non-B.1.1.7 viruses were observed, the difference was not as significant as verified in the UK (21).

Dissemination of P.1 in a population with high SARS-CoV-2 seroprevalence, such as the Amazonic, was possible in part because of S-gene mutations that allowed immune escape (10, 12, 13). A large number of reinfections are implicit according to this rationale, and indeed it has been calculated that 16.9–31% of the infections in the city of Manaus, Amazonas between January and March 2021 were due to reinfection by P.1 (22). Apparently, our estimate of up to 1% reinfection rate contrasts with the 16.9–31% Amazonas reinfection estimate, but these cannot be compared, since our denominator is the total number of positive RT–PCRs from different regions of the country. If the data are restricted to two RT–PCRs in the period, a much higher estimate will be found. However, this approach is susceptible to enormous bias; hence, we adopted a calculation method that offered, perhaps, a better illustration of the magnitude of reinfections for the population of the whole country.

Competition between variants for the niche of susceptible subjects is expected, and the outcome is difficult to predict. India experienced a similar situation, where B.1.1.7 was the dominant VOC until the emergence of B.1.617, which, since July 2021, has been responsible for the overwhelming majority of new cases worldwide1.

It is tempting to attribute the predominance of one VOC over another to the mutational pattern, reflecting higher infectivity/transmission properties. Nevertheless, epidemiological factors do play an important role. For instance, the number of P.1-infected subjects leaving from Amazonas state to other Brazilian regions in December 2020, principally going to São Paulo city, was certainly much higher than that of travelers coming to São Paulo from the UK and other regions where B.1.1.7 was prevalent. Thus, it is inadvisable to compare the replacement of B.1.1.7 by B.1.617.2 in India, where B.1.1.7 represented 26% of the new cases in early March and <1% in early June1, since B.1.1.7 never surpassed the 5% frequency in Brazil.

This scenario suggests that while surveillance of travelers and frontiers is necessary to avoid the introduction of new VOCs, there is a considerable risk of further mutations in the P.1 lineage that could possibly lead to even more transmissible and pathogenic strains that may also threaten the efficacy of current vaccines. Intensifying real-time national genomic surveillance of new cases, such as fully vaccinated individuals presenting with severe COVID-19 disease, will be of paramount importance in fighting the pandemic in this heavily affected country.
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Background: As delta variant of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) prevailed in the current coronavirus disease 2019 (COVID-19) pandemic, its clinical characteristics with the difference from those of wild-type strains have been little studied.

Methods: We reported one cohort of 341 wild-type patients with COVID-19 admitted at Wuhan, China in 2020 and the other cohort of 336 delta variant patients with COVID-19 admitted at Yangzhou, China in 2021, with comparisons of their demographic information, medical history, clinical manifestation, and hematological data. Furthermore, within the delta variant cohort, patients with none, partial, and full vaccination were also compared to assess vaccine effectiveness.

Findings: For a total of 677 patients with COVID-19 included in this study, their median age was 53.0 years [interquartile range (IQR): 38.0–66.0] and 46.8% were men. No difference was found in age, gender, and percentage of patients with the leading comorbidity between wild-type and delta variant cohorts, but delta variant cohort showed a lessened time interval between disease onset to hospitalization, a reduced portion of patients with smoking history, and a lowered frequency of clinical symptoms. For hematological parameters, most values demonstrated significant differences between wild-type and delta variant cohorts, while full vaccination rather than partial vaccination alleviated the disease condition. This reflected the viremic effect of delta variant when vaccination succeeds or fails to protect.

Interpretation: Delta variant of SARS-CoV-2 may cause severe disease profiles, but timely diagnosis and full vaccination could protect patients with COVID-19 from worsened disease progression.

Keywords: SARS-CoV-2, COVID-19, delta variant, vaccination, wild type


INTRODUCTION

Coronavirus disease 2019 (COVID-19) has been proven to be a highly contagious and fast evolving disease. The responsible pathogen was named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a positive-sense single-stranded RNA virus and the 7th member of the coronavirus family that infects humans (1, 2). Since September 2020, 9 variants of SARS-CoV-2 have been reported and compared to the original strain of the virus with a reproductive number (R0) = ~2.5, the recent delta variant showed much higher transmissibility with R0 = ~7 (3–6). As of September 7, 2021, the cumulative number of COVID-19 infections has reached over 220 million with a death toll surpassing 4.5 million, while the delta variant has become dominant among the countries with the highest number of newly infected cases including the United States, Brazil, and the United Kingdom (6).

Amid the COVID-19 pandemic, many therapeutics and vaccination strategies have been developed to contain viral spreading. On one hand, repurposed and investigational drugs are heavily studied to reduce viral infection such as (hydroxy) chloroquine, metformin, and remdesivir (7, 8). Among them, orally administered antidepressant fluvoxamine and investigational molnupiravir have shown remarkable inhibition on viral replication, greatly shortening the hospitalization length, and lowering mortality rate (9, 10). On the other hand, a handful of vaccines against COVID-19 that mainly include inactivated vaccines, nucleic acid-based vaccines, and viral vector-based vaccines have been approved for use in different countries (11). As a result, COVID-19 vaccinations effectively lower the transmission of SARS-CoV-2 and decrease the risks of patients for severity and mortality.

Delta variant, or previously known as B.1.617.2, was first reported in India in October 2020 and was imported to China in the middle of May 2021, triggering a new wave of COVID-19 infection across the country (53). The effectiveness of single- or full-dose inactivated vaccines against delta variant infection was 13.8 and 59.0%, respectively, showing decreased protection when compared to that against wild-type SARS-CoV-2 (53). For BNT162b2 (an mRNA vaccine) and ChAdOx1 nCoV-19 (a replication-deficient adenoviral vector vaccine) against COVID-19, their protections from delta variant infection were significantly lower than those from alpha variant infection (12). In parallel, neutralization of delta variant using monoclonal antibody or serum antibody from convalescent patients with COVID-19 demonstrated less sensitivities than that of other SARS-CoV-2 strain (13). On top of that, how the accumulating mutations will affect the antigenicity of SARS-CoV-2 variants remains an imperative puzzle to solve.

Severe acute respiratory syndrome coronavirus 2 employs human angiotensin-converting enzyme 2 (hACE2) for cell entry, infecting lung, heart, and other major organs, and causing hematological disorders and organ impairments (14–16). The virus–host interaction may vary to different extents due to the changing variants of SARS-CoV-2. Simultaneously, since the COVID-19 pandemic began, its clinical characteristics and pathogenic mechanisms have been well-documented (17–20). However, with the rapid spreading of delta variants across the world, their specific clinical features are far from explored. In particular, the difference between characteristics of patients with COVID-19 infected by the wild-type SARS-CoV-2 and its delta variant has yet been elucidated.

In this study, we investigated the clinical features of delta variant infected patients with COVID-19 in Yangzhou, China during August 2021, with a comparison to those of wild-type patients with COVID-19 in Wuhan, China in early 2020. Comparative studies were also conducted to differentiate the unvaccinated patients in Yangzhou with delta variant infection from those in Wuhan with wild-type infection, and from partial (single) or full (two) dose vaccinated patients with COVID-19 in Yangzhou with delta variant infection. Through this study, we aim to understand the unique clinical manifestations of patients with COVID-19 due to infection by delta variant of SARS-CoV-2 and the vaccine efficiency against this delta variant in single or double dosage.



METHODS


Patients

This retrospective study included 341 patients with COVID-19 who were admitted and hospitalized at the First People's Hospital of Jiangxia District (FPHJD) in Wuhan City of Hubei Province, China, from January 2020 to April 2020, including 96 patients in the intensive care unit (ICU) and 245 patients in the non-ICU isolation ward. These patients were in the wild-type cohort. In parallel, 336 patients with COVID-19 in the delta variant cohort were admitted and hospitalized at the Third People's Hospital of Yangzhou City (TPHYC), Jiangsu Province, China, in August 2021, where the delta variant of SARS-CoV-2 has been identified as the responsible pathogen (21). No ICU patients were reported in this cohort. For the inclusion criteria, patients with COVID-19 were diagnosed and confirmed by following a standard procedure (22). Exclusion criteria were as follows: (1) pediatric patients of <15 years old; (2) patients that use immunity inhibitor for 3 months and up; (3) patients with malignant tumors; and (4) patients with a terminal illness (Figure 1). This study was approved by the Research Ethics Committee of the FPHJD and the TPHYC, respectively. All the information of the patient remains anonymous and written informed consent was waived due to the emergency of major infectious diseases.


[image: Figure 1]
FIGURE 1. A flowchart displaying the inclusion and exclusion criteria of the patient in the selection procedure of the patient.




Vaccinations

For 336 patients with COVID-19 in Yangzhou infected by delta variant of SARS-CoV-2, 120 patients (35.7%) were unvaccinated, 60 patients (17.9%) were partially vaccinated, and 156 patients (46.4%) were fully vaccinated. Two types of inactivated vaccines, Sinovac or Sinopharm (Beijing), were administered. A total of 61 patients (18.2%) were given Sinopharm (Beijing) vaccines, 68 patients (20.2%) were given Sinovac vaccines, and 88 patients (26.2%) were given uncertain vaccines (Sinopharm or Sinovac). A dose of vaccine was counted effective only if the time between the vaccine shot and the disease onset was longer than 14 days. Minimal duration of 14 days was estimated necessary to develop protective immunity against SARS-CoV-2 infection (23). Patients were considered fully vaccinated only if 2 doses of vaccines were given and the time between the 2nd vaccination and the onset of COVID-19 was more than 14 days. Patients were considered partially vaccinated if only 1 effective shot of vaccine was given. Patients were considered unvaccinated if no vaccine had been ever received or the first vaccination was given <14 days before the onset of COVID-19.



Procedures

Patients with COVID-19 were received and diagnosed by following a standard procedure (24). The wild-type patients were treated with antiviral drugs (oseltamivir, arbidol, and ribavirin), antibiotics (sulperazone, linezolid), antifungal therapy (fluconazole, caspofungin), corticosteroid therapy, respiration-assisted ventilation, and low-molecular-weight heparin (unless an increased risk of bleeding was assessed). For patients with delta variant, they were treated with Chinese traditional medicine (25) and antibiotics (ceftazidime, levofloxacin) if the bacterial infection was assessed. Thymalfasin was subcutaneously injected when the patient suffered from low immune function. All the patients were suggested in prone positions to increase the partial oxygen pressure. Serological tests of patients with COVID-19 based on detection of SARS-CoV-2-specific immunoglobulin M (IgM) and immunoglobulin G (IgG) were conducted, using 2019-nCoV IgG chemiluminescence immunoassay (CLIA) microparticles and 2019-nCoV IgM CLIA microparticles, respectively, manufactured by Autobio Diagnostics Corporation Ltd., China. Blood cell analysis was conducted by automated hematology analyzer (SYSMEX XS or XN series, Japan) and the biochemical indicator was also analyzed (Roche Cobas 8000, USA; Beckman AU5800, USA).



Statistical Analysis

The categorical variables were described as frequency rates and percentages and continuous variables were applied to describe the median and interquartile range (IQR) values. Comparison of continuous variables between two cohorts was analyzed with the Mann–Whitney U test. Repeated measurements (non-normal distribution) were used following a generalized linear mixed model. The chi-squared test was used to compare the proportion of categorical variables, and Fisher's exact test was employed when data were limited. All the statistical analyses were performed using the GraphPad Prism 5.0 software (GraphPad Software Incorporation, San Diego, California) and statistics analyses adopted published methods (14–16). A two-sided p < 0.05 was considered statistically significant.




RESULTS

A total of 677 patients with COVID-19 were included in this retrospective study, where 341 patients with wild-type infection and 336 patients with delta variant infection were reported from hospitals in Wuhan and Yangzhou, China, respectively. For all the patients in both cohorts, the median age was 53 years (IQR: 38.0–66.0) and 46.8% were men (Table 1). There was no statistical difference in age and gender between wild-type and delta variant SARS-CoV-2-infected patients. However, compared to the wild-type cohort, the delta variant cohort showed a much shorter time duration from disease onset to hospitalization and a much lower portion of patients with smoking history. This corroborates much increased infectivity of the SARS-CoV-2 delta variant, regardless of smoking predisposition. Notably, no ICU patient was admitted and no death case was reported in the delta variant cohort, compared to 28.2% ICU patients and 17.6% non-survival in the wild-type cohort. This result accents the protective role of vaccination against SARS-CoV-2 infection, substantially lessening the severity and mortality of patients with COVID-19.


Table 1. Baseline characteristics between COVID-19 patients in wild-type and delta variant cohorts.
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For all the patients with COVID-19, hypertension, diabetes, cardiovascular diseases, and bronchitis were the top comorbidities in consistency with our previous findings and others (14, 15, 20, 26). Except for bronchitis, patients infected by wild-type SARS-CoV-2 showed similar frequencies of underlying medical conditions to those infected by delta variant. In parallel, patients with COVID-19 in Yangzhou had a much lowered frequency of bronchitis as a coexisting medical condition, which may be associated with their decreased portion of patients with a smoking history.

Despite delta variant infection, a significantly less portion of patients in Yangzhou showed apparent clinical symptoms compared to that of wild-type patients, except for a new characteristic symptom found common in delta variant-infected patients, i.e., sore throat. For major symptoms, such as cough and fever, patients infected by delta variant SARS-CoV-2 had been found in much lower incidence, indicating weakened viremia or lung infection. In addition, within the delta variant cohort, many COVID-19 symptoms showed marginal occurrence in patients, including dyspnea, chest pain, abdominal pain, diarrhea, and vomiting, suggesting the diminished viremic effect on non-pulmonary organs such as the heart, stomach, and gastrointestinal tract. This again substantiates the various clinical characteristics by viral variant as well as validation of vaccination against SARS-CoV-2 infection.

For 336 patients with COVID-19 infected by delta variant of SARS-CoV-2 in Yangzhou, 120 patients were unvaccinated and among them, 77.5% patients produced no SARS-CoV-2-specific antibody, 10.8% patients produced IgG only, 1.7% patients produced IgM only, and 10.0% patients produced IgG + IgM (Figure 2). The antibody tests of patients with COVID-19 were conducted at their hospital admission. Besides, 60 patients had 1 vaccination, among whom 58.3% patients had no SARS-CoV-2-specific antibody, 21.7% patients had IgG only, 3.3% patients had IgM only, and 16.7% patients had IgG + IgM. For 156 patients who were 2 times vaccinated, 21.8% patients had no SARS-CoV-2-specific antibody, 48.7% patients had IgG only and 29.5% patients had IgG + IgM, while no patient generated IgM only. Importantly, 156 out of 336 confirmed patients with COVID-19 had previously full vaccination, implying a high breakthrough infection rate by delta variant of SARS-CoV-2. Since immunities developed after viral infection or vaccination vary a lot among individuals, and for one individual it is unknown whether SARS-CoV-2 infection and COVID-19 vaccination confer a comparable degree of immunity, positive antibody results from serological tests of vaccinated or unvaccinated patients with COVID-19 may not differentiate their infection or vaccination status. Nevertheless, for confirmed patients with COVID-19, the ratio of patients with no antibody plummeted and the ratio of patients with produced SARS-CoV-2-specific IgG or IgG + IgM climbed when the vaccination times added up.


[image: Figure 2]
FIGURE 2. Antibody production in unvaccinated, partially, or fully vaccinated patients with coronavirus disease 2019 (COVID-19).


We further investigated the clinical differences of unvaccinated delta variant patients from wild-type patients with COVID-19 or partially vaccinated or fully vaccinated delta variant patients with COVID-19. Compared to wild-type patients, unvaccinated delta variant patients exhibited similar median age and male ratio, but shorter time duration from disease onset to hospitalization and a lower portion of patients with smoking history (Table 2). Hypertension and diabetes were leading comorbidities in delta variant-infected patients, which remain in similar frequencies to those in patients with wild-type COVID-19. However, clinical symptoms in delta variant patients appeared less occurrent when compared to those of wild-type patients, except for expectoration and sore throat. For baseline blood parameters (Table 3), hematological abnormalities in delta variant patients (unvaccinated) including leukocytosis and neutrophilia were significantly mitigated, but lymphocytopenia was observed similar and monocytosis and thrombocytopenia became much worse compared to those in the wild-type cohort. Furthermore, given derangements in the metabolic proteins and enzymatic biomarkers, levels of C-reactive protein (CRP), alanine aminotransferase (ALT), γ-glutamyl transferase (GGT), lactic dehydrogenase (LDH), and procalcitonin (PCT) were significantly lower in delta variant (unvaccinated) patients than those in wild-type infection, whereas some of the others remained comparable or became much higher such as alkaline phosphatase (ALP), creatinine, and creatine phosphokinase (CPK). For coagulation factors, increased prothrombin time (PT), international normalized ratio (INR), and D-dimer levels were significantly improved in delta variant infection when compared to wild-type COVID-19 infection, whereas prolonged thrombin time and decreased fibrinogen level were worsened. These alterations displayed the differential profiles in clinical characteristics between wild-type and delta variant SARS-CoV-2 infections.


Table 2. Comparison of baseline characteristics between delta variant COVID-19 patients and wild-type infection (*) or partially vaccinated delta variant patients (Δ) or fully vaccinated delta variant patients (∥).
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Table 3. Comparison of blood parameters between delta variant COVID-19 patients and wild-type infection (*) or partially vaccinated delta variant patients (Δ) or fully vaccinated delta variant patients (∥).
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Furthermore, within the delta variant cohort, partially vaccinated patients showed similar basic characters and clinical profiles to unvaccinated patients, as their baseline data (e.g., median age, male ratio, time between disease onset to hospitalization, and the portion of patients with smoking history), the frequency of patients with major comorbidity, and the commonly observed clinical symptoms owned no statistical difference (Table 2). For hematological parameters, all the tested data showed similar levels, except that lymphocytopenia was slightly aggravated and prolonged thrombin time was alleviated in partially vaccinated patients with COVID-19 (Table 3). These results showed limited protection of single (partial) vaccination from delta variant infection.

In parallel, fully vaccinated patients of delta variant exhibited younger age than unvaccinated patients, although their gender ratio, time from disease onset to hospital admission, the portion of patients with smoking history, and occurrence of clinical manifestations showed no noticeable difference. However, major comorbidities, including hypertension, diabetes, and cardiovascular diseases, demonstrated lower frequencies in patients with full vaccination than those with no vaccination, which might be also associated with their younger ages. Based on laboratory blood tests, many abnormal parameters in fully vaccinated patients showed significant improvements in comparison to those in unvaccinated patients including thrombocytopenia and decreased levels of ALP, adenosine deaminase (ADA), blood urea nitrogen (BUN), creatinine and LDH, and mitigated activated partial thromboplastin time (aPPT) and thrombin time. These results confirmed the validation of full-dose vaccination in preventing disease progression after SARS-CoV-2 delta variant infection.

To conclude, the age, gender, and ratio of patients with the most common comorbidities between wild-type and delta variant cohorts were similar in this study, but the delta variant cohort demonstrated less duration from disease onset to hospitalization, a lower ratio of patients with smoking history, and fewer occurrence of clinical symptoms. This is in corroboration with superior infectivity of the delta variant to the wild type. Many laboratory parameters revealed notable differences between wild-type and delta variant cohorts and within delta variant cohort patients with full vaccination showed much allayed conditions than patients with partial or no vaccination.



DISCUSSION

Amid the COVID-19 pandemic, the evolution rate of SARS-CoV-2 was estimated to be ~10−3 per nucleotide per year or ~3 mutations per month (27, 28). Two specific mutations, G to U and C to U, were found the highest occurrence in SARS-CoV-2, suggesting that the viral genome might be the substrate for certain deaminase or the target for reactive oxygen species in the host (29, 30). Consequently, the delta SARS-CoV-2 possesses a higher viral load, a shorter incubation period, and a longer viral shedding than other known variants or wild-type strains, causing greater transmissibility (31–33).

Enclosing a large single-stranded RNA genome (~30 kb), SARS-CoV-2 virion contains the envelope (E), membrane (M), and spike (S) proteins, where E and M proteins mainly function in the virion assembly and S protein mediates viral entry into the host (34, 35). Structurally, S protein encompasses an N-terminal domain (NTD) harboring a hydrophobic signal sequence motif, an ectodomain including subunit S1 for receptor binding and S2 for membrane fusion, and a transmembrane anchor through virion envelope (36). At the carboxyl end of S1 locates a receptor-binding domain (RBD), in proximity to 2 proteolytic sites to further fuse viral and host cellular membranes: one at the S1/S2 boundary and the other at N-terminus of fusion peptide within S2 (denoted as S2') (37, 38). When SARS-CoV-2 infects, S1 RBD recognizes and binds specific cell receptors (i.e., hACE2), followed by cleavage at the S1/S2 or/and S2' sites by host proteases (e.g., TMPRSS2) to facilitate the viral membrane fusion (39). Thus, antibodies against the S proteins could hamper the viral infection. For this reason, S protein has become the principal target of COVID-19 vaccines, while mutations in S protein may undermine vaccine efficiency (40).

Compared to other SARS-CoV-2 strains, the delta variant possesses notable mutations L452R, T478K, and E484Q in the RBD of S protein and P681R in the S1/S2 site (41). SARS-CoV-2 strains with L452R and E484Q mutations were associated with heightened resistance to antibody neutralization (42). T478K mutation enhanced the infectivity and augmented the ability of SARS-CoV-2 to escape immune recognition (43, 44). Each of the L452R and E484Q mutations lowered susceptibility to mRNA vaccine-generated antibodies by disrupting the binding between the RBD and hACE2, albeit the combined mutations did not show synergism (45). Moreover, within S1/S2 site P681R mutation enabled S protein to be less acidic and made furin in the host much easier to cleave, adding viral infectivity and transmissibility (46). In addition, D614G mutation has been identified in all the variants of concern (VOCs), i.e., alpha, beta, gamma, and delta variants) (47). This replacement is associated with heightened viral load and lowered the age of the patient, but it has no effect on the disease severity and mortality of COVID-19 (48). Taken together, those accumulating mutations in delta variants contribute to their increased virulence and transmissibility and decreased antibody neutralization and vaccine efficiency.

Recently, in a highly vaccinated health system in California, USA, 57.3% of medical workers who were infected with delta variant of SARS-CoV-2 had full mRNA vaccination record, being a result of both the viral mutation and declined immunity over time (49). It was noted in this study that 64.3% of patients with partial or full vaccination were infected by delta variant of SARS-CoV-2, albeit 46.4% patients with full vaccination had younger median age and lower occurrence of the most common comorbidities associated with COVID-19 infection (14, 15). This again corroborates the elevated infectivity of the SARS-CoV-2 delta variant and its augmented capacity of the breakthrough of the vaccine.

This study indicated that delta variant infection caused less symptom occurrence than wild-type infection. Cough and fever are still predominant signs, but gastrointestinal symptoms have become much less frequent. This result is consistent with other findings (33). Additionally, sore throat that was not common in patients with wild-type COVID-19 has been found in a substantial portion of delta variant patients. For hematological data, in comparison to wild-type infections, delta variant patients (unvaccinated) demonstrated alleviated leukocytosis, neutrophilia, levels of CRP, ALT, GGT, LDH, PCT, PTT, INR, and D-dimer, but deteriorated monocytosis, thrombocytopenia, levels of ALP, creatinine, CPK, thrombin time, and fibrinogen, showing a varying set of clinical characteristics. Partial vaccination did not substantially alleviate the severity of delta variant infection, while full vaccination significantly ameliorated the condition of the patients by amending coagulation dysfunction (including thrombocytopenia, prolonged aPPT, and thrombin time) and extenuating viremic impact on major organs (typified by reduced levels of ALP, ADA, BUN, creatinine, and LDH). These results pointed to that despite lowered effectiveness against delta variant, COVID-19 vaccination results in significantly reduced hospitalization and disease progression. This finding echoes with other studies (50, 51).

This study contains several limitations. First, compared to that in Wuhan, the local outbreak in Yangzhou with delta variant of SARS-CoV-2 adopted a different containment policy, where a city-wide nucleic acid testing was conducted immediately after the first few patients were identified. As a result, positive patients with COVID-19 were quickly quarantined and hospitalized for treatment, largely preventing the disease from worsening (52). Second, the size of the study cohort is low, especially for the delta variant cohort that was further divided into unvaccinated, partially vaccinated, and fully vaccinated. Comparison between small-size groups may not convey the most representative results. Third, the vaccine efficiency may not be assessed in this retrospective study, as all the cases included are confirmed patients with COVID-19 and acquired immunity against SARS-CoV-2 due to infection or vaccination cannot be distinguished, as it continues to decline along with changing mutations of the virus.

In this study, we reported the clinical profile of delta variant-infected patients with COVID-19 differing from wild-type infection and demonstrated the effective protection of inactivated vaccines against delta variant of SARS-CoV-2, although the vaccine designs were originally based on wild-type viral strains. Two solid conclusions can be made through this study: first, mass nucleic acid testing strategies can diagnose and, therefore, treat patients with COVID-19 in a timely manner, effectively confining the virus spreading and shortening the time interval between disease onset to hospitalization; second, sufficient vaccination can protect patients with COVID-19, once infected, from further disease progression into severity, greatly neutralizing the viremic effect in a preventive manner. Together, stringent adoption of these strategies could help to banish the COVID-19 pandemic soon.
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Genomic Surveillance Enables the Identification of Co-infections With Multiple SARS-CoV-2 Lineages in Equatorial Guinea
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COVID-19 disease caused by SARS-CoV-2 represents an ongoing global public health emergency. Rapid identification of emergence, evolution, and spread of SARS-CoV-2 variants of concern (VOC) would enable timely and tailored responses by public health decision-making bodies. Yet, global disparities in current SARS-CoV-2 genomic surveillance activities reveal serious geographical gaps. Here, we discuss the experiences and lessons learned from the SARS-CoV-2 monitoring and surveillance program at the Public Health Laboratory on Bioko Island, Equatorial Guinea that was implemented as part of the national COVID-19 response and monitoring activities. We report how three distinct SARS-CoV-2 variants have dominated the epidemiological situation in Equatorial Guinea since March 2020. In addition, a case of co-infection of two SARS-CoV-2 VOC, Beta and Delta, in a clinically asymptomatic and fully COVID-19 vaccinated man living in Equatorial Guinea is presented. To our knowledge, this is the first report of a person co-infected with Beta and Delta VOC globally. Rapid identification of co-infections is relevant since these might provide an opportunity for genetic recombination resulting in emergence of novel SARS-CoV-2 lineages with enhanced transmission or immune evasion potential.
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INTRODUCTION

Whole genome sequencing of SARS-CoV-2 viruses has been widely used since the beginning of the COVID-19 pandemic to facilitate understanding of virus biology and epidemiology. The World Health Organization (WHO) recommends that countries ship at least 5% of their COVID-19 samples to reference sequencing laboratories or keep producing sequencing data if they have the capacity (1). Angola, Burundi, Cameroon, the Central African Republic, Chad, the Democratic Republic of the Congo, the Republic of the Congo, Equatorial Guinea, Gabon, Rwanda, and São Tomé and Príncipe are the 11 Central-African nations forming the Economic Community of Central African States (ECCAS). Combined, the ECCAS nations have deposited 3,924 SARS-CoV-2 whole genome sequences to GISAID and therefore have sequenced on average 0.9% of all reported cases. The proportion of sequenced cases from Central Africa over the time course of the COVID-19 pandemic reveals that with the exception of March and April 2020, the recommended sequencing rate of 5% could not be achieved.

A cost-efficient alternative to whole genome sequencing are multiplex reverse transcription quantitative polymerase chain reactions (RT-qPCR) assays which detect relevant mutations associated with SARS-CoV-2 variants of concern (VOC) (2–4). Mutation-specific assays can complement genomic surveillance programs, especially in settings where widespread sequencing capabilities are not available. If carefully designed and evaluated these kind of assays show a perfect concordance with whole genome sequencing as reported elsewhere for monitoring distinct VOC (5, 6). Mutation-specific RT-qPCR assays allow identification of patients with co-infections by more than one SARS-CoV-2 lineage simultaneously. The frequency of co-infected humans and their role in promoting SARS-CoV-2 evolution is poorly understood (7). Co-infections might provide an opportunity for genetic recombination between circulating strains resulting in the emergence of novel SARS-CoV-2 lineages (8). Interlineage recombination has been described for SARS-CoV-2 (9) as well as for other closely related viruses of the Coronaviridae family (10, 11).

In this brief research report, we describe the experiences and lessons learned from the SARS-CoV-2 genomic surveillance program at the Public Health Laboratory on Bioko Island, which was implemented as part of the national COVID-19 response and monitoring activities in Equatorial Guinea. We describe our approach to identify efficiently and timely SARS-CoV-2 VOC and co-infections in Sub-Saharan Africa, which is highly neglected when it comes to global genomic surveillance activities.



METHODS


COVID-19 Datasets for Central-Africa

The number of confirmed COVID-19 cases and SARS-CoV-2 whole genome sequences from Central-Africa were obtained through the data repositories of “Our World in Data” (OWD) (12) and the “Global Initiative on Sharing All Influenza Data” (GISAID) (13), respectively on November 11th 2021.



SARS-CoV-2 Genomic Surveillance in Equatorial Guinea

Nasopharyngeal and/or oropharyngeal swab samples were collected between February 2020 and October 2021 under the umbrella of the current Equatorial Guinea SARS-CoV-2 surveillance activities. Samples that are processed at the Public Health Laboratory on Bioko Island include asymptomatic and symptomatic cases, as well as samples derived from contact tracing. Extracted RNA aliquots from positive samples are collected and stored in a local biobank at −80°C. A randomly selected subset of SARS-CoV-2 samples with Cq <30 are analyzed by spike gene mutation-specific RT-qPCR assays (n = 281) and/or by whole genome sequencing (n = 206). The spike gene mutation-specific RT-qPCR assays target three spike gene single nucleotide polymorphisms (SNPs) (L452R, E484K, and N501Y) and one spike gene deletion (Δ69/70) associated with VOCs (5, 14). In each of the four multiplex RT-qPCR assays, probes detecting the wildtype as well as probes detecting the mutant nucleotide sequences are used to enable detection of wildtype and mutated sequence simultaneously. Co-infections, with more than one single SARS-CoV-2 lineage, were defined as samples with more than one genotype in at least two of the spike gene markers analyzed. SARS-CoV-2 whole genome sequencing was conducted using the R9.4.1 flow cell on a MinION Mk1C device (Oxford Nanopore Technologies) based on the ARTIC protocol (15).




RESULTS

As of November 25th 2021, Equatorial Guinea has reported a total of 13,579 confirmed SARS-CoV-2 infections, which resulted in 173 deaths. The majority (77.2%) of SARS-CoV-2 infections were reported from the insular region (Bioko Island) and 23.8% from the continental region (Río Muni) (https://guineasalud.org/estadisticas/). Since the first case was identified on March 16th 2020, the country has experienced three distinct epidemic waves characterized by an increase of COVID-19-related hospitalizations (Figure 1A). Continuous sequencing of 206 SARS-CoV-2 positive samples revealed that each of these epidemic waves were dominated by a distinct lineage (Figure 1B). We showed that the first wave lasting from April to July 2020 was dominated by wildtype-like SARS-CoV-2 lineage B.1.192. The introduction of the Beta VOC (B.1.351) caused a second wave lasting from January to April 2021. The first Delta VOC (AY.43) positive cases in Equatorial Guinea were identified in the first half of July 2021 leading to a severe third wave that is still ongoing at the time of this report. Interestingly, the Alpha VOC was found only in a single sample with no indication of its widespread circulation in Equatorial Guinea. Starting from November 2020, mutation specific RT-qPCR assays were implemented to complement whole genome sequencing for enhanced genomic surveillance (Figure 1C). Three spike gene SNPs (L452R, E484K, and N501Y) and one spike gene deletion (HV69/70Δ) associated with VOCs were monitored. In each of the four multiplex RT-qPCR assays, a probe detecting the wildtype as well as the mutant nucleotide sequences are used. The 484K+501Y combination of spike gene mutation, which is associated with the Beta VOC, were first observed in November 2020 and became dominant by January 2021. This combination was later replaced by viruses with the 452R spike gene mutation, a marker for the Delta VOC. Overall, 2.1% (6/281) of samples analyzed with the spike gene mutation-specific RT-qPCR assays showed a pattern indicating co-infections of two distinct variants (Table 1). The four cases identified in November 2020, included three that had a combination indicative of co-infection between a wildtype-like lineage and the Beta VOC (wildtype and mutant specific amplification signals at spike gene positions E484K and N501Y). The fourth case showed a pattern that corresponds to a co-infection between a wildtype-like and a B.1.620-like lineage (wildtype and mutant specific amplification at spike gene positions 69/70 and E484K). Two additional co-infections were observed in August 2021, both of them with spike gene mutation patterns indicative of Beta and Delta VOC co-infections (wildtype and mutant specific amplification at spike gene positions L452R, E484K, and N501Y). All six co-infections were identified during the transition phase between two consecutive epidemic waves in which new variants emerged while other variants were still circulating.


[image: Figure 1]
FIGURE 1. (A) Number of COVID-19 patient hospitalizations per month. (B) SARS-CoV-2 lineages identified in Equatorial Guinea over time. (C) Surveillance of SARS-CoV-2 VOC-associated spike gene mutations. RT-qPCR results for the spike gene mutations L452R, E484K, and N501Y and the spike gene deletion HV69/70Δ indicative of a co-infection are marked with “x”.



Table 1. SARS-CoV-2 co-infections identified in Equatorial Guinea.
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The receptor-binding domain of the spike protein constitutes the immunodominant target of 90% of the neutralizing activity present in SARS-CoV-2 immune sera (16). Importantly, all co-infections included one SARS-CoV-2 variant carrying the receptor-binding domain mutation E484K that has been associated with immune evasion in polyclonal human antibodies (17, 18).

For the EG-SARS-CoV-2-P6 co-infection case, which had the highest viral load among all co-infected patients (spike gene RT-qPCR assay Cq-value of 20.2), we were able to generate whole genome sequencing data for further investigation. The timeline of this co-infection case is shown in Figure 2A. While living under quarantine and after having been in contact with a positive SARS-CoV-2 case, a 59-year-old Equatoguinean man was tested positive by RT-qPCR for SARS-CoV-2 on August 30th 2021. According to his vaccination certificate, he had received the first dose of Sinopharm COVID-19 vaccine (Beijing Bio-Institute of Biological Products Co., Ltd.) on April 20th 2021 and the second dose on May 5th 2021. This person had no history of clinically significant underlying medical conditions, did not report any clinical symptom during the entire period of virus infection and has reported no travel history. As part of our routine contact tracing and SARS-CoV-2 surveillance activities his sample was analyzed for the presence of three spike gene mutations associated with VOCs. The mutation-specific RT-qPCR results for the spike gene mutations are shown for L452R (Figure 2B), E484K (Figure 2C), and N501Y (Figure 2D). For all three SNPs, the wildtype as well as the mutated sequence were amplified simultaneously. An earlier and stronger amplification was observed for the mutations associated with the Beta VOC compared to the Delta VOC. In the HV69/70Δ assay, targeting a spike gene deletion common in the Alpha VOC, only the wildtype target was amplified, as neither Beta nor Delta VOC carry the deletion at positions 69 and 70 of the spike gene (data not shown).


[image: Figure 2]
FIGURE 2. (A) Timeline of vaccination, diagnostic testing and whole genome sequencing. RT-qPCR results for the spike gene mutations (B) L452R, (C) E484K, and (D) N501Y. Orange represents the curves matching Beta VOC (L452, 484K, and 501Y) and purple represents the curves matching Delta VOC (452R, E484, and N501) defining SNPs. (E) Proportion of sequencing reads matching Beta or Delta VOC for the lineage defining mutations. Orange bars represent Beta VOC and purple bars represent Delta VOC. White bars represent the proportion of reads matching neither Beta nor Delta VOC.


Next, we conducted whole genome sequencing of this particular sample using our MinION sequencing platform. A total of 27,932 reads passed quality control and we achieved an average sequencing depth of 203x. Sequencing quality and depth was sufficient to identify all nine lineage-defining mutations of Beta and 11 of 12 lineage-defining mutations of Delta VOC (19). There was insufficient coverage of the spike gene SNP T19R. The average percentage of reads matching Beta VOC was 69.2% (range 50.0–83.3%) and the average percentage of reads matching Delta VOC was 21.6% (range 4.9–48.6%). Ambiguities represented 9.2% (range 1.4–30.0%) of reads. As shown in Figure 2E, the number of reads containing the mutations associated with Delta VOC was lower compared to the reads with sequences associated with Beta VOC. The higher Beta to Delta VOC ratio of RNA sample input was also observed in the RT-qPCR data (Figures 2B–D).



DISCUSSION

Large scale genome sequencing has become a critical part of SARS-CoV-2 surveillance globally. Yet, comprehensive analysis of genome sequences deposited to GISAID highlight stark global disparities with only 6% of genome sequences derived from low and middle income countries (20). In settings with limited access to sequencing capabilities, targeted sampling with low coverage of positive cases might be a possible alternative to representative sampling which would enable population-based surveillance. The Equato-Guinean Public Health Laboratory located in the Baney district of Bioko Island uses a hybrid approach combining rapidly adaptable spike gene mutation-specific RT-qPCR assays and whole genome sequencing to monitor the emergence, evolution, and spread of SARS-CoV-2 lineages in the country. Selection of samples for whole genome sequencing can be guided by the results of the mutation-specific RT-qPCR assays and has successfully led in the past to the discovery of the novel lineage B.1.620 (21). Additionally, results from mutation-specific RT-qPCR assays can be generated in real-time in standard local diagnostic laboratories and therefore genomic surveillance becomes actionable. Before implementing mutation-specific RT-qPCR assays, it took more than 8 weeks between sample collection and providing the information to the Ministry of Health that the Beta VOC is circulating in Equatorial Guinea based on the whole genome sequencing approach. By this time, the Beta VOC was already the dominant lineage. By using the L452R-specific RT-qPCR assay, the time from sample collection to providing the information of potential introduction of the Delta VOC was significantly reduced to <1 week. The first Delta VOC whole genome sequence was generated and uploaded to GISAID 8 weeks later.

We propose that in locations where SARS-CoV-2 sequencing capacity are limited and difficult to sustain, sequencing resources might be better utilized when focusing on phases in-between epidemiological waves which are characterized by lower infection rates. This might provide essential information on the introduction or emergence of new variants that might soon dominate the ensuing COVID-19 wave. Increase of sequencing efforts during times of high infection rates in the population might not yield novel sequencing information based on the strong dominance of distinct variants at that time.

We describe here the case of an asymptomatically infected adult male carrying two distinct lineages of SARS-CoV-2 that are both VOCs. The Beta VOC was first described in South Africa in October 2020 and has become the dominant lineage in many African countries by March 2021 (22). The Delta VOC was first described in India in October 2020 and has become the dominant lineage worldwide by August 2021 (23). Both VOC lineages have been circulating in Equatorial Guinea at the time when this co-infection was identified. Co-infection events between dominant SARS-CoV-2 lineages have been previously reported from the USA in 0.18% (53/29,993) of sequenced samples (24) and Brazil in 0.61% (9/1,462) of investigated samples (7). To our knowledge, this is the first time that a co-infection between the Beta and Delta VOCs is reported globally. Recombination among Coronaviridae, including SARS-CoV-2, has been described as an important evolutionary mechanism underlying genetic shift (9, 25). Newly recombined viruses might result in increased transmissibility or immune evasion and therefore continuous genomic monitoring of SARS-CoV-2 lineages are warranted (8, 22). Strengthening and continuous support of public health laboratories in Sub-Saharan countries to avoid underreporting of cases and enhance detection of emerging variants is a prerequisite for successful and global SARS-CoV-2 containment (20).
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Coronavirus disease 2019 (COVID-19) is an emerging life-threatening pulmonary disease caused by infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which originated in Wuhan, Hubei Province, China, in December 2019. COVID-19 develops after close contact via inhalation of respiratory droplets containing SARS-CoV-2 during talking, coughing, or sneezing by asymptomatic, presymptomatic, and symptomatic carriers. This virus evolved over time, and numerous genetic variants have been reported to have increased disease severity, mortality, and transmissibility. Variants have also developed resistance to antivirals and vaccination and can escape the immune response of humans. Reverse transcription polymerase chain reaction (RT–PCR) is the method of choice among diagnostic techniques, including nucleic acid amplification tests (NAATs), serological tests, and diagnostic imaging, such as computed tomography (CT). The limitation of RT–PCR is that it cannot distinguish fragmented RNA genomes from live transmissible viruses. Thus, SARS-CoV-2 isolation by using cell culture has been developed and makes important contributions in the field of diagnosis, development of antivirals, vaccines, and SARS-CoV-2 virology research. In this research, two SARS-CoV-2 strains were isolated from four RT–PCR-positive nasopharyngeal swabs using VERO E6 cell culture. One isolate was cultured successfully with a blind passage on day 3 post inoculation from a swab with a Ct > 35, while the cells did not develop cytopathic effects without a blind passage until day 14 post inoculation. Our results indicated that infectious SARS-CoV-2 virus particles existed, even with a Ct > 35. Cultivable viruses could provide additional consideration for releasing the patient from quarantine. The results of the whole genome sequencing and bioinformatic analysis suggested that these two isolates contain a spike 68-76del+spike 675-679del double-deletion variation. The double deletion was confirmed by amplification of the regions spanning the spike gene deletion using Sanger sequencing. Phylogenetic analysis revealed that this double-deletion variant was rare (one per million in public databases, including GenBank and GISAID). The impact of this double deletion in the spike gene on the SARS-CoV-2 virus itself as well as on cultured cells and/or humans remains to be further elucidated.
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INTRODUCTION

A novel coronavirus, named 2019-nCoV, was isolated from lower respiratory tract samples collected from patients with pneumonia, and this virus was identified in Wuhan, Hubei Province, China on December 21, 2019 (1). The disease caused by 2019-nCoV was named COVID-19, which is short for coronavirus disease 2019 and was named by the World Health Organization (2). The virus was later renamed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (3). This is the seventh human-infecting coronavirus (1, 4–7) and is one of a few life-threatening coronaviruses (1, 4, 7), which belongs to the Sarbecovirus subgenus, the Betacoronavirus genus, the Orthocoronavirinae subfamily, the Coronaviridae family, Cornidovirineae suborder, and the Nidovirales order (3). The COVID-19 pandemic has resulted in 251,788,329 cumulative cases and 5,077,907 deaths worldwide as of November 12, 2021 (https://covid19.who.int/); these numbers increase daily. Although the results of phylogenetic analyses have suggested that SARS-CoV-2 is closely related to SARS-like betacoronaviruses of bat origin, the genomic structure of SARS-CoV-2 is more similar to that of SARS-CoV (8). SARS-CoV-2 is an enveloped RNA virus consisting of a single-stranded positive-sense RNA genome of ~30 kilobases. The genome is composed of 11 coding regions that encode 12 potential gene products, including ORF1a, ORF1b, Spike (S), ORF3a, Envelope (E), Membrane (M), ORF6, ORF7a, ORF7b, ORF8, Nucleocapsid (N), and ORF10 (9). SARS-CoV-2 spreads widely and spreads primarily via active pharyngeal viral shedding and respiratory droplets by asymptomatic, presymptomatic, and symptomatic carriers during close contact, including talking, coughing, or sneezing (10). Although the evolution rate of SARS-CoV-2 is slower than that of other RNA viruses (e.g., HIV-1 or influenza virus), due to the genetic proofreading mechanisms among coronaviruses (11, 12), natural selection can work on rare but beneficial mutations. The dark side of virus evolution to humans is that genetic variations result in an increase in disease severity, mortality, transmissibility, resistance to antivirals and vaccination and escape from the immune response of humans. Accumulating SARS-CoV-2 variants are categorized as variants of interest (VOIs), variants of concern (VOCs), and variants under monitoring (VUMs). To date, five SARS-CoV-2 lineages, namely, alpha, beta, gamma, delta, and omicron variants, have been designated VOCs that have increased transmissibility and disease severities (13). SARS-CoV-2 has been detected in different types of clinical specimens, including bronchoalveolar lavage fluid, sputum, nasal swabs, pharyngeal swabs, feces, blood, and urine (14, 15). The entry of this virus is mediated by the binding of the cellular entry receptor angiotensin-converting enzyme 2 (ACE2), cofactors such as cellular serine protease TMPRSS2 (16) and potentiating factor neuropilin-1 (NRP1) (17).

Alongside the common clinical symptoms of COVID-19, including fever, dry cough, and shortness of breath, the diagnosis of COVID-19 has been rigorously developed in the past 2 years. The methods for COVID-19 diagnosis are nucleic acid amplification tests (NAATs), serology tests, and diagnostic imaging, such as computed tomography (CT) (18–21). Reverse transcription polymerase chain reaction (RT–PCR) is the method of choice among these diagnostic techniques to detect COVID-19 at an early stage and is very useful in the diagnosis and prevention of COVID-19 (22). It has been suggested that the viral load determined by using RT–PCR is associated with increased disease severity and mortality (23–25). However, RT–PCR cannot distinguish genomic RNA fragments from transmissible live viruses in clinical specimens and could lead to false-negative results in the diagnosis of COVID-19 (15, 21). The isolation of SARS-CoV-2 by using cell culture from clinical samples was suggested as a surrogate marker for infectivity and helps to determine deisolation protocols (26). In addition, SARS-CoV-2 culture might play an important role in the development of antivirals, vaccines, and SARS-CoV-2 virology research.

In this study, we report the isolation and identification of a rare spike gene double-deletion SARS-CoV-2 variant from a patient with a high cycle threshold value (Ct) by VERO E6 cell culture with blind passage. Strategies for higher virus isolation rates were discussed, and the evolutionary relationship between the rare double-deletion variant and SARS-CoV-2 deposited in public databases was analyzed.



MATERIALS AND METHODS


Sample Collection and Ethics Statement

The Tropical Medicine Center (TMC) with the facility of a biosafety level-3 laboratory of Kaohsiung Medical University Hospital (KMUH) obtained authority to perform SARS-CoV-2 culture from the Central Epidemic Command Center (CECC), Taiwan, in May 2020. The methods of SARS-CoV-2 qRT–PCR and virus culture were set up thereafter, and the investigation was performed in accordance with the laboratory biosafety guidelines of the Taiwan Centers for Disease Control (27). Nasopharyngeal swabs of suspected COVID-19 cases were collected in Universal Transport Medium (UTM) (Viral Transport Medium w/Special Swab was purchased from Creative Life Science Co. Ltd., New Taipei City, Taiwan) and were immediately sent for SARS-CoV-2 qRT–PCR. The swabs with positive results were subjected to virus culture on the same day or on the next day. The study was reviewed and approved by the Institutional Review Board of KMUH [KMUHIRB-E(I)-20200013].



RNA Extraction and the SARS-CoV-2 qRT–PCR

For the detection of the SARS-CoV-2 RNA genome, RNA was extracted from 140 μL nasopharyngeal swab samples in UTM using the QIAamp Virus RNA mini kit (QIAGEN, Germany) by following the manufacturer's procedure. Five microliters of RNA was immediately subjected to SARS-CoV-2 one-step qRT–PCR using the LightCycler Multiplex RNA Virus Master kit (Roche Diagnostics, Mannheim, Germany) in an Mx3000P PCR System (Agilent, USA). The SARS-CoV-2-specific primers and probes for the RdRP, E and N genes for qRT–PCR are outlined in Supplementary Table 1 (28). A Ct value <40 was considered a positive result (29). RNAse-free water and the RNA extracted from hCoV-19/Taiwan/4/2020 (EPI_ISL_411927, an isolate obtained from Taiwan Centers for Disease Control) cell culture supernatant were used as a negative control and positive control, respectively, in the qRT–PCR in the study.



SARS-CoV-2 Culture

The samples with positive qRT–PCR results were inoculated into VERO E6 cells, which were established from African green monkey kidney epithelial cells. VERO E6 cells were routinely maintained in Dulbecco's modified Eagle's medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), 1x antibiotic-antimycotic (Thermo Fisher Scientific, Waltham, MA, USA) and 1 mM sodium pyruvate (Thermo Fisher Scientific, Waltham, MA, USA) at 37°C in 5% carbon dioxide. One hundred microliters of original UTM sample and sample diluted 2X and 4X with serum-free DMEM containing 2X antibiotic-antimycotic was inoculated into VERO E6 cells that were preseeded in a 24-well plate (1 × 105 cells/well) in duplicate followed by incubation at 37°C and 5% CO2 for 1 h. Six hundred microliters of DMEM with 2% FBS was added to the well, the cells were maintained at 37°C in a 5% CO2 incubator, and the cytopathic effect (CPE) was observed daily. Basically, the CPE was confirmed by SARS-CoV-2 qRT–PCR of the culture supernatant. For the sample in which the CPE was not observed 3 days after inoculation, 100 μL of the culture supernatant was blindly passed into another well with a monolayer of VERO E6 cells. The cells were observed for CPE daily for up to 21 days. SARS-CoV-2 propagation was confirmed by qRT–PCR.



Virus Titer Quantification Assays

The median tissue culture infectious dose (TCID50) was determined in a 96-well plate with VERO E6 cells at a density of 1X104 cells per well. In brief, the supernatant collected from VERO E6 cells with CPE in SARS-CoV-2 culture was serially diluted with DMEM containing 2% FBS. The diluted virus solution (1 × 10−1 to 1 × 10−10) was inoculated into wells A to H in rows 1 to 10 in a 96-well plate with VERO E6 cells. The negative control was VERO E6 cells without any virus added, and these cells were placed in rows 11 and 12. On the day when CPE was observed, the cells were fixed with 4% formaldehyde and carefully washed twice with PBS. The cells were then stained with crystal violet (Tonyar Biotech. Inc., Taoyuan City, Taiwan), and the TCID50 was determined using the Reed and Muench method (30).



RNA Library Construction and Whole Genome Sequencing

RNA was extracted from 140 μL of nasopharyngeal swab samples in UTM using a QIAamp Virus RNA mini kit (QIAGEN, Germany). Before constructing the RNA library, the virus copy number was determined by using a COVID-19 Multiplex 1-Step RTqPCR Kit (Topgen Biotechnology Co., Kaohsiung, Taiwan). A total of 109 copies of SARS-CoV-2 genomic RNA were subjected to construction of the RNA library with the VAHTS Universal V8 RNA-seq Library Prep Kit for Illumina (Vazyme Biotech Co., Nanjing, China). Briefly, the RNA was fragmented into small pieces of ~150~200 nucleotides using divalent cations at 94°C for 8 min. Then, the fragmented RNA was reverse-transcribed to create the final cDNA library in accordance with the protocol provided by the manufacturer, and the average insert size for the paired-end libraries was 150 bp. After ligation with a barcode sequencing adapter, the qualified library (~300 bp) was further analyzed on a MultiNA MCE-202 (SHIMADZU Co., Kyoto, Japan) with a DNA 2500 Kit (SHIMADZU Co., Kyoto, Japan), and then we performed paired-end sequencing on a NovaSeq 6000 Sequencing System (Illumina, Inc., San Diego, USA) following the vendor's recommended protocol. A total of 20 million paired-end reads of 150 bp length were generated per sample using the Illumina (Illumina, Inc., San Diego, USA) paired-end RNA-seq approach. The paired-end reads were then trimmed for adapter sequences and filtered by a quality value (QV) ≥20 using fastp (v 0.19.5) (31), and read lengths of ≥145 bp were filtered by Filter FASTQ (v1.1.5) (32). The retained paired-end reads were merged using fastq-join (Version 1.1.2) (33). After that, all of the reads were assembled by Unicycler (v0.4.8.0) (34) into contigs.



Validation of the Variants by PCR Amplification and Sanger Sequencing

The RNA was reverse-transcribed by using 4x VirDect 1-step RT–qPCR Master Mix with random primers (Topgen Biotechnology Co., Kaohsiung, Taiwan) to create cDNA. To enable a fast-sequencing approach, amplifications were performed using 10 ng cDNA with TopPLUS PCR Master Mix (Topgen Biotechnology Co., Kaohsiung, Taiwan) and specific target primer pairs (Supplementary Table 1) with a working concentration of 250 nM on an Applied Biosystems 9700 Thermal Cycler (Applied Biosystems, USA) according to the manufacturer's instructions. The thermal cycling program used a protocol of 95°C for 3 min, 32 cycles of 95°C for 15 s, 60°C 20 s 72°C for 40 s, and a final extension of 72°C for 2 min. The amplified products were purified with VAHTS DNA Clean Beads (Vazyme Biotech Co., Nanjing, China) and were analyzed on the MultiNA MCE 202 with DNA 2500 Kit (SHIMADZU Co., Kyoto, Japan) to check the target amplicon length and quantity, and then the amplified products were used for Sanger sequencing according to manufacturer's protocol to confirm the single nucleotide variations (SNVs) and indel regions, respectively.



The SARS-CoV-2 Genomes and Evolutionary Analysis

The SARS-CoV-2 genomes were retrieved from the GISAID EpiCoV (https://www.gisaid.org/) and NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) databases. The selected SARS-CoV-2 sequences were aligned by MAFFT 7.490 (https://mafft.cbrc.jp/alignment/software/) (35). The evolutionary history was inferred by using ModelFinder to find the most appropriate evolutionary model (36), and a theoretical phylogenetic tree was reconstructed (bootstrap replication number 1000) using IQ-TREE 2.1.3 COVID-edition (37).




RESULTS


Detection and Isolation of SARS-CoV-2 in Nasopharyngeal Swab Samples

The COVID-19 case numbers in Taiwan were relatively low compared to those in most countries in the world during 2020 (Supplementary Figure 1). KMUH is located in Kaohsiung city, where COVID-19 is rarely found within Taiwan (Supplementary Figure 2). We collected nasopharyngeal swabs from four suspected COVID-19 patients who had just returned from traveling abroad and who had upper respiratory tract syndromes, and these patients were assigned by the CECC to KMUH for diagnosis and treatment from October to November 2020. SARS-CoV-2 genomic RNA was detected in the four nasopharyngeal swab samples using qRT–PCR as described in the Methods and Materials. Of these four samples, SARS-CoV-2 was isolated from two of the nasopharyngeal swabs by using VERO E6 cell culture. The Ct values of sample number 4 were 35.93, 36.26, and 36.98 for the E, RdRP and N genes, respectively, which were relatively high compared to those of sample number 1 (Table 1). SARS-CoV-2-induced CPE was observed, and the presence of SARS-CoV-2 genomic RNA was detected by using qRT–PCR (Table 1). It is worth noting that a CPE was not observed 3 days post-inoculation for sample number 4 using the original nasopharyngeal swab-UTM, while a CPE was observed 14 days post-inoculation with blind passage on day 3, which is the day that a CPE was not observed under microscope examination for sample number 4 (Supplementary Figure 3). CPEs were not observed for sample numbers 2 and 3 21 days post-inoculation, even though we did a blind passage on day 3 post inoculation. The two SARS-CoV-2 isolates were named KMUH-1, which was isolated from the sample of a traveler returned from the United Arab Emirates, and KMUH-2, which was isolated from the sample of a traveler from the Philippines. Neither patient received specific therapy because they had self-limiting and mild symptoms.


Table 1. Detection of the presence of SARS-CoV-2 using qRT–PCR and CPE on VERO E6 cells.
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Analysis of the KMUH-1 and KMUH-2 WGS Data

Complete genomic RNA sequences and data of the two SARS-CoV-2 isolates were uploaded to the GISAID EpiCoV database (https://www.gisaid.org/), and the amino acid substitutions were automatically reported in detail when compared to the reference, which was hCoV-19/Wuhan/WIV04/2019 (EPI_ISL_402124). The WGS coverage and depth distribution of KMUH-1 (EPI_ISL_5263327 and GenBank OL739246) and KMUH-2 (EPI_ISL_5395635 and GenBank OL739269) are shown in Figure 1A, and they were analyzed using Wuhan/WIV04/2019 as a reference sequence. Alignment and sequence comparisons of KMUH-1 and KMUH-2 to the reference sequence NC_045512.2 The SARS-CoV-2 isolate Wuhan-Hu-1/2019 was performed using Nextclade v1.7.3 (https://clades.nextstrain.org) (38) to verify the results of the virus detail report from GISAID. The results revealed two deletions, a 27-nucleotide (nt) and a 15-nt sequence at positions 21,764–21,790 and 23,585–23,599, in the spike genes of both KMUH-1 and KMUH-2, as shown in Figure 1B, Table 2. This double deletion resulted in amino acid (aa) 68-76 deletion and aa 675-679 deletion in the spike protein predicted in silico. The double-deletion variation was confirmed by using RT–PCR to check the target amplicon length (Figure 1C) and by Sanger sequencing (Figure 1D) using clinical samples to rule out possible mutation events during virus culture. In addition to the double deletion, the results suggested that there were SNVs in the orf1ab, spike and n genes (Table 2). The SNVs at nt positions 23,014 and 25,002, which resulted in E484D and S1147 L aa substitutions in the spike protein, were confirmed by RT–PCR and Sanger sequencing (Figure 1E). These double deletions and SNVs together resulted in coverages of 99.85% and 99.84% and depths between 2000 and 60000 in KMUH-1 and KMUH-2, respectively, when compared to the reference sequence.
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FIGURE 1. In-frame deletion and SNV in the spike gene in the SARS-CoV-2 genome. (A) WGS coverage and depths of KMUH-1 and KMUH-2. (B) Genomic regions of the spike gene deletion according to the genomic positions of the reference strain Wuhan-Hu-1/2019. (C) Results of Sanger sequencing of the regions spanning deletions in the spike gene in KMUH-1 and KMUH-2. (D) Deletions in the spike gene were verified by RT–PCR, which showed a reduced amplicon size. (E) Sanger sequencing of nt positions 23,014 and 25,002, which resulted in E484D and S1147 L aa substitutions in the spike protein. The Sanger sequencing results of KMUH-1 were used as a representative.



Table 2. The sequence variation of KMUH-1 and KMUH-2 compared to the reference Wuhan-Hu-1/2019.
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Model Selection and Phylogenetic Tree Construction

To understand the evolutionary relationships of the two isolates in this study with similar strains, we downloaded the appropriate SARS-COV-2 genomes from the GISAID and GenBank databases. First, we searched highly similar SARS-COV-2 variants by sequence mining using Betacoronavirus BLAST (BLASTN) (39) using the KMUH-1 and KMUH-2 genomes as nucleotide queries. The analysis was performed on November 1, 2021. The three most similar sequences that produced significant alignments in the BLAST report were MT479224.1, MW368439.1, and MW514307.1, which featured either one or double deletions that were in a similar position in the spike gene as the deletions of KMUH-1 and KMUH-2. Next, we searched the SARS-COV-2 variants containing spike I68del, spike T76del, spike Q675del, and spike N679del in the GISAID EpiCoV database, and these samples were collected between January 1, 2020 and November 30, 2020. The query results returned included 32 spike I68del strains, 20 spike T76del strains, 59 spike Q675del strains and 70 spike N679del strains. The strains containing spike I68del+spike T76del and the strains containing spike Q675del+spike N679del were manually selected for further analyses. A total of 102 sequences containing Spike 68-76del (32 strains) and/or Spike 675-679del (70 strains) were checked manually for the sequence containing long runs of N, which were not included in the next step of analysis. MT479224.1 was removed at this stage because the same sequence was also deposited in the GISAID EpiCoV database. A panel of 72 sequences containing Spike 68-76del and/or Spike 675-679del retrieved from the GISAID EpiCoV database (70 sequences including KMUH-1 and KMUH-2) and from GenBank (2 sequences) were selected for phylogenetic tree construction. These 72 sequences were aligned using MAFFT v 7.490 (35), and the sequences were trimmed at the 5′ and 3′ ends to give the same size of sequences (29766 nt).

Before construction of the phylogenetic tree of the 72 SARS-COV-2 genomes, the sequences were analyzed by using ModelFinder (36) to find the most appropriate evolutionary model. Maximum likelihood fits of 69 different nucleotide substitution models were computed, and the results suggested TIM2+F+I as the best fitted model with the lowest Baysian information criterion (BIC) scores among the 69 different nucleotide substitution models that were tested. To estimate the ML values, a tree topology was automatically computed. The optimal log likelihood for this computation was −43464.789. There were a total of 29766 positions in the final dataset. Evolutionary analyses were conducted in IQ-TREE 2.1.3 COVID-edition (37). An original tree is shown in Figure 2. The 72 strains were grouped into six phylogenetic clades. The calculation results suggested that the two SARS-CoV-2 isolates were closely related to the strains from the clinical samples that were collected in Thailand (EPI_ISL_444275 Thailand/NIH-15/2020), Malaysia (EPI_ISL_416884 Malaysia/MKAK-CL-2020-5049/2020), and Taiwan (EPI_ISL_444275 Taiwan/CGMH-CGU-22/2020), which belong to clade I. The viruses included in the analysis contained the Spike 68-76del variation, Spike 675-679del variation and Spike 68-76del+Spike 675-679del double-deletion variation are 10, 25, and 6 strains, respectively (Figure 3). Considering that the same deletion event (spike 68-76del and/or spike 675-679del) was relatively rare compared to the same SNVs, the two SARS-CoV-2 isolates were closest to EPI_ISL_416884 Malaysia/MKAK-CL-2020-5049/2020, EPI_ISL_444275 Taiwan/CGMH-CGU-22/2020, and EPI_ISL_430442 Malaysia/IMR WC1098/2020.
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FIGURE 2. Phylogenetic analysis of 72 closely related SARS-CoV-2 genomes by the maximum likelihood method. The phylogenetic analysis was inferred by using the maximum likelihood method using TIM2+F+I as the best fitted model with the lowest Baysian information criterion (BIC) scores. An original tree was displayed using FigTree v1.4.4 with bootstrap values and a scale bar. The viruses are shown as the virus name (GISAIG) or accession number (GenBank)/sample collection year (date/pangolin_lineage/GISAID_clade/nextstrain_clade). •: Spike 68-76del; ■: Spike 675-679del; ♦ Spike 68-76del+Spike 675-679del double deletion.
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FIGURE 3. Illustration of the spike gene variants in this study. The spike gene variations in the 72 closely related SARS-CoV-2 genomes were analyzed using Nextclade v1.7.3 using NC_045512.2 SARS-CoV-2 isolate Wuhan-Hu-1/2019 as a reference sequence. Box indicator: Red➔ The two isolates in this study, Orange➔ Phylogenetically closest strains with deletion(s) in the spike gene, which were the earliest recorded and deposited in the GISAID EpiCoV database, and the samples were collected between 2020-01-01 and 2020-11-30, Blue➔ Spike 68-76del, Green➔ Spike 675-679del, and the dotted line indicates the double-deletion variants. Other colorful bars indicate amino acid substitutions.





DISCUSSION

In this study, we isolated two SARS-CoV-2 strains from nasopharyngeal swabs from Taiwanese travelers who returned from the United Arab Emirates and the Philippines. Notably, the KMUH-2 strain was isolated by using VREO E6 cell culture from a nasopharyngeal swab collected 7 days post-symptom onset and featuring relatively high Ct values for qRT–PCR. The two isolates had the same double deletion, and a few SNVs across the orf1ab, spike and n genes resulted in coverages of 99.85% and 99.84%, respectively, when compared to the reference sequence. The phylogenetic analysis suggested that the two isolates were closely related to the strains collected in Thailand (EPI_ISL_444275) and Malaysia (EPI_ISL_416884). The earliest documented SARS-CoV-2 strains with the Spike 68-76del variation, Spike 675-679del variation and Spike 68-76del+Spike 675-679del double-deletion variation were EPI_ISL_416884 Malaysia/MKAK-CL-2020-5049/2020(Jan/24-B/L/19A), EPI_ISL_416884 Malaysia/IMR WC1098/2020(Feb/29-B/L/19A) and EPI_ISL_444275 Taiwan/CGMH-CGU-22/2020(Mar/18-B/L/19A) (Figure 3), respectively. Notably, EPI_ISL_4168 84 Malaysia/MKAK-CL-2020-5049/2020 (Jan/24-B/L/19A) retained a 60-nt insertion starting from nt position 194, which was not observed in the two isolates in this study and other strains included in the phylogenetic analysis. Although the phylogenetic analysis suggested that the two isolates were phylogenetically closest to the three spike gene variants listed above, it is possible that the two isolates originated from other variants with either the Spike 68-76del variation or the Spike 675-679del variation due to the nature of this rapidly changing RNA virus. It is also possible that the two isolates evolved from a wild-type (non-deletion) strain since the three variants mentioned above emerged only 2–3 months after SARS-CoV-2 was first isolated.

It has been suggested that the presence of a furin cleavage site around the S1/S2 site (~aa 675-685) in wild-type SARS-CoV-2 is required for viral entry into host cells and potentially enhances its pathogenicity compared to SARS-CoV, which lacks this furin clevage site (40). Recently, Cantuti-Castelvetri et al. suggested that a variant with spike 675-679del (QTQTN) (MW718191.1 human/Finland/FIN-1-VE6-P1/2020) loses its furin cleavage site and infects ACE2- and TMPRSS2-overexpressing HEK-293T cells in an NRP1-independent manner. The loss of its furin cleavage site resulted in the impairment of NRP-1-potentiating ACE-2 infection of host cells (17). In addition, Ramirez et al. reported that a human hepatoma cell clone Huh7.5-adapted-SARS2 accumulated genetic changes, including Spike 68-76del in the N-terminal domain. Huh7.5-adapted SARS-CoV-2 (MZ049598.1 human/DNK/SARS-CoV-2 DK-AHH1 cell culture adapted/2020) was able to infect A549 lung cancer cells, which resulted in a CPE, whereas the original SARS-CoV-2 strain was unable to infect A549 cells. They also found that this spike 68-76del variant is more susceptible to IFN-α2b treatment than the original SARS-CoV-2 strain. Notably, spike 68-76del was not observed in SARS-CoV-2 (MZ049597.1 human/DNK/SARS-CoV-2 DK-AHH1) isolated using VERO E6 cells for virus isolation (41). In our opinion, the self-limited mild symptoms of the two COVID-19 patients infected with KMUH-1 and KMUH-2 with the spike 68-76del+spike 675-679del double-deletion variation in this study might have resulted from the combination of the effects of spike 68-76del and 675-679del variations due to its lower infection rate compared to wild-type virus and increased susceptibility to IFN-α2 induced upon infection. However, the impact of this double deletion in the spike gene on SARS-CoV-2 itself as well as on host cells is largely unknown. The double-deletion variant identified in this study needs to be investigated further to answer this question.

The clinical management and prevention of COVID-19 greatly depend on the timely and accurate identification of people who are infected by SARS-CoV-2. NAATs (e.g., RT–PCR) are performed to detect trace amounts of the genomic sequence of a pathogen even when the patients do not have clinical signs or symptoms. However, RT–PCR can only amplify specific target sequences of SARS-CoV-2 but cannot distinguish genomic fragments from infectious viruses, and it cannot quantify the live virus present in clinical specimens. Several studies have suggested that it is difficult to isolate SARS-CoV-2 from clinical samples with a Ct >30~35 (26, 42–46). Among these studies, Huang et al. reported that the virus was culturable in one out of 38 samples (Ct > 34-35), with the highest Ct = 35.2 targeting the N gene using VERO E6 cells in virus culture (43). La Scola et al. reported that “No culture was obtained from samples with a Ct > 34” targeting the E gene (0/7) using VERO E6 cells in virus culture (44). Singanayagam et al. reported that “virus propagation was successful from five of sixty samples with a Ct > 35” targeting the RdRp gene using VERO E6 cells in virus culture (45). These results suggested that SARS-CoV was quite difficult to cultivate from clinical specimens with a Ct > 35. According to the above studies and our results, infectious SARS-CoV-2 virus particles existed, even with a Ct > 35 in the sample. Basile et al. concluded that SARS-CoV-2 culture may be used as a surrogate marker for infectivity and can determine the deisolation protocols for patients who recover clinically but who are still positive for nucleic detection by PCR (26). Moreover, isolation of live virus plays a crucial role in virology research and in epidemiological studies of SARS-CoV-2 infections. In the current study, SARS-CoV-2 was isolated in one out of the three nasopharyngeal swabs with a Ct > 35 in the three genes analyzed (Table 1). We cultivated the virus with a blind passage on day 3 post inoculation of nasopharyngeal swabs in this study. Sample number 4 did not induce a CPE from day 3 through day 14 post inoculation, while the cells developed CPEs 14 days post-inoculation with blind passage on day 3. It has been reported that no positive viral culture was observed using samples from whom the symptom onset to test (STT) was >8 days (42). This may be the reason why the virus was difficult to cultivate from sample number 4; the STT was 7 days, while the STT of sample number 1 was 1 day. The reason why we did not isolate SARS-CoV-2 from sample numbers 2 and 3 might be that the virus was inactivated during collection and/or processing, although viral RNA was detectable because the presence of the viral genome may not represent a transmissible live virus (47). Another possible reason might be that the antibiotics used in cell culture suppress the growth of viruses (48). In addition to using genetically engineered cells (e.g., ACE2-, TMPRSS2-, and NRP1-overexpressing cells) to facilitate the binding of the virus to the target cells (17), it has been discussed that the method of cultivating viruses may be improved by adjusting other factors, such as by using a prolonged incubation of the culture, and a periodic performance of “blind passages” of the infected cell showed increased infectivity to optimize the detection of low titers and/or slow-growing viruses. The inoculation of cell cultures at 32–34°C instead of 37°C may improve the cultivation of the virus because SARS-CoV-2 spreads mainly through active nasopharyngeal viral shedding (10, 49–51). These alternative methods warrant further investigation to optimize the procedures for the isolation of SARS-COV-2 by cell culture.

To understand the epidemiology of the double-deletion variant identified in this study, we performed a real-time phylogenetic analysis using UShER (Ultrafast Sample placement on Existing tRee) (52) to find the most similar complete and high-coverage SARS-CoV-2 sequences from the GISAID database or from other public sequence databases, such as the NCBI Virus/GenBank, COG-UK and the China National Center for Bioinformation (2021/11/12). The phylogenetic tree containing the two isolates and the 48 nearest neighboring GISAID and/or public sequences is shown in Figure 4. We next performed a BLAST analysis against the coronavirus genomes—NCBI datasets (485,252 complete genomes on 2021/11/12, human host) and GISAID EpiCoV database (5,087,245 viruses on 2021/11/12). One hundred hits and 30 hits are shown on the results page. These three subsets of SARS-CoV-2 sequences were downloaded and validated for the presence of the double-deletion variation by using Nextclade v1.7.3 with the Wuhan-Hu-1/2019 sequence used as the reference sequence. The results were unexpected, and no sequence other than the five entries shown in Figure 3 featured the double-deletion variation in the spike gene (Supplementary Figure 4; Supplementary Table 2). Taken together, these results indicate that the rare double-deletion variant identified in this study has never caused superspreading events within the past 2 years, since there were only five isolates containing spike gene double deletions from January 1, 2020 to November 12, 2021 for which clinical samples were collected in France (1), the Czech Republic (1) and Taiwan (3). It is also likely that most of the people infected with this spike protein double-deletion variant resulted in asymptomatic infection or self-limited mild symptoms who did not receive any specific therapy, so that this variant slipped away from the surveillance. These results raise some questions: 1. Why is this double-deletion variant so rare (one per million in the database on November 12, 2021)? 2. Why did this double-deletion variant not cause superspreading events? 3. What is the difference in the clinical symptoms and outcome of COVID-19 between the patients infected with this double-deletion variant and those infected with the wild-type (WT), the Variants of Concern (VOC) or the Variants of Interest (VOI)? 4. What is the difference in the immune response status of patients infected with this double-deletion variant and those infected with the WT, VOC and VOI? The final question is whether the antibody induced by the spike gene double-deletion variant neutralizes the WT, VOC and VOI SARS-CoV-2. If so, this rare double-deletion variant causing self-limited mild symptoms, at least in this study, may play a role in the development of SARS-CoV-2 vaccines and in the prevention and control of COVID-19 with the oral polio vaccine in mind.
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FIGURE 4. Phylogenetic analysis by using UShER. The phylogenetic tree was generated with UShER using maximum parsimony. UShER enables real-time phylogenetics for the SARS-CoV-2 pandemic using a phylogenetic tree version containing 5,035,953 genomes from GISAID, GenBank, COG-UK, and CNCB (2021-11-12). The phylogenetic tree data were visualized using Auspice v2.32.0 powered by Nextstrain (53). The 50 nearest neighboring GISAID and/or public sequences already in the UShER phylogenetic tree are shown.


One limitation of this study is that the clinical samples we obtained are rare due to the Taiwanese government's rapid, coordinated, and early response, which was learned from experience during the SARS-CoV outbreak in 2003 (54). Thus, we cannot systematically test the effects of the parameters mentioned above (e.g., blind passage and/or incubation of the cells at 32–34°C instead of 37°C) on the SARS-CoV-2 isolation rate in the samples with a high Ct (e.g., Ct >35). In addition, the Ct value reported in this study might not necessarily be comparable to all of the other studies, since no single procedure for sample collection, PCR reagents, primer sequences, PCR machines, and SARS-CoV-2 genes are standardized between laboratories, not to mention the other parameters such as the cell type and medium conditions used in virus culture, the specimen type and/or the variation of STT. Finally, the results of the phylogenetic analysis in this study only explain the distance between the two isolates and other strains but do not demonstrate the evolutionary history or determine the geographic relationship between them since the traveling history of patients was not disclosed by the SARS-CoV-2 sequence submitters.



CONCLUSION

In conclusion, we isolated two SARS-CoV-2 viruses from two nasopharyngeal swabs collected from travelers who returned from the United Arab Emirates and the Philippines by using VERO E6 cell culture. Notably, KMUH-2 was isolated from the samples collected 7 days STT with a Ct > 35 in all three of the genes that were analyzed using qRT–PCR using cell culture with blind passage on day 3, the day CPE was not observed under microscope examination in our lab. Our results indicated that infectious SARS-CoV-2 virus particles existed, even with a Ct > 35 in the sample. Cultivable viruses could provide additional consideration for releasing these patients from quarantine. In addition, we identified a rare double deletion in the spike gene by using bioinformatics analysis, RT–PCR and Sanger sequencing in these two isolates. To our knowledge, this spike 68-76del+spike 675-679del double-deletion variation has never been reported. The impacts of this double deletion in the spike gene on the SARS-CoV-2 virus itself as well as on cultured cells and/or humans are largely unknown. More investigations need to be conducted to answer the question raised above.
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SARS-CoV-2 is an emerging coronavirus threatening human health and the economy worldwide. As an RNA virus, variants emerge during the pandemic and potentially influence the efficacy of the anti-viral drugs and vaccines. Eight spike variants harboring highly recurrent mutations were selected and introduced into a replication-competent recombinant VSV in place of the original G protein (rVSV-SARS-CoV-2). The resulting mutant viruses displayed similar growth curves in vitro as the wild-type virus and could be neutralized by sera from convalescent COVID-19 patients. Several variants, especially Beta strain, showed resistance to human neutralizing monoclonal antibodies targeting the receptor-binding domain (RBD). A single dose of rVSV-SARS-CoV-2 Beta variant could elicit enhanced and broad-spectrum neutralizing antibody responses in human ACE2 knock-in mice and golden Syrian hamsters, while other mutants generated antibody levels comparable to the wild-type. Therefore, our results will be of value to the development of next-generation vaccines and therapeutic antibodies.
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INTRODUCTION

COVID-19 is a highly transmissible and life-threatening disease that emerged in December 2019. As of September 2021, more than 223 million confirmed cases and 4.6 million deaths were reported worldwide by WHO. The etiological agent of COVID-19, SARS-CoV-2, causes symptoms ranging from mild to lethal pneumonia and even multiple organ failure (1, 2).

SARS-CoV-2 is single-strand positive RNA virus belonging to the family Coronaviridae, genus Betacoronavirus. The genome of SARS-CoV-2 encodes four structural proteins, including spike (S), envelope (E), matrix (M), and nucleocapsid (N) (3). S protein is the major glycoprotein on the surface of SARS-CoV-2 and is responsible for receptor binding and membrane fusion (4, 5). S protein is processed by the host's furin protease into S1 and S2 (6). S1 interacts with receptor ACE2 through the receptor-binding domain (RBD), which is also the main target of the neutralizing antibodies (7). S2 mediates fusion between the viral envelop and the host cell membrane (6). Vaccines and therapeutic antibodies are key tools to control the pandemic of COVID-19 as vaccines developed by various platforms, such as mRNA, inactivated virus, adenovirus, and subunit vaccines, were approved for emergency use (8, 9). In addition, many therapeutic antibodies for COVID-19 are tested in clinical trials (10, 11).

RNA viruses have a higher mutation rate than DNA viruses (12). Amino acid changes in the viral surface proteins can significantly affect antigenicity, pathogenicity, and transmission. For example, a single serine-to-asparagine substitution (S139N) in the prM protein of the Zika virus contributes to fetal microcephaly (13). An A226V mutation in the E1 protein of the Chikungunya virus (CHIKV) enhanced the vector competence of Aedes albopictus, largely driving the fast spreading of CHIKV from Africa to Asia and the West hemisphere (14).

Since D614G became the dominant strain of SARS-CoV-2, the major emerging variants were divided into two categories, one was classified as “variants of concern” including alpha, beta, gamma and delta variants, the other was “variants of interest” like epsilon, eta, lota and kappa variants. Among them, the alpha and beta variants were the most studied variants. Alpha variant from UK was illustrated to be sensitive to neutralization by most RBD-directed monoclonal antibodies (mAbs) and similarly neutralization to patient sera recovered from COVID-19 compared with D614G (15, 16). However, beta variant from South Africa was demonstrated to be more resistant to mAbs and plasma from convalescent patient and vaccinated individuals (16–18). As for cross-variant neutralization, gamma variant from Brazil and beta variant were regarded tough to neutralize on account of evading antibody responses induced upon infection and vaccination, as well as therapeutic antibodies compared to alpha (19, 20), while gamma variant was revealed less resistance to beta in the meantime (20). In addition, delta variant from India was also identified resistant to antibodies raised by infection and vaccination (21).

This study investigated the biological significance of natural circulating variants with mutations in the S protein of SARS-CoV-2. To achieve this, we generated the replication-competent recombinant VSVs expressing eight S variants (22). Besides the infectivity and reactivity to neutralizing antibodies, we also determined the immunogenicity of the variants in a hACE2 knock-in mouse model.



MATERIALS AND METHODS


Ethics Statement

All rVSV recombinant virus system studies were performed under biosafety level 2 (BSL2) conditions. All mice experiments were conducted strictly according to the bioethics guidelines and were approved by the Bioethics Committee of the Institute of Zoology, Chinese Academy of Sciences (Approval number: IOZ-IACUC-2020-036). Human sera samples of COVID-19 convalescent patients were collected from the Department of Virology, State Key Laboratory of Pathogen and Biosecurity, Institute of Microbiology and Epidemiology, Academy of Military Medical Sciences, Beijing, China. Written informed consents were provided by the patients before the study. All sera samples were incubated at 56°C for 30 min to inactivate the complement before experiments (22).



Plasmids

rVSV vector plasmid was designed, synthesized, and constructed as described previously (23). Briefly, firefly luciferase encoding sequences were added at nt72 to generate the rVSV-Luc-G plasmid for use as the backbone for other plasmids. S from strain Wuhan-Hu-1 (GenBank: MN908947) was then codon-optimized for human cells and cloned into rVSV-Luc-G plasmid, replacing the VSV glycoprotein coding sequence (3845–5380). The resulting plasmid rVSV-Luc-SARS-CoV-2 (rVSV-SWT) (wildtype) was used as the template and modified to different variants by site-directed mutagenesis. Primers for mutations were V367F: sense 5′-gtggccgactactccttcctgtacaactccgcc-3′; antisense 5′-ggcggagttgtacaggaaggagtagtcggccac-3′; G476S: sense 5′-gagatttaccaggccagctctaccccatgcaac-3′; antisense 5′-gttgcatggggtagagctggcctggtaaatctc-3′; V483A: sense 5′-cccatgcaacggcgcagagggcttcaact-3′; antisense 5′-agttgaagccctctgcgccgttgcatggg-3′; D614G: sense 5′-ccgtgctgtaccagggagtgaactgcaccga-3′; antisense 5′-tcggtgcagttcactccctggtacagcacgg-3′; D839Y: sense 5′-attaagcagtacggctactgcctgggcgacatt-3′; antisense 5′-aatgtcgcccaggcagtagccgtactgcttaat-3′; D936Y: sense 5′-attggcaagattcagtactctctgagcagcaca-3′; antisense 5′-tgtgctgctcagagagtactgaatcttgccaat-3′. Alpha variant: N501Y mutation, sense 5′-cttccagcctacatacggcgtgggctaccagc-3′, antisense 5′-gctggtagcccacgccgtatgtaggctggaag-3′; D614G mutation, sense 5′-ccgtgctgtaccagggagtgaactgcaccga-3′, antisense 5′-tcggtgcagttcactccctggtacagcacgg-3′. Beta variant: K417N mutation, sense 5′-gccagacaggcaatatcgccgactac-3′, antisense 5′-gtagtcggcgatattgcctgtctggc-3′; E484K mutation, sense 5′-gcaacggcgtgaagggcttcaactg-3′; antisense 5′-cagttgaagcccttcacgccgttgc-3′; N501Y mutation, sense 5′-cttccagcctacatacggcgtgggctaccagc-3′, antisense 5′-gctggtagcccacgccgtatgtaggctggaag-3′; D614G mutation, sense 5′-ccgtgctgtaccagggagtgaactgcaccga-3′, antisense 5′-tcggtgcagttcactccctggtacagcacgg-3′.



Cells, Antibodies, and Proteins

HEK293T cells (American Type Culture Collection [ATCC], CRL-3216), and Vero cells (ATCC, CCL-81) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 8% fetal bovine serum (FBS), 1% L-glutamine, and 1% Penicillin-Streptomycin solution (P/S) at 37°C with 5% CO2.

MAbs of SARS-CoV-2 were gifts from Dr. Linqi Zhang's lab at Tsinghua University (24). These mAbs were screened from B cells of convalescent patients of COVID-19 using SARS-CoV-2 RBD as bait and showed no obvious overlapping epitopes with each other as confirmed by competitive ELISA. Rabbit anti-RBD polyclonal antibody against SARS-CoV-2 S protein (Cat. 40592-T62, Sino Biological, China) was purchased from Sino Biological Inc (Beijing, China). Dr. Xinquan Wang's lab generously provided ACE2 protein at Tsinghua University (25).

The sera were obtained during Feb, 2020 from COVID-19 convalescent patients all infected by Wuhan-Hu-1 strain (SARS-CoV-2 WT) (22). The ages of patients ranged from 21 to 57, among which three were severe, three were moderate and two were mild.



Genome Analysis

SARS-CoV-2 genome and S protein sequences were downloaded from the Global Initiative for Sharing All Influenza Data (GISAID) on November 5, 2020, which used for constructing a phylogenetic tree and identifying mutations. On the GISAID website (https://www.gisaid.org/), download settings “complete” and “high coverage” were checked (26, 27). For the “Host,” “Human” was selected on the drop-down menu, and 131,448 sequences were downloaded in total.

The S protein sequences were back-translated to the S gene sequences on the SARS-CoV-2 genome (28). A sequence screening process was conducted based on the following criteria:

1. The number of “N” in the whole genome is smaller than 21;

2. The number of “N” in the back-translated S gene is smaller than 4;

3. The number of “X” in the back-translated S gene is smaller than 4;

4. The length of the back-translated S gene is less than or equal to 5,000, and the start position on the SARS-CoV-2 genome is greater than or equal to 19,000.

A multiple sequence alignment of 4,207 non-redundant SARS-CoV-2 S gene sequences as of May 2020 was performed using MAFFT (29). The alignment result was used to construct a phylogenetic tree by IQ-TREE (30). The S protein sequences were likewise aligned using MAFFT. The result was parsed by custom python code to provide the corresponding protein mutation information. Finally, the phylogenetic tree with annotated mutation information was visualized using the ggtree package in R (31–33).

Sequences of SARS-CoV-2 carrying corresponding mutations, which used for plotting histograms of monthly frequencies were different from those mentioned above. A new batch of SARS-CoV-2 genome and S protein sequences were downloaded from GISAID on January 20, 2021. On the GISAID website, download settings “complete,” “collection date compl,” and “high coverage” were checked. For the “Host,” “Human” was selected on the drop-down menu, and 265,195 sequences were downloaded.

The back-translation, screening, S protein alignment, and mutation calling process were the same as described above. Bar charts were plotted using the ggplot2 package in R (34).



Recombinant VSV

rVSVs were rescued by reverse genetics methods as described previously (22). Briefly, HEK293T cells in 6 cm dishes were transfected with rVSV backbone plasmid (1.6 mg) and five supporting plasmids encoding T7 polymerase (8.1 mg), N (1.286 mg), P (639 ng), M (169.9 ng), and L (169.9 ng) by calcium phosphate transfection. The recovered viruses were confirmed by cytopathic effects and subsequently passaged on Vero cells.

The rVSVs were tittered on Vero cells by focus-forming assays. Vero cells were seeded in 96-well plates with 2.0 × 104 cells/well in triplicate. Viruses to be examined were infected with 10-fold serial dilution at 28°C and incubated with DMEM containing 2% FBS plus 20 mM NH4Cl after 3 h infection. The virus titers were determined by immunofluorescence assays using the anti-S polyclonal antibody at 24 h post-infection.

Plaques formed by rVSVs were measured on Vero cells. Cells were infected by rVSVs in 24-well plates with ten-fold dilution in triplicate. The cells were then incubated in DMEM containing 2% FBS and 2% CMC-Hanks at 28°C after 3 h infection. Viral plaques were generally formed within 7 days and stained with 1% crystal violet.



Western Blot

Twenty-milliliter rVSV stocks with titers of about 106 FFU/ml were ultra-centrifuged with a 25% sucrose cushion at 39,000 rpm (SW41 rotor, Beckman, Fullerton, CA, USA) 4°C for 3 h and pellets were resuspended in 100 μl Phosphate-buffered saline (PBS). rVSV-infected cells were lysed with RIPA lysis buffer in accordance with the manufacturer's manual (Cat.89901, Thermo Fisher Scientific, USA). Samples from supernatants and cell lysates were separated by 8% SDS-PAGE and immunoblotted with anti-RBD polyclonal antibody against SARS-CoV-2 S protein (Cat. 40592-T62, Sino Biological, China) and anti-GAPDH mAb (Cat KM9002, Sungene biotech, China), each at a 1:2,000 dilution.



Focus-Forming Assays

rVSV-infected cells were fixed with 4% paraformaldehyde (PFA) at room temperature (RT) for 1 h at 24 h post-infection. After being permeabilized with 0.05% Triton X-100 in PBS for 10 min and washed three times, the cells were incubated with rabbit polyclonal antibody recognizing the S RBD of SARS-CoV-2 (1:1,000) in 3% bovine serum albumin in PBS at RT for 1 h. After three washes with PBS, cells were incubated with Alexa Fluor 488 conjugated goat anti-rabbit secondary antibody (A-11034, Thermo Fisher Scientific, USA; 1:500) at RT for 30 min. After staining the nuclei with Hoechst 33342 (1 mg/ml) for 10 min, the cells were examined by confocal microscopy (Zeiss LSM 710, Germany).



Virus Growth Curve

Vero cells in T25 flasks were infected with rVSVs at a multiplicity of infection (MOI) of 0.01. Supernatants were collected at indicated time points post-infection and tittered by focus-forming assays on Vero cells.



Luciferase Assays

Vero cells were seeded in 384-well plates at 6.6 × 103 cells/well in triplicate 24 h before infection. After infection with rVSVs for 24 h, the culture medium was incubated with 30 ml luciferase substrate (Bright-Glo Luciferase Kit, Promega, USA). After incubation for 5 min at RT, 60 ml lysates were transferred to black flat bottom 384-well plates and scanned by a microplate luminometer (PerkinElmer, USA).

Neutralization of rVSVs by sera and mAbs was performed as described in (22). Briefly, Vero cells were seeded in 384-well plates at 6.6 × 103 cells/well 24 h before infection. Human sera or mAbs were two-fold serially diluted in duplicate and incubated with 1,000 FFU rVSVs for 1 h at 37°C. Mixtures were then added to cells in 384-well plates and incubated at 37°C for 24 h with 5% CO2. The luminescence was measured as described above. IC50 values were calculated by the Reed-Muench method (35).

Neutralization of rVSVs against sera from immunized hamster by authentic virus was performed in certified BSL-3 laboratory. Vero cells were seeded in 96-well plates with 80% confluence at the time of infection. Sera from immunized hamster were two-fold serially diluted in duplicate and incubated with 100 TCID50/well authentic SARS-CoV-2 Wuhan-Hu-1 strain at 37°C for 1 h. The cytopathic effect (CPE) of each well were recorded on day 4 and evaluated under microscopes. Neutralization titers were correspondingly calculated as the highest dilution of sera revealing 50% inhibition activity of authentic virus (IC50).



Animal Immunization

The human ACE2 (hACE2) knock-in mouse model was developed by the Institute of Zoology, Chinese Academy of Sciences, Beijing, China. Briefly, the specific sgRNA, Cas9 mRNA, and the donor vector containing homology arm and hACE2 cDNA with BGH PolyA were mixed and microinjected into the pronuclei of ICR zygotes. Then, the injected zygotes were transferred into the oviducts of pseudo-pregnant foster mother mice. Finally, the hACE2 cDNA was inserted following the control sequence of mouse ACE2.

Six to eight-week-old female hACE2 mice were immunized with a single dose of rVSV via the intraperitoneal injection (i.p.) route (200 μl per mouse). Morbidity and weight were monitored for 7 days post-vaccination. In addition, serum samples were collected 28 days post-vaccination for evaluating NAb titers against rVSV-SWT or rVSV-S variants.

Five golden Syrian hamster per group were immunized respectively with rVSV-SWT and rVSV-SBeta via intramuscular and intranasal injection routes (105 PFU/hamster). Sera samples were collected 30 days post-vaccination and the neutralizing titers were evaluated by live SARS-CoV-2 neutralization assays.



Statistical Analyses

Statistical analyses were performed by GraphPad Prism 9.0 software (GraphPad Software, San Diego, CA, USA.). Quantitative data in the paper were displayed in mean ± SD form. Statistical significance was identified by ANOVA analyses for multiple comparisons in GraphPad Prism 9.0. Differences with p < 0.05 were regarded as statistically significant. IC50 (EC50) values in the paper were all calculated by the Reed-Muench method.




RESULTS


Construction of rVSV-SARS-CoV-2 Natural Variants

To study the emerging variants of SARS-CoV-2 during the pandemic, we collected 24,743 SARS-CoV-2 sequences reported in the GISAID database on May 21, 2020 and compared them with the reference Wuhan-Hu-1 stain (MN_908947). Phylogenetic analysis was performed to pick mutations representing major subclades (Figure 1B). Six single-mutation variants that are highly recurrent (Frequency > 0.1%) and located in function-related domains were selected (Figures 1A,C). Among them, three mutations (V367F, G476S, and V483A) are in the RBD of the S1 subunit, which might affect the interaction between S and ACE2. The most dominant variant carries the D614G mutation, which is located outside the RBD of the S1 subunit. Both D839Y and D936Y are in the S2 subunit, and the latter is in the heptad repeat domain 1 (HR1) fusion core. In addition, from a structural perspective, D839Y might be involved in stabilizing the interaction with the TCR, while D936Y might affect the post-fusion state of S protein (36, 37). Notably, the frequency of these mutations peaked from January to March 2020 and then rapidly decreased except for D614G (Figure 1D; Supplementary Figure 1).
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FIGURE 1. Genome analysis of SARS-CoV-2. (A) Schematic diagram of SARS-CoV-2 S protein. The mutations studied in the paper were marked. (B) Phylogenetic relationship between 4207 non-redundant SARS-CoV-2 S gene sequences as of May 2020. Different colors of external nodes represent sequences carrying the corresponding mutations. (C) The mutations studied in the paper were highlighted in the Cryo-EM structure of SARS-CoV-2 S trimer in pre-fusion conformation. Each S monomer is colored cyan, violet, or yellow. (D) Monthly frequencies of SARS-CoV-2 sequences carrying the corresponding mutations from December 2019 to August 2020 are demonstrated in the histogram.


Previously, we reported a replication-competent recombinant VSV (rVSV) harboring the S protein of the SARS-CoV-2 Wuhan-Hu-1 strain, assigned as rVSV-SARS-CoV-2 (22). Here, we inserted a luciferase reporter into the rVSV-SARS-CoV-2, assigned as rVSV-Luc-SARS-CoV-2 (rVSV-SWT). Six rVSV variants (V367F, G476S, V483A, D614G, D839Y, and D936Y) were constructed using site-directed mutagenesis and rescued in 293T cells, and then passaged in Vero cells. The expression of SARS-CoV-2 S protein in purified virions and virus-infected cell lysates was tested by western blot showing a major 180 KD band and a minor 110 KD band, corresponding to full-length S and S1, respectively (Figures 2A,B). The expression level of S was comparable in the samples except for D614G, which showed a reduced full-length S protein. In addition, all the rVSVs formed plaques in Vero cells, with similar plaque size and morphology (Figure 2C). Meanwhile, mutated S proteins expressed in the infected cells could be recognized by serum from COVID-19 convalescence patients, suggesting that the S variants maintained a correct conformation (Figure 2D).
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FIGURE 2. Characterization of rVSV-S variants. Purified rVSVs (A) and lysate of rVSV producing cells (B) were analyzed by western blot using a polyclonal antibody recognizing the RBD domain of the S protein with GAPDH as input control. The result is a representative of three independent experiments. The S1/S ratio was quantified by the gray values in Image Studio Ver 5.2 Software (LICOR Biosciences, USA) and significant difference was calculated by GraphPad Prism 9.0. (C) Plaque morphology of rVSV-S variants in Vero cells at 120 h post-infection. Control (Con.) is mock-infected. (D) Images of rVSV-infected Vero cells stained with serum from a convalescence patient (green). Nuclei were stained by Hoechst (blue). (E) The growth curve of rVSVs was tested in Vero cells at an MOI of 0.01. Viral titers were measured by a focus-forming assay and expressed as focus-forming units per ml (FFU/ml) (n = 3). Error bars indicate SD. The result is representative of three independent experiments. WT: blue; V367F: red; G476S: green; V483A: violet; D614G: orange; D839Y: black; D936Y: brown.


Vero cells were infected by rVSVs at an MOI of 0.01, and the growth curves of viruses in the supernatant were measured by a focus-forming assay (Figure 2E). All the rVSVs exhibited similar growth kinetics. They reached the maximum titers at 72 h post-infection and replicated at comparable levels. D614G variant displayed nine-fold higher viral titers than rVSV-SWT, suggesting that D614G mutation increased the replication efficiency of SARS-CoV-2. These data indicated that most of the mutants have no obvious effect on viral growth.

The infectivity of rVSV-SWT and six variants was also determined by luciferase measurement with relative luminescence units (RLU) as the readouts. Again, there was a strong linear correlation between the luciferase activity and the log-transformed virus dilution, with R2 ranging from 0.92 to 0.99 (Supplementary Figure 2).



Reactivity of Natural Variants to the Convalescent Sera

The neutralizing activity in the convalescent serum samples strongly correlates with protective immunity (38). To determine whether sera from COVID-19 convalescent patients could neutralize circulating SARS-CoV-2 variants, we tested the neutralizing sensitivity of eight serum samples against rVSV-SWT or variants. The neutralization titers of each serum were measured by a focus reduction neutralization test (FRNT). The IC50 of the eight sera tested ranged from 102 to 1083 against rVSV-SWT. None of the variants showed significant differences in neutralization sensitivity to all the eight sera, where a three-fold difference in neutralization titers compared with rVSV-SWT was regarded as significant (Figures 3A,B; Supplementary Figure 3). The three variants carrying mutations in the RBD domain showed comparable neutralization sensitivity to all the human sera. Only human serum P2 exhibited higher neutralization titers against D614G and D839Y by 4.1- and 3.6-fold, respectively. In addition, the neutralization sensitivity of D936Y to four sera was slightly decreased by less than three-fold. Overall, the neutralization sensitivity of human convalescent sera against variants was similar to that against rVSV-SWT.
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FIGURE 3. Neutralization activity of sera from COVID-19 convalescence patients and mAbs targeting RBD against rVSV-S variants. (A) Eight sera samples were tested against rVSV-SWT and six variants using the focus reduction neutralization test. Error bars represent SD. All neutralization assays were performed in triplicate. (B) ID50 values of sera against rVSVs variants more than three-fold higher than those of WT are highlighted in red. (C) Seven mAbs were tested against rVSV-SWT and six variants using the focus reduction neutralization test (FRNT). Error bars represent SD. All neutralization assays were performed in triplicate. (D) IC50 values (ng/ml) of sera against rVSVs variants more than three-fold higher or lower than those of WT are highlighted in red or green, respectively. Dashes indicate values higher than 5,000.




Significant Differential Reactivity of Natural Variants to the Monoclonal Antibodies

MAbs targeting important epitopes of S protein are promising treatments for mild to moderate COVID-19. Therefore, we evaluated the susceptibility of these rVSVs to neutralization by seven mAbs targeting the S RBD domain of SARS-CoV-2 (22), where a three-fold difference in neutralization titers compared with rVSV-SWT was regarded as significant. For neutralization of the three variants carrying RBD mutations, only the activities of 49–50 to G476S and 111 to V483A were impaired (Figures 3C,D). However, D839Y and D936Y became more resistant to neutralization by F11. Notably, D614G was more resistant to most of the antibodies except antibody 6 and F6. In contrast, mAb 121 exhibited a 3.3-fold lower neutralizing activity against D936Y, suggesting D936Y was more susceptible to neutralization by mAb 121 relative to the rVSV-SWT. These results demonstrated that the neutralization activities of mAbs are very sensitive to the emerging mutations in the S protein.



Immunogenicity of S Variants

To further study the immunogenicity of the S protein variants, we immunized hACE2 knock-in ICR mice with a single shot of 3 ×105 FFU corresponding recombinant viruses via the i.p. route. Mice weight was monitored for 7 days after immunization, and no obvious weight loss was observed (Figure 4A). None of the immunized mice showed clinical illness. Mice sera were collected at 30 days post-immunization, and the neutralization activity was analyzed by FRNT assay against the rVSV-SWT and the homogeneous variant. The neutralization titers of V367F, V483A, D614G, and D839Y immunized serum samples against rVSV-SWT were comparable to those against the corresponding homogeneous variants, with differences lower than two-fold (Figure 4B). Moreover, the serum neutralizing activity elicited by these four variants was as effective as that by rVSV-SWT. Notably, immunization of rVSV-SD839Y stimulated a similar level of neutralizing antibodies against rVSV-SWT. However, the neutralization activity decreased eight-fold against the homogeneous strain. There was no significant difference between them except D839Y. Based on these results, rVSVs expressing the S variants could produce neutralizing antibodies in mouse models, with comparable titers to rVSV-SWT.
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FIGURE 4. Immunogenicity of SARS-CoV-2 S variants. Groups of female hACE2 knock-in ICR mice (n = 10) were vaccinated with a single dose of rVSV-SWT or variants via i.p. route (3 × 105 FFU/animal). (A) Following vaccination, weight changes were monitored for 7 days. (B) NAb titers against rVSV-SWT or the same variants were determined by FRNT and calculated by the Reed-Muench method at 30 days post-vaccination. Group geometric mean titers (GMTs) were indicated. Error bars indicate SD (n = 3). The result is representative of three independent experiments.




Characterization of the Recently Identified Alpha and Beta Variants

Since September 2020, a new SARS-CoV-2 variant B.1.1.7 (also known as 501Y.V1 or Alpha) emerged in southeast England and rapidly became the dominant strain in the UK. In the S gene of B.1.1.7, there are three deletions in the N-terminal domain (NTD) and six missense mutations in addition to D614G, including one mutation in the RBD domain (N501Y). In late 2020, the SARS-CoV-2 B.1.351 lineage (also known as 501Y.V2 or Beta) was first reported in South Africa and then spread to other countries. B.1.351 contains three substitutions in the RBD and a cluster of mutations in the other regions of the S gene in addition to D614. Although both B.1.1.7 and B.1.351 bear the N501Y mutation, they are phylogenetically different. To reveal the ability of B.1.1.7 and B.1.351 to induce neutralizing antibodies, we generated two recombinant VSVs expressing the SARS-CoV-2 S protein with D614G and their representative mutations in the RBD domain. Therefore, the S protein-carrying the double mutation (N501Y and D614G) was designated as SAlpha, whereas that with four mutations (K417N, E484K, N501Y, and D614G) was SBeta. Both rVSV-SAlpha and rVSV-SBeta were replication-competent in Vero cells, showing similar kinetics and plaque morphology as rVSV-SWT (Figures 5A,B). rVSV-SAlpha and rVSV-SBeta showed a significantly increased S1/S ratio of 0.60 and 0.86 compared with the 0.25 of rVSV-SWT, respectively (Figure 5C). The receptor-binding affinities were gauged by measuring the IC50 of soluble ACE2 on rVSVs as above. Soluble ACE2 protein could neutralize rVSV-SAlpha and rVSV-SBeta infection, with IC50 values decreased by 1.8- and 4.7-fold compared with rVSV-SWT, respectively, implying stronger interaction between SBeta and ACE2, followed by SAlpha and then SWT (Figure 5D).
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FIGURE 5. Characterizations of recently emerged variants of concern, Alpha and Beta. (A,B) The growth kinetics and plaque morphology of rVSV-S Alpha and Beta variants determined in Vero cells as above. The result is representative of three independent experiments. (C) Purified rVSVs were analyzed by western blot using a polyclonal antibody recognizing the RBD domain of the S protein. The result is representative of three independent experiments. The S1/S ratio was quantified by scanning gray values in Image Studio Ver 5.2 Software (LICOR Biosciences, USA) and calculated significant differences by GraphPad Prism 9.0. (D) The inhibitory activity of soluble ACE2 against rVSV-SWT, Alpha, and Beta variants. (E) Neutralization activity of sera from COVID-19 convalescence patients against rVSV-S variants. Using the FRNT, five sera samples were tested against rVSV-SWT, Alpha, and Beta variants. (F) Neutralization activity of mAbs against rVSV-S variants. The FRNT tested eight mAbs against rVSV-SWT, Alpha, and Beta variants. Error bars represent SD. All neutralization assays were performed in triplicate.


Next, we determined the neutralization sensitivity of five human convalescent sera against rVSV-SAlpha and rVSV-SBeta. The IC50 values against rVSV-SAlpha and rVSV-SBeta were comparable but slightly lower than rVSV-SWT, suggesting that these mutation combinations may confer reduced susceptibility to serum neutralization (Figure 5E). We also assessed the activities of eight mAbs targeting RBD against rVSV-SAlpha and rVSV-SBeta. For neutralization rVSV-SAlpha, the activity of mAb-111, mAb 121-C, and mAb 769 was markedly impaired (~10-fold) (Figure 5F). For neutralization rVSV-SBeta, the activities of six antibodies were significantly decreased. These results revealed that rVSV-SBeta was more resistant to RBD-specific neutralizing antibodies.

We further vaccinated hACE2 knock-in mice with rVSV-SWT, rVSV-SAlpha, and rVSV-SBeta to evaluate their immunogenicity. Mice serum samples were collected 28 days after a single i.p. injection of 1 × 106 FFU of rVSVs (Figure 6A). Each serum was measured for neutralization against rVSV-SWT, rVSV-SAlpha, and rVSV-SBeta. Sera from the rVSV-SWT vaccinated group showed similar neutralizing activity against rVSV-SWT and rVSV-SAlpha, but lost approximately 50% activity against rVSV-SBeta. Sera from the rVSV-SAlpha vaccinated group was similarly effective in neutralizing rVSV-SWT and rVSV-SAlpha. However, it became about two-fold more effective in neutralizing rVSV-SBeta. Sera from the rVSV-SBeta vaccinated group showed comparable neutralizing titers against the three viruses. Notably, rVSV-SBeta elicited the most potent neutralizing antibody responses in mouse models, followed by rVSV-SAlpha and then rVSV-SWT. The immunogenicity of rVSV-SBeta was further tested in golden Syrian hamsters via intramuscular and intranasal route as described previously (39). rVSV-SBeta elicited significantly higher neutralizing titers than rVSV-SWT against the authentic SARS-CoV-2 WT strain by both routes (Figure 6B). These results indicated that the SARS-CoV-2 S protein-carrying mutations could be improved immunogens to use in the next-generation design of vaccines.
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FIGURE 6. Immunogenicity of recently emerged variants of concern, Alpha and Beta. (A) Immunogenicity of SARS-CoV-2 S Alpha and Beta variants. Groups of female hACE2 knock-in ICR mice (n = 8) were vaccinated with a single dose of rVSV-SWT or variants via i.p. route (1 × 106 FFU/animal). NAb titers against rVSV-SWT, Alpha, and Beta variants were determined by FRNT and calculated by the Reed-Muench method at 30 days post-vaccination. Group GMTs were indicated. All the results are representative of three independent experiments. (B) 105 PFU rVSV-SWT and rVSV-SBeta variant were immunized into golden Syrian hamster separately by intramuscular and intranasal injection (n = 5). Sera were collected at 30 days post-immunization and detected for neutralizing capacity by CPE reduction against authentic WT SARS-CoV-2 (IC50). Group GMTs were marked in the graph. Statistical significance was evaluated by unpaired two-tailed student's t test. **p < 0.01, *p < 0.05. Error bars indicate standard deviation of the mean. All neutralization assays were performed in triplicate.





DISCUSSION

During the COVID-19 pandemic around the globe, many SARS-CoV-2 variants harboring S protein mutations have emerged and raised great concerns about their potential to evade immune responses. Here, we systematically evaluated the antigenicity and immunogenicity of eight S variants using a replication-competent recombinant VSV system. The S variants include five single-mutation variants that emerged with high frequency early in the pandemic, one dominant mutation D614G (40) and two variants of concern, Alpha and Beta, with D614G included (41, 42). Although the neutralizing activity of some mAbs was substantially altered against several variants, all the variants maintained neutralization sensitivity to polyclonal serum samples from patients who recovered from natural infection. However, as the pandemic continues to spread, the frequency of the five mutations we studied (V367F, G476S, V483A, D839Y, and D936Y) has significantly decreased from May 2020 onwards, suggesting that they failed to adapt to the host environment. In contrast, D614G, which exhibited enhanced infectivity (40, 43), has become the dominant form since March 2020 (40, 44, 45). In addition, the two variants of concern, Alpha and Beta, containing novel mutations in addition to D614G emerged, showing altered immunogenicity and potential of escape from current vaccines.

D614G is the first dominant mutation and is correlated with high viral loads in the patients (40). In addition, the D614G strain was more infectious, as revealed by the pseudotyped SARS-CoV-2 system (40). In keeping with the previous results, we also found that the titer of rVSV-SD614G was 9-fold higher than that of the wild-type.

There are some contradictory results about the binding affinity of ACE2 with SARS-CoV-2 variants using different technologies. Via a cell-based soluble ACE2 inhibitory assay, we found the binding affinity between soluble ACE2 and Alpha or Beta was increased by 1.8- or 4.7-fold as compared with WT. In keeping with our results, Ramanathan et al. applied a protein-based microscale thermophoresis assay and found that Alpha variant bound ACE2 with 1.98-times greater affinity than WT, while Beta bound ACE2 with 4.62-times greater affinity, supporting the evidence of higher affinity to ACE2 in Beta variant (46). However, using surface plasmon resonance, Barton et al. analyzed the effect of all single mutation on ACE2 and RBD binding and they found N501Y and E484K mutations enhanced the affinity, while mutation K417N would decrease the affinity of RBD/ACE2 interaction, on the contrary. Their results reveals that ACE2 bound Alpha stronger than Beta variant (47).

The accumulation of mutations in the S protein affect its antigenicity, resulting in the escape from vaccines or therapeutic antibodies (17, 48). All the five early mutations, including V367F, G476S, V483A, D839Y, and D936Y, plus the domain mutation D614G, show similar sensitivity to sera from a convalescent patient infected by WT SARS-CoV-2. The neutralizing activity of the RBD mAbs was also affected by mutations outside the RBD, such as D614G, D839Y, and D936Y, probably due to the change of overall structure of the S protein (37, 49, 50). However, the Alpha and Beta variants showed a close to two-fold decrease in the ID50 value. The variants showed a more significant differential reaction to RBD-specific mAbs, while variants Alpha and Beta were resistant to some antibodies. These results suggest that a cocktail of mAbs targeting separated epitopes is necessary to develop therapeutic antibodies against COVID-19.

rVSV-S is a live-virus vaccine candidate (51, 52). Thus, we tested the immunogenicity of selected variants by immunization of the rVSV-SWT and variants in hACE2 mice by the i.p. route. All the early mutations and the D614G showed immunogenicity similar to that of WT, except D839Y. rVSV-SD839Y immunized sera showed 8-fold decrease in neutralizing itself than WT with ambiguous mechanism, although effects on spike cleavage by TMPRSS2 and interaction with human T cells were reported (36, 50). Each serum sample was assayed for rVSV-SAlpha or rVSV-SBeta for neutralization against the rVSV-SWT, rVSV-SAlpha, or rVSV-SBeta. All these S variants were able to induce neutralizing antibody responses as potent as the wild-type S, indicating that the immunogenicity of the variants was not impaired. The sera from the rVSV-SWT immunized group exhibited reduced neutralizing activity against Beta, as other re searchers reported for natural infection and vaccines induced human samples (17, 53, 54).

Usually, immunized sera or plasma from patients neutralize homologous strain better than heterologous strains. However, rVSV-SAlpha immunization yielded higher neutralization against Beta than against Alpha variant. Further, rVSV-SBeta elicited a higher level and more cross-reactive neutralizing antibodies than the other two viruses in both mouse and hamster models. This was consistent with the observation that plasma from Beta infected patients could cross-neutralize both D614G and Beta variant, while some samples showing three-times higher potency against Gamma than original Beta variant (55). Similar results were observed in vaccines using Beta variant. A booster dose of a Beta strain Moderna vaccine candidate (mRNA-1273.351) yields higher titers against Beta and gamma. ChAdOx1-vectored Beta vaccine (AZD2816) also showed cross-reactive immunogenicity against Beta, delta, and kappa (56). However, a recent preprint reported that Beta variant infected patients revealed reduced cross-neutralization of non-VOC variants (57). Overall, these results highlighted the potential of SBeta as an immunogen for the second generation of COVID-19 vaccines.
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Uttar Pradesh is the densely populated state of India and is the sixth highest COVID-19 affected state with 22,904 deaths recorded on November 12, 2021. Whole-genome sequencing (WGS) is being used as a potential approach to investigate genomic evolution of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus. In this study, a total of 87 SARS-CoV-2 genomes−49 genomes from the first wave (March 2020 to February 2021) and 38 genomes from the second wave (March 2021 to July 2021) from Eastern Uttar Pradesh (E-UP) were sequenced and analyzed to understand its evolutionary pattern and variants against publicaly available sequences. The complete genome analysis of SARS-CoV-2 during the first wave in E-UP largely reported transmission of G, GR, and GH clades with specific mutations. In contrast, variants of concerns (VOCs) such as Delta (71.0%) followed by Delta AY.1 (21.05%) and Kappa (7.9%) lineages belong to G clade with prominent signature amino acids were introduced in the second wave. Signature substitution at positions S:L452R, S:P681R, and S:D614G were commonly detected in the Delta, Delta AY.1, and Kappa variants whereas S:T19R and S:T478K were confined to Delta and Delta AY.1 variants only. Vaccine breakthrough infections showed unique mutational changes at position S:D574Y in the case of the Delta variant, whereas position S:T95 was conserved among Kappa variants compared to the Wuhan isolate. During the transition from the first to second waves, a shift in the predominant clade from GH to G clade was observed. The identified spike protein mutations in the SARS-CoV-2 genome could be used as the potential target for vaccine and drug development to combat the effects of the COVID-19 disease.

Keywords: SARS-CoV-2, variant of concern, whole-genome sequencing, mutations, Eastern Uttar Pradesh India, COVID-19 breakthrough infection


INTRODUCTION

The newly identified severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), discovered in Wuhan in December 2019 received global attention due to its extensive and rapid transmission and infectivity (1). The virus spread over 200 countries within 5 months through international travels and its airborne transmission via respiratory droplets and contact routes. The first case of COVID-19 in India was reported from Kerala state on January 30, 2020 (2). As on November 12, 2021, over 34 million SARS-CoV-2 cases with 4.6 lakh deaths were reported in India (3).

During the second wave of SARS-CoV-2, the emergence of the highly infectious and/or virulent SARS-COV-2 variant of concern (VOC) has triggered intensive genomic surveillance. According to the global initiative on sharing all influenza data (GISAID) nomenclature system, the SARS-CoV-2 variants were distributed into currently eight major clades including from early split L (belongs to the Wuhan reference strain) and S, to the further evolution of L into V and G, and later of G into GH, GR, and GV, and more recently GR into GRY (4). Recent studies demonstrated the identification of key spike mutations, insertions/deletions in the SARS-CoV-2 genome via genome sequencing (5). Hence, the whole genome sequence (WGS) analysis has become an important tool for understanding the evolution of COVID-19 lineages and emphasizing the discovery of potent gene-mediated pathways associated with the onset of the disease in humans (6). Based on 346 WGS analysis of SARS-CoV-2, Alteri et al. reported the existence of seven viral lineages causing local transmission, and among them at least two were originated in Italy (7). An evolutionary study revealed a co-expansion tendency of the COVID-19 among neighboring countries of the US with multiple sources and transmission routes for SARS-CoV-2 (8). In January 2021, WHO included B.1.617.2 (Delta variant) as a VOC with spike double mutation E484Q and L452R have led to the second wave in India. Subsequently, in April 2021, Delta has been further substituted to Delta variants such as AY.1, AY.2, and AY.3 contains an additional spike protein substitution K417N.

In India, UP is the most populous state (Census 2011, India) which shares an international transboundary with Nepal. The inter-state migration of the labor/student population around the year is very high due to the lack of industries/educational hubs. The first case of COVID-19 infection in Basti [a district in Eastern Uttar Pradesh (E-UP)] acted as a superspreader event of transmission in the region (9). Eastern Uttar Pradesh experienced a steep rise in COVID-19 cases during the first and second lockdown due to the reverse migration of workers from various states of the country. India has experienced a deadly second wave during the COVID-19 pandemic in 2021 along with many post-vaccination breakthrough infections due to new variants (10). During the second wave of COVID-19, the upsurge of the cases occurred after the Holi festival and travel activities from metro cities from March to April 2021 and deadly variants emerged in the E-UP from various parts of the country (11).

Various studies on the genetic epidemiology of SARS-CoV-2 from India have been carried out (5, 12–14); still, there is a scarcity of genomic data for SARS-CoV-2 from E-UP. The present study was conducted to carry out the molecular surveillance of the SARS-CoV-2 strains, explore clinical association and disease outcomes in the first and second waves of SARS-CoV-2 in E-UP. This will be the first comprehensive study sharing the genetic information of SARS-CoV-2, their distinct lineage/clade cluster, and contribution to the epidemic from this region of Uttar Pradesh, India.



MATERIALS AND METHODS


Sample Acquisition

ICMR-Regional Medical Research Center Gorakhpur (RMRCGKP) is a major testing center for SARS-CoV-2 samples from Gorakhpur and its surrounding districts of the E-UP region of India. During the period of the first wave (March 2020 to February 2021), nasopharyngeal/oropharyngeal (NPS/OPS) (n = 339,997) swabs were collected by Integrated Disease Surveillance Project (IDSP) team from districts including Siddharth Nagar, Azamgarh, Basti, Maharajganj, and Deoria, while during the second wave (March 2021 to July 2021) samples (n = 360,772) were received for routine COVID-19 diagnosis from Maharajganj and Kushinagar districts through IDSP and a tertiary care medical facility (AIIMS, Gorakhpur) at RMRCGKP. During the period of March 18, 2020 and July 31, 2021, a total of 14,509 samples were tested positive by real-time PCR (RT-PCR). Out of 14,509 samples that gave a positive PCR test, 147 were available for sequencing. The primary inclusion criteria for participants during the study period was SARS-CoV-2 positive samples that exhibited a cycle threshold (Ct) <30 in RT-PCR diagnosis. Hence, a total of 147 positive samples fulfilling the above criteria were randomly selected from April 2, 2020 to July 31, 2021 and subsequently packed in triple layer packing on dry ice according to International Air Transport Association (IATA) protocol and transported to ICMR-NIV, Pune for whole-genome sequencing (WGS). Of these, 87 samples passed quality control and were analyzed further in this study. Samples that had a Ct ≥ 30 and genome recovery of <97% were excluded from the study.



Demographic Data Extraction and Vaccination Status

The demographic details, clinical history, and associated co-morbidities were extracted in Microsoft Excel from the ICMR COVID-19 data portal (cvstatus.icmr.gov.in). The details regarding vaccination and mortality status were captured by telephonic interview after obtaining verbal informed consent. According to Indian government policy, vaccination was prioritized for all health care workers (HCWs) or citizens more than 45 years of age who can use two doses of BBV152 or ChAdOx1 vaccine at a minimum interval of 4 weeks since January 2021. So that a registration record was obtained regarding first and second doses of vaccination from SARS-CoV-2 positive cases of the second wave. COVID-19 breakthrough infection is defined as the detection of any COVID-19 infection occurring ≥14 days after receiving all recommended doses of either of the vaccines.



Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics for Windows, version 20 (IBM Corp., Armonk, NY). Age was expressed using median (interquartile range) and differences of age across two waves were analyzed using Mann-Whitney U-test. All categorical variables including variants were expressed as the frequency with percentage and the differences across two waves were analyzed using either Pearson's Chi-square test or Fischer exact test as applicable. P-value < 0.05 was considered to be statistically significant. The case distribution map was generated by using Epi Info 7.2 software program (CDC, Atlanta, GA).



RNA Extraction and Next Generation Sequencing

Viral nucleic acid was extracted from 200 μl of NPS/OPS using the MagMAX™ Viral pathogen nucleic acid extraction kit as per the manufacturer's instructions (Thermo Fisher Scientific, USA). Library preparation was done using the extracted quantified RNA using TruSeq Stranded mRNA Library Prep Kit. The detailed steps during the library preparation and sample loading are described elsewhere (15, 16). The generated sequence reads were analyzed and mapped using the reference-based assembly method on the CLC Genomics Workbench version 20 (CLC, Qiagen) and used to call mutations in the SARS-CoV-2 genomes. The reference genome, SARS-CoV-2 Wuhan-HU-1 (Accession No.: NC_045512.2) retrieved from the GISAID database (17) was used for mapping.



Phylogenetic Analysis

Evolutionary analysis was performed with the sequences obtained from this study along with the reference sequences from Uttar Pradesh retrieved from the GISAID database. There were 86 sequences used to generate cladogram with a genome recovery of more than 98.5%. The sequences were aligned using the CLC Genomics Workbench and manually checked for correctness. The nucleotide variations and amino acid substitutions were annotated. A maximum likelihood phylogenetic tree was built using the best substitution model with 1,000 bootstrap replication to assess the statistical robustness using MEGA7 (18).




RESULTS


Clinico-Demographic Analysis

A total of 700,769 respiratory samples NPS/OPS were tested at ICMR-RMRC, Gorakhpur from March 18, 2020 to July 31, 2021 by SARS-CoV-2 real-time PCR. Among these, a total of 14,509 samples tested positive for SARS-CoV-2. During the period of the first wave (March 2020 to February 2021) of the pandemic, we observed an upsurge of cases in May followed by August, while in the second wave (March 2021 to July 2021) peak cases were witnessed alone in April (Figure 1 and Supplementary Table 1). Furthermore, in the first wave due to lack of a testing facility at adjoining districts of Gorakhpur, we received samples from seven different districts. Whereas, during the second wave after the establishment of testing centers at different district medical care facilities, the samples were limited to two districts only (Maharajganj and Kushinagar) and AIIMS Gorakhpur. The inclusion criteria of the study fulfilling in 147 patients having comparative clinical and demographic details are outlined in Table 1.
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FIGURE 1. Trend of COVID-19 sample positivity at ICMR-RMRC, Gorakhpur from April-2020 to July 2021.



Table 1. Demographic characteristics, clinical outcomes, and VOCs in the first and second waves.
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The clinico-demographic features of the 147 samples subjected to WGS have been reflected in two groups as the first wave (n = 109) and the second wave (n = 38) in Table 1. Of the 109 individuals in the first wave, the median age of the individuals in the study was 30 years (IQR 22–45) and males predominated (83; 76.1%). Of the 68 (62.3%) symptomatic individuals, the most common symptoms reported were cough (60/68; 88.2%), fever (56/68; 82.35%), and headache (25/68; 36.76%) followed by shortness of breath (6/68; 8.8%), sore throat (6/68; 8.8%), loss of taste (3/68; 4.4%), and diarrhea (1/68; 1.47%). At least one of the co-morbid conditions was noted in 13 (11.9%) individuals, among whom diabetes mellitus (10/13; 76.9%) was most commonly reported followed by hypertension (5/13, 38.46%) and chronic lymphocytic leukemia (1/13, 7.6%). Of the 109 individuals, only one succumbed to death having associated leukemia. Vaccination details were available for 49 individuals used for WGS, all were unvaccinated.

Of the 38 individuals in the second wave, the median age was 41 years (IQR 30–55.75). Most of them were males (25; 65.8%) and symptomatic (30; 78.9%). Among the symptomatic individuals, the most common symptoms were fever (29/30; 96.6%), cough (25/30; 83.3%), loss of smell (11/30; 36.6%), shortness of breath (7/30; 23.3%), sore throat (4/30; 13.3%), headache (2/30; 6.6%), and diarrhea (1/30; 3.3%). Co-morbid conditions were noted in 10 (26.3%) individuals, of whom diabetes mellitus (7/10; 70%) was the most followed by hypertension (4/10, 40%). Twenty-four of them were unvaccinated. Two individuals succumbed to death and both were unvaccinated. A total of 14 individuals were vaccinated, among whom COVISHIELD (ChAdOx1) and COVAXIN (BBV152) were received in 11 and 3 individuals, respectively. Among these five tested positive with a median time between the day of testing positive and at least first dose is 41 days (IQR 29–70). Of these five individuals, only two had received a second dose; the median time between the receipt of the second dose and testing positive was 61.5 days. A statistically significant (p-value < 0.005) difference in age group affected and association of co-morbid condition was noted in first and second waves.



Whole-Genome Sequence Analysis

Of the 147 cases subjected to complete genome sequencing, 97–100% coverage was obtained for 87 cases. Of these 87 samples, 49 were from the first wave while the rest of the 38 sequences obtained were from the samples recovered during the second wave. The observed average (Ct) value for these cases was 22.4.

In the first wave the majority of the cases showed similarity with SARS-CoV-2 GR clade (40.8%), followed by unclassified clade O (24.4%). The other samples comprised 22.4% of GH, 10.2% of G, and the least samples showed similarity with the S clade (2.04%). Whereas, during the second wave only G clade (100%) was found, no other clade was detected. Further, according to the pangolin lineage the samples from the second wave of the pandemic, all VOCs responsible for case fatalities were detected with a majority of Delta variant (B.1.617.2) (71.1%), followed by the Delta plus (AY.1) in 21.1%, and the Kappa variant (B.1.617.1) in 7.9%. The distribution of the cases and lineages/variants in the first wave (n = 49) and in the second wave (n = 38) from eight districts of E-UP is provided in Figure 2.
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FIGURE 2. Geographic distribution of COVID-19 patients from which SARS-CoV-2 genomes were sequenced and breakdown of sequenced cases according to the pangolin lineages across Eastern Uttar Pradesh. (A) Sequencing and diversity of SARS-CoV-2 sequences obtained in the first wave and (B) sequencing and diversity of SARS-CoV-2 sequences obtained in the second wave in Eastern Uttar Pradesh. The y-axis of bars is given in the Supplementary Figures 1A,B.


A total of 87 SARS-CoV-2 genome sequences were retrieved with a genome coverage of more than 98.5%. The details of the percent genome coverage, total reads, and relevant reads are given in Supplementary Table 2. The pangolin lineage of the above sequences was also obtained using the web version of PANGOLIN software (https://Pangolin.cog-uk.io/). The Pangolin lineages for each sequence are given in Supplementary Table 2. Genome analysis of the retrieved 87 SARS-CoV-2 genomic sequences demonstrated 135 amino acid (aa) variation across the genome when compared to a reference. A list of aa substitutions observed in the spike protein is mentioned in Table 2. Earlier GISAID described variations that were observed during the first wave. It is noteworthy that substitution D614G in spike (S) protein was found in all G and its variant clade GH and GR, while Q57H substitution located in ORF3a protein was only found in 15 cases distributed among GH (n = 9), GR (n = 5), and O (n = 1) clade from the first wave (Supplementary Table 3).


Table 2. Residue substitution in spike protein among various lineages of SARS-CoV-2 virus.
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Comparison of Key Residues in SARS-CoV-2 Variants

Overall variations at 21 aa positions were found at receptor binding domain (RBD) of the spike protein throughout the first and second wave cases. Signature substitutions at positions L452R and P681R were commonly detected in the Delta, Delta AY.1, and Kappa variant whereas T19R, T478K, and D614G were confined to Delta and Delta AY.1 variant only. Further, an exceptional mutation was present at A222V among Delta, and K417N among Delta AY.1 variants. In the second wave of 38 cases, aa variation at T95I was detected in 71.4% cases (Delta = 12, Delta AY.1 = 6, and Kappa = 2). However, the Kappa variants demonstrated signature substitution at E154K and E484Q. The uncommon aa change D574Y was uniquely detected in two variants including GR clade (MCL-20-H-405) and Delta variant (MCL-21-6602). Additionally, in the spike region of Delta AY.1 variant unique substitution at W258L was detected in 37.5% cases (n=3/8). We also identified 8 substitution mutants in the SARS-CoV-2, K417N, G446V, L452R, S477N, T478K, E484Q, F490S, and A522V in the RNA binding domain (RBD) of S1 subunit of Spike protein. Two mutations in Spike (K417N and W258L) were exclusively present in the Delta Plus variant. Interestingly, all three Kappa variants had two unique mutations (T1567I and M5753I) in ORF1ab protein. Further, the impact of variation in the spike protein among SARS-CoV-2 variants we compared the sequence conservation among Delta, Delta AY.1, Kappa, and other lineages obtained in this study. Tryptophan was the most common residue (W258, 87/90) in Delta and Kappa variant (Figure 3).


[image: Figure 3]
FIGURE 3. A sequence logo representation of the SARS-CoV-2 spike protein in which letter height reflects the likelihood of finding a particular residue in that position. Residues are colored according to hydrophobicity (green-hydrophobic, blue-hydrophilic).




Phylogenetic Analysis

The evolutionary analysis revealed the circulation of GR, O, GH, G, and S clade during the first wave of the pandemic whereas only G clade variants were detected as the predominant strain during the second wave of infection. Among the studied cases, one sequence (MCL-20-H-2637) demonstrated genetic relatedness to the Wuhan isolate. The Pangolin lineage B.1.617.1 (Kappa) from this study showed the closest match with the sequence retrieved from Maharashtra (India_MH_EPI_ISL_2036291). The Pangolin lineage B.1.617.2 (Delta) and AY.1 (Delta plus) were detected for the first time from the E-UP region (Figure 4).


[image: Figure 4]
FIGURE 4. Maximum likelihood tree of the SARS-CoV-2 sequences. A maximum likelihood tree was built for the sequences retrieved in our study along with other GISAID sequences from Uttar Pradesh, India using the best substitution model. A bootstrap replication of 1,000 cycles was performed to assess the statistical robustness. SARS-CoV-2 sequences retrieved in the study are marked in bold black color. The nodes and branches are marked in different colors.




Impact of Vaccination on SARS-CoV-2 Infections

In the second wave of 38 cases, five patients (three from Maharajganj, one from Kushinagar, and one from Gorakhpur) were identified as breakthrough infections. The clinical samples for the analysis were collected between April–May, 2021. Out of these five patients, three acquired COVID-19 infection after taking the first dose of the vaccine, while two were infected after receiving both doses of the vaccine. A total of three patients had received ChAdOx1 vaccine and two had received BBV152 vaccine.

Clinical data were analyzed for five breakthrough cases. The median age (and the IQR) of patients in the study was 50 (30–63), with the breakthrough cases after one dose were 50 (45–56) and after two doses were 46.5 (30 and 63) (Supplementary Table 2). A total of 3 (60%) of the breakthrough cases were males. Delta plus [AY.1] (n = 3) was the major SARS-CoV-2 lineage observed in the individuals who received only the first dose of the vaccine. Notably, of the two breakthrough infection cases, the first was due to the Delta (B.1.617.2) and the second breakthrough infection was due to the Kappa (B.1.617.1) variant. Both the variants belong to clade G. Mutation analysis revealed that the samples from the case of Delta variant breakthrough infection contained 20 non-synonymous mutations and the case of the Kappa variant contained 13 non-synonymous substitutions (Figure 5). A total of seven shared mutations were found between Delta and Kappa breakthrough infection cases. Interestingly, an exceptional aa change was detected at position D574Y in two cases, one from GR clade and one from Delta variant with breakthrough infection, whereas another breakthrough infection from the Kappa variant conserved the aa change at position 95 (T) as in the Wuhan isolate.


[image: Figure 5]
FIGURE 5. Representation of mutations within SARS-CoV-2 genome for the patients with the vaccine breakthrough infections. The plot displays the different locations of the mutations observed in each sample, with different colors corresponding to different genes. (A) Represents the mutations from the patient breakthrough sequence Delta variant. (B) Represents the mutations from the breakthrough sequence Kappa variant.





DISCUSSION

In India, an alert for the air-borne virus transmission was created, since the identification of the first case of SARS-CoV-2 from the Kerala state (2). Following this, the Ministry of Home Affairs (MHA) announced the country-wide lockdown (March 25, 2020 to April 14, 2020) to control and prevent the spread of viral transmission. The previous WGS analysis of SARS-CoV-2 cases introduced to India from other countries demonstrated remarkable genetic diversity (19). The rural areas of the E-UP region accommodate primarily the migratory population/laborers and frequent travel for job or education was witnessed from this region. Hence, it is likely that the virus was introduced to this region through migratory movements of the population. Our previous study demonstrated that during the first wave of the pandemic, a student migrated to Sant Kabir Nagar from Deoband and spread the infection to the familial cluster (20).

Epidemiological analysis of SARS-COV-2 clinical samples obtained during the period of the first wave determined that GH and GR clade were the prevalent strains in different Indian states (5). The predominance of the GR clade was also confirmed by the WGS analysis derived from the first wave of this study, suggesting that the circulation of this clade was mostly reported from the southern part of India. However, the unclassified cluster followed the majority of the cases after the GR clade from the E-UP region.

Like different states of India, E-UP has experienced two massive COVID-19 spikes with a significant case of fatality rates, alarming an urgent need for its effective treatment based on antiviral medicine and vaccines that reduce the mortality and morbidity rates due to COVID-19. The major affected states were Maharashtra, Kerala, Karnataka, Andhra Pradesh, Tamil Nadu, Delhi, Uttar Pradesh, and West Bengal. Despite the high caseload during the second wave, several national movements such as the election in several states, political rallies, farmer protests, and mass gatherings in religious places were going on in an uncontrolled manner that leads to the spread of COVID-19 beyond the urban center to rural regions (11). During the second wave of the pandemic, VOCs such as Delta and Delta AY.1 were introduced in the E-UP region. An upsurge of SARS-CoV-2 cases was observed at the end of March 2021 in this region. A trend toward rising cases was seen and local spread of SARS-CoV-2 in this region was observed during April 2021. Recently, a study identified 56 distinctive single nucleotide polymorphism (SNP) variations among SARS-CoV-2 in central UP that are majorly clustered into two groups which shows the deleterious effects on the genome (21).

Based on genetic similarity and full-length SARS-CoV-2 genome sequences, most cases diagnosed during the early phase of the first wave of SARS-CoV-2 infection (April to May, 2020) in the E-UP region appear to be associated with exposures or contacts of travelers visiting this region after implementation of the lockdown to curtail the SARS-CoV-2 introductions. The majority of early introductions in April and May 2020 appear to have been sourced from Southeast Asia (B.6.6), Europe (B.1), and other parts of India (B.1.210 and B.1.247) (5). Maximum genetic diversity (in terms of Pangolin lineages) among the circulating SARS-CoV-2 viruses was observed in the course of the first wave in this part of India. Several new SARS-CoV-2 variants of concern and interest (VoC/VoI), i.e., Alpha (B.1.1.7), Beta (B.1.351), and Gamma (B.1.1.28.1), had been detected from various parts of India during the first wave of COVID-19 (5, 22). However, this study demonstrates the absence of the VoC/VoI in this region during the first wave.

During the second wave, Kappa (B.1.617), Delta (B.1.617.2), and Delta (AY.1) emerged as the major sub-lineages from India (23). In the second wave of the pandemic, the E-UP was affected with Kappa, Delta, and Delta variants. As of July 2021, a total of 959 SARS-CoV-2 genome data available from Uttar Pradesh, India at INSACOG revealed the diversification and clustering of seven pangolin lineages (http://clingen.igib.res.in/covid19genomes/). These were followed by unclassified clustered sequences which lie in B.6, B.6.1, and B.6.6 pangolin lineage. The SARS-CoV-2 sequences retrieved from migrants also fall in B.1.210, B.1.306, and B.1.36. This indicates that despite the earlier classification group of G, GR, and GH clades, these have a distinct signature as per current pangolin nomenclature. The second wave of the SARS-CoV-2 had a majority of the Delta and Delta AY.1 variants of the virus spread through local transmission. Interestingly, cases during the second wave did not have any SARS-CoV-2 variants similar to the first wave except for G clade which was accounted for 9.6%, which revealed unique patterns of transmission.

The Spike protein of coronavirus is crucial for viral entry into the host cells and pathogenesis with the most variable sequences. The receptor-binding domain (RBD) has the most genomic variation in SARS-CoV-2 spike glycoprotein (24). The residues found in RBD might be crucial for SARS-CoV-2 binding to hACE2 which provides clues for monitoring the increased infectibility of natural RBD mutations during the transmission of the virus (25). SARS-CoV-2 spike protein substitution D614G variant is suggested to confer higher viral infectivity, efficient replication, mortality rate, and immune system evasion and transmission (26–28). The breakthrough infections showed aa changes at position S:D574Y in the cases of Delta variant, whereas from Kappa variant conserved residue at position 95 (T) suggesting that these variations are unlikely to reduce the ability to protect against COVID-19 infection.

During the second wave of COVID-19, the emergence of new SARS-CoV-2 lineage B.1.617 and sublineage B.1.617.2 (Delta variant), a “variant of concern” in India, has been associated with a surge in daily infections along with some breakthrough infections (22). The Delta variants are more than twice as transmissible as the original strain of SARS-CoV-2 (29, 30) and are capable of escaping the host immune response (31), which leads to breakthrough infection. Our study also depicts the distinct wave of two massive COVID-19 spikes in the E-UP region, accompanied by a high number of positive cases in the second wave along with 2 (5.26%) cases of breakthrough infection. Older age factors delay the development of immunity may contribute to increased susceptibility to VOCs. Recently, Beta and Delta variants have been reported to partially evade immunity after recommended doses of vaccination. It is known that many anti-RBD-specific antibodies can only bind to the open spike protein. Plausibly, mutations altering the conformation of the spike glycoprotein make the RBD less susceptible to neutralizing antibodies (32–34).



CONCLUSION

In summary, two waves of the COVID-19 pandemic were documented in the E-UP. The first wave mostly included patients who had returned from interstate and the second one was local spread possibly due to mass gatherings. Dynamics of SARS-CoV-2 circulating in the E-UP region were dominated by SARS-CoV-2 variants belonging to clades GH, GR, G, S, and O from the first wave. In contrast, the cases recorded in the second wave were strongly predominated by G clade variant, Delta and its variants, and Kappa. The signature amino acid changes were identified for the pandemic deadly variants. The breakthrough infections showed unique mutational changes at position S:D574Y in cases of the Delta variant, whereas from the Kappa variant conserved aa change at position 95 (T) as in the Wuhan isolate.
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The ongoing coronavirus disease 2019 (COVID-19) pandemic represents one of the most exigent threats of our lifetime to global public health and economy. As part of the pandemic, from January 10 to March 10, 2020, severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) began to spread in Hefei (Anhui Province, China) with a total of 174 confirmed cases of COVID-19. During this period, we were able to gather critical information on the transmission and evolution of pathogens through genomic surveillance. Particularly, the objective of our study was to track putative variants of SARS-CoV-2 circulating in Hefei for the first time and contribute to the global effort toward elucidating the molecular epidemic profile of the virus. Patients who showed symptoms of COVID-19 were routinely tested for SARS-CoV-2 infections via RT-PCR at the First Affiliated Hospital of Anhui Medical University. Whole-genome sequencing was performed on 97 clinical samples collected from 29 confirmed COVID-19 patients. As a result, we identified a local novel single-nucleotide polymorphism site (10,380) harboring a G → T mutation (Gly → Val) in Hefei. Further phylogenetic network analysis with all the sequences of SARS-CoV-2 deposited in GenBank collected in East and Southeast Asia revealed a local subtype of S-type SARS-CoV-2 (a1) harboring a C → T synonymous mutation (Leu) at position 18,060 of ORF1b, likely representing a local SARS-CoV-2 mutation site that is obviously concentrated in Hefei and the Yangtze River Delta region. Moreover, clinical investigation on the inflammatory cytokine profile of the patients suggested that mutations at positions 18,060 (the shared variable site of subtype a1) and 28,253(harboring a C → T synonymous mutation, Phe) were associated with milder immune responses in the patients.
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INTRODUCTION

The ongoing coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) represents the most pressing and challenging threat to the present global public health and economy (1–3). At the time of writing this manuscript (04 November 2021), 247,968,227 confirmed cases of COVID-19, including 5,020,204 deaths, had been reported worldwide by the World Health Organization (WHO) (4).

COVID-19 is an infectious disease officially named by the World Health Organization (WHO) on February 11, 2020. The typical symptoms of patients suffering from COVID-19 include fever, drycough, dyspnea, myalgia, fatigue, unaltered or decreased white blood cell count, and radiographic evidence of pneumonia. Severe cases of COVID-19 often present with difficulty in breathing within a week after getting infected by the virus and promptly develop acute respiratory distress syndrome, septic shock, etc., eventually leading to multiple organ failure. Whereas, mildly infected patients manifest low-grade fever or mild fatigue but no pneumonia. At present, the primary treatment regimen followed by clinicians include antiviral therapy, antibacterial drug therapy and multi-organ support. Extracorporeal membrane oxygenation is one of the key therapeutic strategies to treat severe cases (5–8). So far, there is no specific clinically validated antiviral drug available for the treatment of COVID-19 (5). The current knowledge of the disease indicates that COVID-19 patients generally experience lymphopenia and inflammatory cytokine storms in the severe stage of the disease, and further affect different molecular and cellular pathways leading to multiple organ damage (9–13). Therefore, determining the state of immune cells and the underlying molecular mechanism of cytokine production may be the key steps in designing effective treatment course. The treatment methods currently in clinical trials include using miRNA mimics to inhibit the production of cytokines and other proteins which bring about the “cytokine storm” (14, 15), immune modulation therapy based on mesenchymal stem cells (16). The combination therapy of MAS receptor agonists and angiotensin type II receptor agonists may synergistically prevent disease progression (17). Statistical studies have shown that COVID-19 is highly contagious and indiscriminate regarding age, sex, nationality, and ethnicity (https://coronavirus.jhu.edu/map.html). The rapid mutations acquired by the virus and diversified transmission routes have significantly contributed to the COVID-19 pandemic (5). Vaccine development is a key strategy to prevent widespread viral infections and reduce morbidity and mortality. However, the high mutation rate of this single-stranded RNA virus presents a serious challenge to develop effective vaccines against SARS-CoV-2. Its high mutation rate means that it can quickly adapt its mode of transmission, virulence, and immune evasion (18, 19). Current epidemiological evidence shows that since the end of 2020, the continuous evolution of SARS-CoV-2 has resulted in the emergence of novel mutations (20–22). Interestingly, the surge in COVID-19 cases coincides with the emergence of these specific virus variants (23–25). WHO has traced 11 new variants of SARS-CoV-2 to date, out of which Alpha (B•1•1•7), Beta (B•1•351), Gamma (P•1), Delta (B•1•617• 2) variants are enlisted as “Variants of Concern” (VOC), and Eta (B•1•525), lota (B•1•526), Kappa (B•1•617•1) and Lambda (C•37) as “Variants of Interest (VOI)” (26, 27). At present, the Delta variant has become the most dominant strain in the world. Delta variants contain 10 mutations, which mainly in the spike protein (27, 28). Studies have shown that the increased replication adaptability of the Delta variant of SARS-CoV-2 and the decreased sensitivity to neutralizing antibodies have led to the recent rapid and large-scale spread of the virus (29). Monitoring SARS-CoV-2 mutations and their respective frequencies is essential as drug and vaccine trials continue as these data may help decide about the administration of multi-drug combinations and redesign the therapeutic strategy. Therefore, there is an urgent need for collaboration to promote data sharing and expansion of international genome monitoring resources (30). High-throughput sequencing data empower researchers to establish the molecular epidemiological landscape of the infection and construct molecular phylogenetic trees (31, 32). The history of viral transmission at both local and global levels can be traced by comparing the viral genomes and constructing molecular phylogenetic trees. This greatly facilitates the understanding of viral transmission, emergence of variants and their mutation rates, which are critical for developing effective therapies and vaccines (33, 34).

The COVID-19 outbreak in China coincides with the Spring Festival held in the country during 2020. Anhui is a populous province of China with frequent population movements and was significantly affected by this pandemic. As the capital of Anhui province, Hefei could not avert the spread of the coronavirus. Hefei were located in the central of Anhui Province (Figure 1), with a population of 9.3 million. From January 10 to March 10, 2020, the Hefei COVID-19 epidemic depicted the obvious characteristics of the global pandemic, and it was divided into three stages, namely, the early epidemic (January 10 to 23), the rapid rise period (From January 24 to 30), and the slow decline period (from January 31 to March 10). The first COVID-19 case reported in Hefei was from Wuhan and was confirmed on January 22. As of March 10, 2020, Hefei City has reported a total of 174 confirmed COVID-19 cases, thereby being the area with the highest number of cases in Anhui Province at that time. Among the 174 confirmed cases, 42 cases (24.14%) were in the early stage of the epidemic, 87 cases (50.00%) were in the rapid rise period, and 45 cases (25.86%) were in the slow decline period (35). During this time, a clinical isolate of SARS-CoV-2 virus from Hefei was cultured and examined by whole-genome sequencing. It was identified as the S-type strain. There were almost no observable variations in its sequence compared to the reference sequence available in the database at the time (36). This finding confirmed the relatively low variability of the SARS-CoV-2 genome. The whole-genome sequencing also revealed a group of mutations mainly located in the non-structural protein coding region (sites 2189, 3086, 5094, 8782, 11082, 16049, 17122, and 28144). It has been reported that mutations at 8782 and 28144 can divided SARS-CoV-2 into two types: L and S. The significance of other seven mutations in terms of virulence or disease severity is not clear (36).
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FIGURE 1. Phylogenetic network and geographical distribution of 48 SARS-CoV-2 genomes in study samples and 352 downloaded genome sequences. (A) Phylogenetic network. Circle areas are proportional to the number of sequences, and different colors represent different region of origin for each isolate. The edge linked two circle represent mutations between two sequences, several key site positions were highlighted by the number on the edge. Lineage A and B were separated by two mutations at T28144C and C8782T. The root was a bat coronavirus sequence (MN996532), which were the most closely related sequence to SARS-CoV-2 found in the wild. The sequences of Sublineage B1 had the same mutation on 26144 or 11083. The sequences of Sublineage B2 had the same mutation on 241. The sequences of Sublineage a1 had the same mutation on 18060. (B) Geographical distribution. Different colors in the map represent different geographical areas. The pie chart beside each area represent the frequency of different Lineage (or Sublineage). The number in the center of each pie chart represent the number of samples in this area. In (B), “Lineage A” is short for “haplotypes in Lineage A but not in Sublineage a1 in (A),” while “Lineage B” was short for “haplotypes in Lineage B but not in Sublineage B1 and B2 in (A).”


In general, very little knowledge is available about the regional evolution of SARS-CoV-2 in Hefei. It can only be fulfilled by genome monitoring and analyzing whole-genome sequences of samples collected from Hefei during the epidemic.

The present study for the first time conducted whole-genome sequencing and molecular epidemiological analysis on 97 clinical samples from 29 COVID-19 inpatients of the First Affiliated Hospital of Anhui Medical University during the epidemic in Hefei. The genomic variations in SARS-CoV-2 strains of Hefei were revealed. The results helped assess the region-specific variation and frequency of single nucleotide polymorphism (SNP). Finally, our findings also determined the clinical characteristics of different genetic changes, with special attention to related immune responses to understand their potential impact on clinical outcomes.



MATERIALS AND METHODS


Patients

The study protocols were approved by the Ethics Committee of the First Affiliated Hospital of Anhui Medical University (Quick -PJ 2021-12-17). A total of 97 oropharyngeal swab samples were collected from 29 patients who presented with COVID-19 at the First Affiliated Hospital of Anhui Medical University between January 28 and March 8, 2020. The First Affiliated Hospital of Anhui Medical University is comprehensive (first-rate of Level three) hospital and provides complete medical care and health services for patients across Hefei as well as surrounding areas in the Anhui province. It is one of the eight designated hospitals for treating COVID-19 patients in Hefei. At present, the hospital is equipped with 4,990 beds and the annual outpatient volume is about 5 million. Confirmation of COVID-19 and clinical classifications were based on the protocols outlined in the New Coronavirus Pneumonia Prevention and Control Program (4th Edition), which was published by the National Health Commission of China (37). This program specifies that to be considered as a confirmed COVID-19 case, patients must have detectable SARS-CoV-2 RNA in at least one respiratory sample since illness onset and exhibit acute respiratory infection syndrome and/or abnormalities on computed tomography (CT) scan of the chest. All clinical data on epidemiology (including exposure history), symptoms, underlying comorbidities, and laboratory results were retrospectively extracted from electronic medical records. An illness was considered to be serious when a critical illness notice was present in the medical record.



Detection of SARS-CoV-2 Using RT-PCR

Oropharyngeal specimens were obtained with flocked swabs and placed in universal transport medium (Beijing Youkang Technology, Beijing, China) at 4°C until processed. All stored samples were processed within 6 h. Nucleic acid was extracted using a viral RNA extraction kit (Da An Gene Co., Ltd. affiliated with Sun Yat-sen University, Guangzhou, China). The presence of SARS-CoV-2 (N and ORF1ab genes) was detected using a SARS-CoV-2 RT-PCR kit (Da An Gene Co., Ltd.) on an Applied Biosystems 7500 system (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's instructions.



SARS-CoV-2 Whole-Genome Sequencing

Genome sequences were determined for the 97 SARS-CoV-2 RNA samples isolated as described above. The whole-genome sequence of SARS-CoV-2 was amplified using the Ion AmpliSeq™ DNA custom Panel WG00428_Coronavirus (Thermo Fisher Scientific), containing two pools with 121 primer pairs each. Sequencing libraries were prepared with the AmpliSeq Library Kit 2.0 (Thermo Fisher Scientific) according to the manufacturer's instructions, with barcoding of each sample. PCR amplification was performed as follows: 99°C for 2 min, 26 times (99°C for 15 s and 60°C for 4 min), followed by a hold at 10°C. The PCR amplicons were treated with 2 μL FuPa reagent to partially digest the primer sequences and were phosphorylated at 50°C for 10 min, followed by 55°C for 10 min and 60°C for 20 min. The amplicons were then ligated to adapters with diluted barcodes using the Ion Xpress Barcode Adapters kit (Thermo Fisher Scientific) for 30 min at 22°C and then 72°C for 10 min, followed by purification of the adapter-ligated amplicons (library) using the Agencourt AMPure XP reagent (Beckman Coulter, Brea, CA, USA). Library concentration was evaluated using Real-Time PCR Systems. Each diluted library (100 pM) was amplified through emulsion PCR using the OneTouch™ Instrument (Thermo Fisher Scientific) and enriched with the OneTouch™ ES Instrument (Thermo Fisher Scientific) using the Ion PI Hi-Q OT2 200 kit following the manufacturer's instructions. Finally, sequencing was performed on an Ion Proton instrument (Thermo Fisher Scientific) using an Ion PI Hi-Q Sequencing 200 Kit (Thermo Fisher Scientific). For genome assembly that had reference sequences available, sequencing reads were mapped to the reference using Burrows–Wheeler aligner (Bwa, version 0.7.12-r1039). Reads with excessive variations, which suggest artifacts, were removed from the dataset. Reads with mapped lengths shorter than 30 bp were also removed, and the soft-clipped bases were trimmed from both ends. For ampliseq data, depth was sufficient; redundant/duplicate reads were removed accordingly. Finally, genome assembly was performed with trinity (v1.2.9) with default parameters MEGAHIT (v1.2.9) or with parameter –k-min 15 (38–40).



Bioinformatic Analysis of Genome Sequencing
 
Analysis of SARS-CoV-2 Genomic Variation

Filtered reads were mapped to the Wuhan reference genome (GenBank ID: NC_045512.2) using the BWA software package, version 0.7.12-r1039, as described elsewhere (2, 23, 40). The total number of reads that were mapped to NC_045512.2 in each sample ranged from 5,818 and 26,187,027. The average coverage depth was between 5.13 and 160725.14. Using SAM tools, only variants with depths larger than 300 and quality scores larger than 30 were retained (24). Consensus sequences were constructed using both the reference genome and those called variants. Sequence alignment of consensus sequences obtained in this study and that of the reference genome was performed using MAFFT (v7.427) (41). The alignment was then imported into DnaSP 6 for sequence analyses (42).

To analyze regional distribution and phylogenesis, a total of 483 SARS-CoV-2 genome sequences from isolates identified in Eastern Asia and Southeast Asia were downloaded from NCBI (Supplementary Data 1). After removing sequences that were missing more than 2,000 consecutive bp, only 352 sequences were retained. Genome sequences obtained in this study and downloaded from NCBI were aligned with MAFFT and analyzed with DnaSP 6, as is standard practice for this method of analysis (41, 43).




Phylogenetic Analysis of SARS-CoV-2 Sequences

A total of 231 genome sequences of betacoronaviruses isolated from mammals were downloaded from NCBI (Supplementary Data 1). The sequences were aligned with SARS-CoV-2 sequences obtained in this study using MAFFT. Phylogenetic trees were reconstructed using MEGA by Maximum Likelihood method. A bat coronavirus sequence (MN996532) was the most closely related sequence to SARS-CoV-2 and was thus used as an outgroup in subsequent analyses (44, 45). Since network reconstruction is extremely sensitive to missing data, only 48 samples (those missing <20% of the full-length genome sequence data) were included in the network analysis (Supplementary Data 1). To filter out rare mutations or alignment errors, network reconstructions used only parsimony-informative sites with binary polymorphisms. Two networks of haplotypes were generated in the NETWORK program using two data sets (46, 47). The first network used all the downloaded sequences from GenBank, as well as the sequences obtained in this study (Supplementary Data 1). Based on these results, sequences that did not distribute in the same branches as the study samples were removed, and the remaining sequences were used to create the second data set (Supplementary Data 1). In the NETWORK program, the median-joining network algorithm with the MP calculation option was used to reconstruct the most parsimonious network. Transversions were given a weight of three, while transitions were given a weight of one. In the network visualizations, nodes were proportional to frequencies of haplotypes and different colors indicated different regions. The network for the first data set was simplified using the star contraction option, as it was initially too complex to read. The data used in the first network was also used to reconstruct the phylogenetic tree of all SARS-CoV-2 sequences using MEGA by Maximum Likelihood method.



Measurement of Inflammatory Factors

Levels of IL-6, IL-8, IL-10, IL-2R, and tumor necrosis factor-α (TNF-α) were assessed using a chemiluminescent immunoassay (Siemens, Munich, Germany); serum ferritin (SF) level was assessed using an electrochemiluminescence immunoassay (Roche, Mannheim, Germany) according to the manufacturer's instructions. The IMMULITE Cytokine Control Module, IMMULITE IL-10 Control Module (Siemens, Germany), and Lyphochek Immunoassay Plus Control (Bio-Rad, CA, USA) were used as internal controls, according to the manufacturer's instructions. The IMMULITE Cytokine Control Module is an assayed, bi-level control (containing different concentrations of selected lyophilized cytokines in a human serum matrix) intended for use with the IMMULITE1000 and IMMULITE 2000 IL-6, IMMULITE1000 IL-8, IMMULITE1000 IL-2R, and IMMULITE1000 TNFa assay. The IMMULITE IL-10 Control Module is a bi-level, synthetic matrix control intended for use with the IMMULITE1000 IL-10 assay. Lyphochek Immunoassay Plus Control (Bio-Rad) is a three-level, human serum matrix control intended for use with the Robas 6000 SF assay kit. The patients underwent multiple inflammatory factors tests during the hospitalization period. Based on the patient's conditions combined with the results of CT scan and nucleic acid test, the inflammatory factor data from samples obtained at the severest disease condition were selected for further analysis.



Statistical Analysis

For each variable site, we divided patients into two groups: “reference” and “variation.” The “reference” group included patients carrying SARS-CoV-2 which was the same as reference genome at the site, whereas the “variation” group included patients carrying SARS-CoV-2 which mutated at the site. For 12 sites, both groups contained at least three patients, so totally 12 sites were used for subsequent analysis. The patients were also separated into “severe case” and “mild case” based on whether the medical record was present. Fisher's exact test was performed using SPSS software version 20.0 (IBM, Armonk, NY, USA) to test whether severe case percentage differed significantly (p < 0.05) between two mutation status. For each of the 12 sites, the expression levels of the six inflammatory factors between groups were compared using parametric t-tests using the SPSS software version 20.0 (IBM, Armonk, NY, USA).




RESULTS


Identification of Genetic Variations in the Sampled SARS-CoV-2 Genomes

Our analysis of 97 SARS-CoV-2 RNA samples, derived from 29 COVID-19 patients at various time points, identified 263 SNPs, while no indels were found (summarized in Table 1, Supplementary Table 1). Thirty-five of the identified SNPs were parsimony-informative sites and 228 were singleton SNPs. This ratio of parsimony-informative sites to singleton SNPs is comparable to that found in human genomes (48). Notably, there were 188 novel sites found in the study samples that were absent from all SARS-CoV-2 genomes accessed from the NCBI database for this study. All but six of the discovered SNPs were assigned to protein-coding regions. Specifically, non-synonymous, synonymous, and nonsense mutations encompassed 167, 80, and 10 sites, respectively. This suggests a high tolerance for sequence variation at the function - primarily protein-level. Most strikingly, sites 10380, 18060, and 28144 exhibited the highest mutation frequencies of all sites and appeared to be hotspots for mutation. SNPs at sites 10380, 18060, and 28144 were found in 24, 29, and 43 isolates, respectively. Previous studies have also identified SNPs at sites 18060 and 28144 in SARS-CoV-2 isolates from other geographical locations (33, 49, 50). Moreover, a non-synonymous mutation at site 28144 can give rise to a Leu to Ser substitution in the ORF8 protein, whereas an SNP at site 18060 in ORF1b is functionally silent. However, the SNP at site 10380 (harboring a G → T mutation, Gly → Val) has not yet been reported in any other isolates and is likely to account for a novel variation to Hefei. Thus, it may serve as a useful marker in further large-scale molecular epidemiological studies.


Table 1. Counts of SNPs in the SARS-CoV-2 genomes analyzed in Hefei.
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Haplotype Network and Phylogenetic Analysis of SARS-CoV-2 Genome

Haplotype network and phylogenetic analysis were carried out to infer the evolutionary relationship between regional samples. Only sequencing data with > 80% total sequence coverage was included in the haplotype network reconstruction, so only 37 haplotypes were identified from the 48 samples used to reconstruct the network (Table 2). All the haplotypes were novel and had not been previously described; five of them were associated with multiple samples.


Table 2. SARS-CoV-2 haplotypes identified in Hefei.
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The whole haplotype network (Figure 1A) could be separated into two big lineages, which were labeled Lineage A and Lineage B. The core of Lineage B and that of Lineage A were distinguished by two mutations: the synonymous mutation T8782C and the non-synonymous mutation C28144T changing a leucine to a serine. These two lineages were well-known as L-type and S-type, respectively, as also reported in other network studies (43, 51). Both core haplotypes were super-spreaders and were distributed in almost all areas included in this study.

Lineage A (S-type) showed a closer relationship with the root (an animal virus sequence, MN996532) that represents the ancestral origin. Sequence MT079847 was used as the representative core haplotype for Lineage A. MT079847 differed from the reference sequence by only one synonymous mutation, C8782T, and one non-synonymous mutation, T28144C (Leu → Ser). Although Lineage A had transmitted to all the areas we included, it was mainly distributed in China. Within Lineage A, only one sublineage with more than five haplotypes was discovered, which was labeled a1 (Figure 1). All these haplotypes had a common synonymous mutation C18060T and were geographically exclusive to Hefei and Yangtze River Delta, thereby forming an endemic cohort.

Lineage B was derived from Lineage A, which consisted of more haplotypes and longer branches. The core haplotype of Lineage B was identical to the reference sequence NC_045512. Within Lineage B, two sublineage s, each with more than five haplotypes, were discovered. Sublineage B1, which had common mutations 26144 or 11083, was mainly distributed in Hong Kong and Southeast Asia. Sublineage B2, which had a common mutations 241, was mainly distributed in Hong Kong and Japan. Based on this analysis and data records, Sublineage B2 emerged more recently than Lineage A or the other Lineage B sublineages. Moreover, the overlap in the geographical distribution of Lineage A and Lineage B indicates frequent traveling as an important accelerating factor for the spread of infection.

Although Lineage A was more ancestral than Lineage B, their transmission to human and global circulation occurred synchronously (Figure 1B) and the genome of Lineage B was sequenced first (2). In Chinese mainland, both lineage s accounted for almost one half of the samples, however, Lineage B was represented at much higher frequency than Lineage A in Hong Kong and Japan. Especially, a newly emerging Sublineage B2, which was mainly isolated in most samples in Hong Kong and Japan, was rare in Chinese mainland. By contrast, Lineage a1 was local concentrated distribution in Hefei and the Yangtze River Delta, indicating that this cohort is an endemic S-type variation of the virus.

The results of phylogenetic tree (Supplementary Figure 1) showed the same results as network. All the sequence could be split into two Lineage A and B. Within Lineage A, a distinguished Sublineage labeled “a1” was limited in Hefei and Yangtze River Delta. Within Lineage B, two distinguished Sublineage labeled “B1” and “B2” were found. While Sublineage B1 was mainly distributed in Hong Kong and Southeast Asia. With a particular long branch, Sublineage B2 was transmitted in Japan quickly and extensively. The root (MN996532) had a very long branch, but it is nested in Sublineage a1. As for the samples collected in Hefei, they are distributed in nine different evolutionary branches in both phylogenetic network (Figure 2) and phylogenetic tree, indicting the introduction of SAR-CoV-2 to Hefei happened at least nine times.
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FIGURE 2. Phylogenetic network of 48 SARS-CoV-2 genomes in study samples and other sequences distributed in the same branches with them. Circle areas were proportional to the number of sequences and the edge linked two circle represent mutations between two sequences. Sequences collected from 26 patients in our hospital are labeled 1~26 next to the circles. The arrows showed the SARS-CoV-2 transmission paths to Hefei, labeled with L1~L6 for L-type and labeled with S1~S3 for S-type.




Reconstruction of Potential Infection Pathways in Hefei City

One practical application of phylogenetic network is to reconstruct potential pathways of human-to-human transmission of SARS-CoV-2. We investigated the transmission paths specifically associated with the infection in the Hefei region by focusing on locally obtained samples and comparing with other sequences distributed in same branches with them (Figure 2). The phylogenetic network analysis indicated that the initial infections likely occurred independently on at least nine separate occasions. Different viral types appeared to be introduced sequentially to the region, beginning with the L-type and followed by the S-type. A more detailed picture of potential transmission paths began to emerge when epidemiological data was incorporated into the analysis.

A minimum of six independent initial infections of the L-type virus likely occurred within a short period in January 2020 (labeled L1–L6 in Figure 2).

L1. Patient HF1 marked the first confirmed COVID-9 case admitted to our hospital. The patient traveled back from Wuhan, China on January 19, 2020, developed a fever on January 23, and was hospitalized on January 26. Patient HF3 had also returned from Wuhan and was hospitalized at approximately the same time as HF1. There was only one mutation that distinguished the HF1 isolate from the HF3, suggesting that HF1 and HF3 should be counted as one introduction event, which represents the earliest infections of the L-type SARS-CoV-2 in Hefei.

L2. Patient HF2 accounted for the second introduction event. The patient traveled back from Wuhan and was hospitalized on January 28, 2020.

L3. The third introduction occurred with patients HF4 and HF5. Both patients reported attending a social event with several individuals from Wuhan, soon developed COVID-19 symptoms, and were hospitalized on January 28. After 9 days, HF9 was admitted to our hospital. Although no direct contact was found between patient HF9 and patients HF4 and HF5, they shared similar haplotypes.

L4. The fourth introduction involved six cases (HF6, HF7, HF10, HF13, HF14, and HF15). Patient HF6 returned to Hefei from Wuhan on January 21 and was admitted to the hospital on January 28 with serious conditions. Soon after, patients HF7, HF10, HF13, HF14, and HF15 were hospitalized. Notably, patients HF10, HF13, and HF14 were from the same family and had no historical direct contact with anybody in Wuhan. This suggests the possibility of human-human transmission, a theory supported by evidence that one of the two viral haplotypes identified in the HF13 isolate was shared by HF14 and that the sequences of the HF10 and HF14 isolates differed by a single nucleotide.

L5 and L6. HF8 and HF12 account for two separate introduction events.

During the same period in early 2020, the S-type SARS-CoV-2 was introduced into Hefei on at least three independent occasions (labeled S1–3 in Figure 2).

S1. HF16 represented the first introduction, which occurred on January 21 when the patient-already exhibiting serious symptoms-traveled back to Hefei from Wuhan. The viral haplotype of this isolate has no direct relationship to any other case of S-type infections under study and was thus defined as a separate introduction.

S2. The second introduction involved nine individual cases (HF17, HF18, HF19, HF20, HF21, HF22, HF23, HF25, and HF26). With no clear historical direct contact with infection cases in Wuhan, patients HF17 and HF18 were admitted to the hospital on February 2 and 3, respectively, and represent the earliest patients in S2 (Figure 2) within our healthcare system. The viral haplotypes of the HF17 and HF18 isolates were differed by only one mutation and were closely associated with all other isolates of this cohort. Notably, HF21 and HF22 cases occurred in the same household, which also indicate a pattern of human-to-human viral transmission within this cohort. This second introduction of an S-type SARS-CoV-2 was responsible for nine individual cases involving viral haplotypes that shared a synonymous mutation, C18060T. These haplotypes constitute the majority of Sublineage a1, as highlighted in the haplotype network analysis (Figure 1A), which appears to be concentrated in Hefei and the Yangtze River Delta region, indicating that this cohort is an endemic S-type variant of the virus.

S3. HF24 accounted for the third S-type introduction event and was distinguished from other S-type isolates.



Mutational Sites Were Not Associated With Disease Severity

As previously mentioned, an illness was only considered to be serious if a critical illness notice was present in the medical record. The level of inflammatory factors and the grouping information for each patient are summarized in Supplementary Table 2. In total, 12 sites (8782, 10380, 11083, 13394, 14418, 16954, 17614, 18060, 26144, 26885, 28144, and 28253) were selected for a Fisher's exact test for comparing the rate of severe cases among different mutation status (Table 3). In this regard, no significant differences were observed among these sites, suggesting that the differences in mutation status might contribute to other viral functions and properties, such as transmissivity, or the sample size was insufficient to infer significant results.


Table 3. Difference in rates of severe cases between different mutation status.
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Site 18060 and 28253 Mutations Correspond to Milder Immune Responses in Patients

Recent reports indicate that the initiation and progress of the sickness caused by COVID-19 are driven by cytokine (e.g., IL-6 and IL-8) responses. Thus, therapy that targets cytokines may improve the health of COVID-19 patients (9). Similarly, numerous studies have shown that high SF level plays a key role in inflammation and is significantly correlated to the severity of the disease (52). Therefore, we investigated whether mutation status at genomic sites (Table 3) could affect serum concentrations of inflammatory factors (Figure 3). We monitored levels of several inflammatory factors, including IL-6, IL-8, IL-10, IL-2R, TNF-α, and SF, in the patient blood samples and found that inflammatory responses were significantly reduced (p < 0.05) in patients infected with the isolates bearing mutations at sites 18060(harboring a C → T synonymous mutation, Leu) and 28253 (harboring a C → T synonymous mutation, Phe). Basing on these findings, we speculated that these mutations, especially those at 18060 (i.e., the local endemic variation), may facilitate viral transmission and contribute to global public health initiatives by exposing populations to asymptomatic or mildly symptomatic versions of this deadly virus.
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FIGURE 3. Serum levels of inflammatory factors in COVID-19 patients with different mutation status. For the first bar chart, the patients were divided into two groups based on the mutation status on site 8782. Red bars represent patients carrying SARS-CoV-2 with mutations at site 8782, whereas blue bars represent patients carrying SARS-CoV-2 that is the same as reference genome at site 8782. TNF-α, IL-6, IL-8 and IL-10 levels are expressed in 1 ng/mL units, while IL-2R and SF in 50 ng/mL units. The 11 bar charts represent sites 8782, 10380, 11083, 13394, 14418/17614, 26885, 16954, 18060, 26144, 28144, and 28253. p-values on the right of the bar denote significant differences (p < 0.05) between two groups. For sites 18060 and 28253, at least three inflammatory factors show significant differences between groups.





DISCUSSION

RNA viruses are often characterized by high mutation rates that often result in changes to characteristics such as virulence, host entry efficiency, receptor binding affinity, and transmission routes (53, 54). Discovery and identification of mutations in the SARS-CoV-2 genome is critical for not only understanding the infection mechanism but also for tracking the evolution and transmission of the virus (32, 55, 56).

Despite recent discovery of numerous variants, overall genomic variations in the SARS-CoV-2 seems generally low (57, 58). This characteristic was also found in our comparison of 97 SARS-CoV-2 genomic sequences, which revealed that an average of over 99.9% inter-sample sequence identity. However, specific hot spots within the genome display higher variability and are closely associated with various key aspects of the infection (50). For example, the variation in ORF1a, ORF1b, S, N, and ORF8 genes appear to affect host infection and virus transmission by facilitating the adaptation and propagation of the virus in host cells. Specifically, the region located between ORF1a and ORF1b encodes the RNA-dependent RNA polymerase (RdRp) that is critical for viral gene expression. This region is used widely to clinically diagnose SARS-CoV-2 infections using PCR testing (2, 55, 59).

When the COVID-19 outbreak began in Hefei in January 2020, a set of clinical isolates were collected over time and whole-genome sequenced to identify a collection of variations at the mutation hot spots (Table 1). The G10380T mutation was exclusively associated with the isolates from Hefei, suggesting a endemic genetic variation in Hefei. This mutation was identified in 24 out of 97 samples studied, but only two samples could recover >80% of full-length genome sequence. This low sequence coverage is likely due to greater RNA instability as a result of the glycine/valine conversion introduced by the G10380T mutation. Perhaps G10380T was a global variation, which was unable to be detected due to chemical instability.

The SARS-CoV-2 strains have been categorized as L- and S-types (50), labeled with Lineage B and A in Figure 1A, respectively. The S-type is evolutionarily more ancient and likely gave rise to the L-type. The L-type predominates in the overall population accounting for 70% of known infections and is characterized by higher mutation rates than the S-type. A positive feedback loop is hypothesized in which the L-type can rapidly spread within a population due to increased infection and proliferation efficiency, allowing it to accumulate higher levels of mutations that can potentially enhance various viral capabilities (50, 55). In the early stages of the outbreak in Wuhan (Figure 1), both L-type and S-type SARS-CoV-2 were transmitted concurrently, but L-type accounted for most of the disease severity. In Hefei, early isolates from the COVID-19 cases were primarily the L-type virus, and the patients developed serious illness upon hospital admission. However, the S-type virus was introduced to Hefei later, and the patients typically displayed milder symptoms. The scenario in Hefei suggested that L-type was associated with faster transmission and severer symptoms than S-type, possibly explaining as to why L-type is predominant globally.

The haplotype network of SARS-CoV-2 reconstructed in this study was similar to earlier studies (43, 50, 51). All these studies found the C8782T and T28144C separated the entire network, and S-type was closely connected to the outgroup. For S-type, Forster et al. discovered a very big subcluster with a mutation on 29095, which formed a loop with another mutation on 18060 (36, 51). As our study was restricted to samples within Asia, we only found these two sublineage s contained in samples from distantly related areas and did not find a loop between the two branches (Figure 1A). For L-type, Forster et al. discovered a very big subcluster with mutation on 26144 and formed a loop with another mutation on 11083, which was the same as our results (Sublineage B1) (51). As for Lineage B2 (Figure 1A), which was a very small branch in the study by Forster et al. (51) it could be explained that these haplotypes much recently emerged and expanded. Although network analysis is potentially affected by distinctive migratory histories, founder events, and sample size, repeatability was considerable for the huge number of SARS-CoV-2 sequences deposited in public databases. Moreover, the lineages of phylogenetic tree (Supplementary Figure 1) were also separated into Lineage A and B, with Sublineage a1 nested in Lineage A, and Sublineage B1 and B2 nested in Lineage B. Different analysis method could lead to convergence, indicating the data was robust.

Considering the chronological, geographical, and clinical aspects of all the cases under study, we propose the following possibility for understanding the development of the COVID-19 epidemic in Hefei: Direct contact with cases from Wuhan likely led to the majority of cases. In this narrow window of time (from Jan 26 to Feb 21), the L-type was introduced to Hefei first, generally exhibiting a higher level of virulence, and S-type emerged later. Meanwhile, comprehensive prevention and control measures were created and enforced in an attempt to restrict viral transmission and slow down the impacts of the epidemic. Patients carrying the L- type SARS-COV-2 were more likely to develop clinical symptoms and were thus more susceptible to medical intervention. Partially as a result, the S-type strain, particularly the Sublineage a1 (C18060T) variant, became endemic to Hefei and the Yangtze River Delta region and tended to cause less severe clinical symptoms. This shift in the mode of transmission, along with the evolution of the virus, suggests that the SARS-COV-2 may eventually settle into a niche area as a mild and periodic viral pathogen similar to influenza virus. Even then, the virus would still carry the alarming potential to cause an epidemic or a pandemic.

Contrary to our hypothesis, viral mutations had no significant effect on the rate of severe cases, even though a significant number of mutations were non-synonymous. Potential biases may have arisen from the limitations in both sample size and the amount of time for clinical observation. However, the levels of inflammatory factors (IL-6, IL-8, TNF-α, IL-6, IL-2R, and SF) in serum samples were significantly decreased in patients infected with isolates bearing mutations at positions 18060 (ORF1ab) and 28253 (ORF8). The C18060T mutation was exactly the distinctive site using to distinguish the local Sublineage (a1) of S-type SARS-CoV-2 endemic to Hefei and the Yangtze River Delta region. Notably, these were synonymous mutations, signifying that they may lead to functional shifts due to codon bias in translation which may affect to the efficiency of protein translation. Codon preference may contribute to the efficiency of protein translation. Frequently used codons correspond to abundant tRNAs, and tRNA content directly affects the rate of amino acid translation. Different organisms use various codons at different frequencies and various biological codon usage preference data can be found in the Kazusa Codon Usage Database (kazusa.or.jp/codon/) (60, 61). In human codons, the frequency of CTC is 19.6%, while the frequency of CTT is 13.2%. The frequency of TTC is 20.3%, and the frequency of TTT is 17.6%. Thus, the mutations at sites 18060 (CTC → CTT) and 28253 (TTC → TTT) may affect the rate of protein synthesis. Through genomic surveillance, we identified a locally concentrated S-type SARS-CoV-2 Sublineage, a1 (C18060T), that was endemic to Hefei and the Yangtze River Delta region, thus providing important insights into the local development of COVID-19. Our work highlights the importance of genomic surveillance for understanding and controlling pandemics, as well as the potential value of following the dynamic shifts of viral subtypes when studying the transmission, pathogenicity, and evolution of the viruses.

The limitation of this study is that sample size was not large enough. There were only 42 patients diagnosed as having COVID-19 in our hospital during local outbreak in 2020. According to the experimental purpose and methods, some patients with incomplete data were removed from study, bringing down the final number of evaluable cases to 29. The experimental data were collected from January 28 to March 8, 2020. The time coverage of all the COVID-19 patients included in this study was 41 days. During this period, several nucleic acid tests were performed based on the patient conditions. Consequently, the number and timing of nucleic acid test was different for each patient. Therefore, the time-dependent shift in mutation profile was not investigated. In the past year, the number of COVID-19 cases in Hefei has remained zero although the delta variant has been prevalent in many other areas. We are currently unable to expand the sample size to verify the existing conclusions. We plan to conduct further mechanistic studies based on the existing sample data.

Conclusively, the present study revealed the endemic variations of SARS-CoV-2 in Hefei, for the first time, which may be related to the milder, local COVID-19 epidemic. Expanding the ongoing sequencing efforts to monitor SARS-CoV-2 subtype will be critical in identifying future variants of concern and understanding the mechanisms of innate immune evasion by which SARS-CoV-2 adapts to a new host environment.
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Background: Multiple SARS-CoV-2 variants are still rampant across the United States (US). We aimed to evaluate the impact of vaccination scale-up and potential reduction in the vaccination effectiveness on the COVID-19 epidemic and social restoration in the US.

Methods: We extended a published compartmental model and calibrated the model to the latest US COVID-19 data. We estimated the vaccine effectiveness against the variant and evaluated the impact of a potential reduction in vaccine effectiveness on the epidemics. We explored the epidemic trends under different levels of social restoration.

Results: We estimated the overall existing vaccine effectiveness against the variant as 88.5% (95% CI: 87.4–89.5%) with the vaccination coverage of 70% by the end of August, 2021. With this vaccine effectiveness and coverage, there would be 498,972 (109,998–885,947) cumulative infections and 15,443 (3,828–27,057) deaths nationwide over the next 12 months, of which 95.0% infections and 93.3% deaths were caused by the variant. Complete social restoration at 60, 65, 70% vaccination coverage would increase cumulative infections to 1.6 (0.2–2.9) million 0.7 (0.1–1.2) million, and 511,159 (110,578–911,740), respectively. At same time it would increase cumulative deaths to 39,040 (5,509–72,570), 19,562 (3,873–35,250), 15,739 (3,841–27,638), respectively. However, if the vaccine effectiveness were reduced to 75%, 50% or 25% due to new SARS-CoV-2 variants, there would be 667,075 (130,682–1,203,468), 1.7 (0.2–3.2) million, 19.0 (5.3–32.7) million new infections and 19,249 (4,281–34,217), 42,265 (5,081–79,448), 426,860 (117,229–736,490) cumulative deaths to occur over the next 12 months. Further, social restoration at a lower vaccination coverage would lead to even greater secondary outbreaks.

Conclusion: Current COVID-19 vaccines remain effective against the SARS-CoV-2 variant, and 70% vaccination coverage would be sufficient to restore social activities to a pre-pandemic level. Further reduction in vaccine effectiveness against SARS-CoV-2 variants would result in a potential surge of the epidemic. Multiple measures, including public health interventions, vaccination scale-up and development of a new vaccine booster, should be integrated to counter the new challenges of new SARS-CoV-2 variants.
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BACKGROUND

The COVID-19 pandemic remains a severe public health challenge despite the extensive public health interventions implemented worldwide. By 31st May 2021, accumulatively 170.1 million infected cases and 3.6 million COVID-19-related deaths were reported worldwide (1). Recent rollouts of effective COVID-19 vaccines have raised hope to control the pandemic. Countries leading the vaccination efforts have seen declining new infections and begun to relax in social distancing and travel bans. Experiences can be drawn from the United Kingdom (UK), Israel, and some states in the US (Vermont, Massachusetts, Hawaii, California), where vaccination coverage has reached 55–70% recently (2–4). The vaccination program has successfully vaccinated more than 34 million people in the UK and prevented more than 10,000 deaths, enabling the government to ease previous tough restrictions (5). Despite the promising progress, the goal of controlling or eliminating the COVID-19 epidemic is still far-reaching, primarily due to the insufficient vaccination coverage worldwide (6). Besides, the emergence of new variants may hamper the effectiveness of the existing vaccines and shadow the potential population benefits of the vaccination.

Mutations in the receptor-binding domain (RBD) of SARS-CoV-2 enabled the virus to bind more effectively with the host receptor-Angiotensin converting enzyme 2 (ACE2) and enhanced better integration of the virus into the host (7). The B.1.1.7 strain, with an N501Y substitution in RBD, has shown a 59% higher transmissibility and a 45% higher mortality rate compared to the wild type (8, 9). Laboratory and clinical studies demonstrated that most COVID-19 vaccines remained effective against B.1.1.7 (10–13). However, the additional E484K substitution of RBD in B.1.1.7 and the emergence of more transmissible Delta variant B.1.167.2 cast doubts on the effectiveness of the existing vaccines (14–16).

The US has experienced multiple waves of severe COVID-19 epidemics in the past (1). In response, the US has developed effective vaccines against COVID-19 (17–19). The US has seen a rapid rollout of a comprehensive vaccination program since 13th December 2020 (20). By 31st May 2021, the vaccination coverage in the US population has reached 51% (21). The US has established a comprehensive surveillance system that closely tracked the spread of the COVID-19 variants (22). The latest statistics reported that 70% of COVID-19 diagnoses in the US belong to the B.1.1.7 variant (23). Thus, the US provides an ideal setting for evaluating the benefits of mass vaccination for the COVID-19 epidemics with the emergence of new variants.

Numerous modelling studies have simulated vaccination impact on COVID-19 in the US. Most of these studies have consistently demonstrated that effective vaccination would significantly reduce new infections and among the infected, the clinical adversities, ICU admissions and mortality (24–26). Studies also indicated that a population vaccination coverage of at least 50–80% is required to reduce the effective reproductive number to below one and enables restoration of social activities to a pre-pandemic level (27, 28). Some studies have evaluated the transmission of hypothetical SARS-CoV-2 variants before the actual report of B.1.1.7 in the US (29, 30). They have substantially underestimated either the transmissibility of the variant or the update of vaccination in the US in these models, leading to a biassed projection of the epidemic trends. A more precise evaluation of the impact of vaccination and new variants is warranted to inform the future epidemic and relevant public health interventions.

The emergence of new COVID-19 variants has complex implications on the epidemic and social restoration due to its potential risks of reducing vaccine effectiveness and protection. Our study aims to evaluate the epidemic trend of the COVID-19 epidemic amid increasing vaccination coverage in the US. We further explore the potential population impact on the epidemic trends if further new variants emerge with higher transmissibility, mortality, and lower vaccine effectiveness. Our findings will help inform public health measures for epidemic management of new variants in the US.



METHODS


Data Sources

We collected publicly available reportable epidemiological data in the US from Johns Hopkins University Coronavirus Resource Center (1) and the Centers for Disease Control and Prevention (CDC) (21, 23). These websites provided daily confirmed COVID-19 infection cases and death cases from 1st March 2020 to 31st May 2021, and the number of COVID-19 vaccine uptakes and variant proportions from 13th December 2020 to 31st May 2021. All four types of data were used to calibrate the model (details in Supplementary Materials).



Model Structure

We extended a previously published dynamic compartmental model (27) to describe the circulation of two SARS-CoV-2 strains (the wild type and the variant) in the US. Our model consisted of 18 compartments (Supplementary Figure 1). A susceptible or vaccinated individual (S, V) may be infected by a SARS-CoV-2 strain (either the wild type or the variant) and entered a latent infection stage (E, Em, m denotes the variant). After a mean incubation period of 5.2 (4.1–7.0) days (31), a proportion of infected individuals developed symptoms (I1, Im, 1) before being diagnosed and documented (T1, Tm, 1). The remaining asymptomatic infections (A, Am) would spontaneously recover (R, Rm). Undiagnosed and diagnosed infected individuals may progress to severe/critical stage (I2, Im, 2, T2, Tm, 2) and die (D, Dm) or recover (R, Rm). The description of progression rates, derivation of the force of infection and mathematical expressions were documented in the Supplementary Materials.



Model Assumptions

We assumed that the dominant variant was 59% (56–63%) more transmissible and 45% (18–78%) more deadly than the wild type SARS-CoV-2 (8, 9). We also assumed the recovered individuals could not be reinfected by any strains of SARS-CoV-2, suggesting a complete cross-protection and no co-infection of SARS-CoV-2 strains. In this study, we calculated the weighted-average effectiveness (91.4%) of the three available vaccines, Pfizer (92.6%), Moderna (92.1%), and J&J Jensen (66.9%), based on their population coverage in the US (17–19, 32).



Model Calibration

WE calibrated the model using a non-linear least-squares method that minimised the Root Mean Squared Error (RMSE) between model-simulated and reported data. Based on the “calibrated” scenario, we perturbed model parameters around the “calibrated” parameter set to generate a band of curves that best describe the data variations and retain a minimal level of RMSE. We randomly generated 200 small “perturbating factors.” For each of the perturbing factors, we randomly sampled 100 parameter sets based on Latin Hypercube Sampling (LHS) between the parameter range generated by a random walk (adding the perturbing factor in both positive and negative directions). Hence, we obtained 200 groups of various perturbance, and each group has 100 randomised parameter sets. For each of the 200 groups, we calculated the number of data points covered by the band of curves simulated by the 100 parameter sets and their RMSE. We hence selected the one with the minimal RMSE across 200 bands as the set of simulations that best explained the observed data. The 100 curves in the selected band were used to calculate the 95% CI of the model outcomes. The vaccine effectiveness against the variant was estimated spontaneously during model calibration. We validated that the estimated effectiveness of 88.5% produced the lowest RMSE in Supplementary Figure 2.



Impact of Reduction in Vaccine Effectiveness

The emergence of new variants (e.g., E484K substitution in the B.1.1.7, B.1.167.2 variant) may potentially reduce the effectiveness of the existing vaccines. We evaluate its impact on the COVID-19 epidemic when the vaccine effectiveness (1) adopts the model-estimated value for the variant (baseline scenario); reduces to (2) 75%; (3) 50% and (4) 25%. For each scenario, we calculated the cumulative infections and deaths due to COVID-19 over the next 12 months (1st June 2021 to 31st May 2022). Since we did not know the viral properties of potential new variants, we also simulated nine scenarios with varying viral transmissibility and mortality as a sensitivity analysis (Figure 2).



Impact of Social Restoration

Social restoration (public person-to-person contact rates recovered to 100% of the pre-pandemic level and Mask usage returned to 0) would significantly enlarge the force of infection for both wild type and the variant. To assess the timing of social restoration and herd immunity, we conducted three scenarios of social restoration at 60, 65, and 70% vaccination coverage levels and calculated the daily and cumulative COVID-19 infections and deaths over the next 12 months (Figure 3).



Uncertainty and Sensitivity Analyses

Based on the selected 100 parameter sets in model calibration, we produced the sensitivity analysis to accommodate the uncertainty of model parameters and determine the 95% CI of the cumulative COVID-19 infections and deaths. In addition, we also explore the impact on the epidemic trends of COVID-19 in several scenarios (new variants emerge with higher transmissibility, mortality, and lower vaccine effectiveness; social restoration; Figures 2, 3). All analyses and simulations were performed in MATLAB R 2019b.




RESULTS


Model Estimated Slightly Reduced Vaccine Effectiveness Against the Variant

Our calibrated model estimates the overall existing vaccine effectiveness against the variant to be 88.5% (95% CI: 87.4–89.5%) (Figure 1, additional validation in Supplementary Figure 2), slightly lower than the weighted average effectiveness (91.4%) among the three vaccines available in the US. Our model also demonstrates that the estimated variant trend closely resembled the reported data (Figure 1C).


[image: Figure 1]
FIGURE 1. Model calibration and estimation of vaccine effectiveness on the variant by daily COVID-19 cases, deaths, vaccination, and proportion of the dominant variant (B.1.1.7) in the US. (A) Model calibration based on 15-month daily reported COVID-19 cases in the US, the blue area denotes the 95% confidence interval, the black dash-dotted and dotted lines denote the beginning date of vaccination and reporting the variant, the green and cyan dashed lines denote the daily reported cases of wild type and the variant. (B) Model calibration based on 15-month daily reported COVID-19 deaths in the US. (C) Reported and model-fitted proportion of the variant (of all reported cases) in the US. (D) Reported and model-fitted vaccination coverage (≥1 doses) in the US.




Vaccination Would Control the COVID-19 Epidemic With Persistent Public Health Interventions

Despite the rise of the variant, our model predicts that the increasing vaccination and persistent public health interventions would control the COVID-19 epidemic over the next 12 months (1st June 2021 to 31st May 2022). If the current trend of vaccination is sustained, vaccination coverage (having received ≥1 doses) in the US will exceed 70% by the end of August 2021 and a plateau around 75% at the end of November 2021 (Figure 1D). Assuming all interventions remained at the current levels, we anticipate 498,972 (109,998–885,947) cumulative infections and 15,443 (3,828–27,057) cumulative deaths nationwide over the next 12 months. Among them, 95.0% (81.8–96.7%) infections and 93.3% (76.7–95.6%) deaths are caused by the variant.



Potential Population Impact of Vaccine Effectiveness Reduction of a New Variant

We simulate the potential impact of vaccine effectiveness reduction on the epidemic trend due to the emergence of new SARS-CoV-2 variants [e.g., E484K substitution in a B.1.1.7; B.1.167.2 variant (14, 16)]. If the new variant will reduce vaccine effectiveness to 75% yet retain similar transmissibility and mortality as the current dominant variant, estimated 667,075 (130,682–1,203,468) cumulative infections and 19,249 (4,281–34,217) cumulative deaths over the next 12 months. Likewise, if vaccine effectiveness will reduce to 50% and 25%, there will be 1.7 (0.2–3.2) million, 19.0 (5.3–32.7) million cumulative infections and 42,265 (5,081–79,448), 426,860 (117,229–736,490) cumulative deaths over the next 12 months, respectively.



Potential Population Impact of Transmissibility of a New Variant

The emergence of a more transmissible COVID-19 variant (e.g., B.1.167.2, up by 90% of the wild type) than the current dominant variant (up by 59% of the wild type) but share a similar mortality rate and vaccine effectiveness will result in 694,193 (143,823–1,244,563) cumulative infections and 19,861 (4,579–35,143) cumulative deaths over the next 12 months (Figure 2). In contrast, if its transmissibility is only half of the variant (up by 30% of the wild type), the estimated number of cumulative infections and deaths will only be 381,684 (89,438–673,930) and 12,824 (3,371–22,276) over the next 12 months. However, we acknowledge the latter scenario may not happen due to the less competitive nature of the variant than the current one.
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FIGURE 2. The number of accumulated new COVID-19 infections and deaths over the next 12 months with varying vaccine effectiveness, viral transmissibility and mortality. The first row represents the accumulated number of new infections whereas the second row represents accumulated deaths. The colour (blue, green, and orange) bars denote the varying transmissibility of SARS-CoV-2 variants. The error bars represent 95% confidence intervals.




Potential Population Impact of the Mortality of a New Variant

The emergence of a more deadly COVD-19 variant (up by 75% of the wild type) than the current variant (up by 45% of the wild type) but share a similar transmissibility rate and vaccine effectiveness will result in more deaths but fewer infections, estimated 495,830 (109,604–882,056) cumulative infections and 18,197 (4,393–32,002) cumulative deaths over the next 12 months (Figure 2). In contrast, a reduced mortality (up by 15% of the wild type) will only cause a similar number of new infections and less deaths (12,615 [3,250–21,980]).



Potential Population Impact of Social Restoration at the Various Vaccination Coverage Level

Retaining high vaccine effectiveness enables a sooner social restoration (Figure 3). We project that, with the estimated effectiveness (88.5% against the variant), restoring social activity to the pre-pandemic level at the 60%, 65% and 70% vaccination coverage will result in 1.6 (0.2–2.9) million, 0.7 (0.1–1.2) million, 511,159 (110,578–911,740) cumulative infections and 39,040 (5,509–72,570), 19,562 (3,873–35,250), 15,739 (3,841–27,638) cumulative deaths over the next 12 months, respectively. However, if the vaccine effectiveness drops to 75%, social restoration at the 60% vaccination coverage will result in a significant further wave that causes 22.7 (14.2–31.3) million cumulative infections and 513,154 (320,260–706,048) cumulative deaths. Further, if the vaccine effectiveness drops to 25%, social restoration will not be possible, and current public health interventions need to be further strengthened.
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FIGURE 3. Projected COVID-19 new cases and deaths with social restoration at vaccination coverage of 60, 65, and 70% level over the next 12 months. The first row represents the daily number of new infections whereas the second row represents daily number of deaths. The columns represent an overall vaccine effectiveness of 88.5% (estimated effectiveness for the variant), 75, 50, and 25%, respectively. The magenta and cyan lines (solid, dashed, dash-doted, dotted) denote various restoration scenarios for the wild type and COVID-19 variants.





DISCUSSION

Our study assesses the potential impact of vaccination on the COVID-19 epidemic over the next 12 months, with the consideration of an increasing spread of the potential variants. We identified several key findings. First, our model estimated the current vaccine effectiveness against the variant is about 88.5%. With this effectiveness, we project that the number of new infections would be depleted by 98% in August 2021, as the population vaccination coverage increases to 70% during the same period. This enables potential social restoration to the pre-pandemic level. However, if the vaccine effectiveness against the variant is reduced to 25% due to the E484K mutation or B.1.167.2 variant, our model predicted a further wave of the epidemic may be inevitable. Further, if a 30% more transmissible variant emerges, then vaccine effectiveness needs to be above 50% to prevent a major resurge of the epidemic. Our study narrows the gap of reality and simulation after considering mass vaccination and emerging COVID-19 variants based on previous publications (33–38).

Our finding demonstrates the overall vaccine effectiveness for the variant is slightly lower than that for the wild type. This is consistent with previous findings. Laboratory studies based on serum and plasma neutralisation assay with authentic and pseudoviruses of the variant show no significant change in neutralising activity of current vaccines against the variant, despite the presence of RBD mutations (11, 12, 14, 39–42). However, Emary et al. (10) find in vitro that neutralising antibody titres generated by AstraZeneca are lower for the variant, but the clinical vaccine effectiveness remains at 70.4%, indicating a lower activity may still be sufficient to confer protection or elicit host immunity. Further studies provide evidence of vaccine protective effects for the variant in a population (13, 43–46). Abu-Raddad et al. (43) reported an estimate of 87.0% effectiveness of Pfizer against the variant. Consistently, Haas et al. (44) reported an overall effectiveness of Pfizer vaccine to be 95.3% in Israel, where the epidemic is dominated by B.1.1.7 (94.5%). Lopez Bernal et al. (46) estimated a combined 60% vaccine effectiveness for both Pfizer and AstraZeneca in England, where the variant is first reported. Nevertheless, with this high effectiveness for the variant, our study supports that current vaccination effort will control the COVID-19 epidemic in the US.

Our finding also simulates that a new variant (e.g., Delta) or an E484K-mutated variant may reduce the overall vaccine effectiveness and become dominant in the US. In this case, we project further waves of the epidemic with its size proportional to the level of vaccine effectiveness reduced. To cater for these scenarios, we recommend several potential strategies. First, maintaining the current vaccination effort is of vital importance for COVID-19 control even with reduced vaccine effectiveness. This is because a weakened vaccine still reduces the overall number of new infections and the risk of new variants. Besides, even though a vaccine may not completely protect against the infection, it still significantly reduces the clinical severities of the infected individuals (18, 32). Second, the pharmaceutical industry should prioritise its efforts in developing new vaccine boosters for the emerging new variants of concerns (47–49). At a population level, epidemiological studies need to focus on whether a booster shot, or third dose of the existing vaccines, or a combination of both should be implemented to maximise vaccination protection. Third, orchestrated vaccination efforts worldwide are necessary to ensure less-developed regions can receive sufficient vaccines for epidemic control and hence reduce the risk of new COVID-19 variants.

Our finding indicated that social restoration is strongly dependent not only on the vaccine effectiveness but also on its coverage. We discovered that 70% vaccination coverage with the current vaccine effectiveness might allow safe restoration of social activities to the pre-pandemic level. However, the decline of vaccine effectiveness would lead to further waves of epidemic and reduce the likelihood of social restoration. In fact, if the vaccine effectiveness reduces to 25%, current public health interventions in the US would need to be further strengthened to control the epidemic. As the widespread SARS-CoV-2 would result in a higher likelihood of variants and reduce vaccine effectiveness, which in turn causes further spread of the virus (7, 50, 51), a high vaccination coverage will limit the viral spread and break the vicious cycle. Therefore, encouraging the community to vaccinate is essential to reduce variants and retain vaccine effectiveness for social restoration. Authorities should enhance health promotion to reduce the public's misunderstanding about vaccination and provide free and accessible vaccination (52–54). Besides, relaxing restrictions for fully vaccinated individuals in public places and travelling is also an alternative to encourage the community to vaccinate.

This study has several limitations. First, our model did not consider age structure and variations in the risk of infection and mortality across age groups. Second, our model structure only investigated one SARS-CoV-2 variant. We have mostly focused on the B.1.1.7 variant since B.1.1.7 is currently the most reported variant in the US but only included other variants as a part of sensitivity analysis. The latest report has indicated that Beta (B.1.351), Gamma (P.1) variants and Delta (B.1.617.2) have accounted for 11.9% of new infections, and the proportion is growing (23). Modelling the competition of variants would be our future investigation. Third, we assumed that the natural immunity and immunity elicited by vaccines was not wane during our simulations. If the neutralising antibody reduction results in reduced vaccine protection, more strict public health interventions or a new vaccine booster for enhancing the immune response may be necessary. Finally, the model did not consider the impact of the individual willingness of vaccination on herd immunity.



CONCLUSIONS

In conclusion, our modelling exercise indicates that the current vaccines in the US remain effective for the variant, and 70% of vaccination coverage would be sufficient to restore social activities to a pre-pandemic level if no new, more transmissible variants emerge. The emergence of new, more transmissible variants accompanied by the uncertain impact on vaccine effectiveness would potentially result in further waves of the epidemic. Our findings confirm that multiple measures, including public health interventions, vaccination scale-up and development of a new vaccine booster, should be integrated to counter the new challenges of new SARS-CoV-2 variants.
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The changing nature of the SARS-CoV-2 pandemic poses unprecedented challenges to the world's health systems. Emerging spike gene variants jeopardize global efforts to produce immunity and reduce morbidity and mortality. These challenges require effective real-time genomic surveillance solutions that the medical community can quickly adopt. The SARS-CoV-2 spike protein mediates host receptor recognition and entry into the cell and is susceptible to generation of variants with increased transmissibility and pathogenicity. The spike protein is the primary target of neutralizing antibodies in COVID-19 patients and the most common antigen for induction of effective vaccine immunity. Tight monitoring of spike protein gene variants is key to mitigating COVID-19 spread and generation of vaccine escape mutants. Currently, SARS-CoV-2 sequencing methods are labor intensive and expensive. When sequence demands are high sequencing resources are quickly exhausted. Consequently, most SARS-CoV-2 strains are sequenced in only a few developed countries and rarely in developing regions. This poses the risk that undetected, dangerous variants will emerge. In this work, we present HiSpike, a method for high-throughput cost effective targeted next generation sequencing of the spike gene. This simple three-step method can be completed in < 30 h, can sequence 10-fold more samples compared to conventional methods and at a fraction of their cost. HiSpike has been validated in Israel, and has identified multiple spike variants from real-time field samples including Alpha, Beta, Delta and the emerging Omicron variants. HiSpike provides affordable sequencing options to help laboratories conserve resources for widespread high-throughput, near real-time monitoring of spike gene variants.

Keywords: HiSpike, SARS-CoV-2, NGS, spike variants, variants of concern, high-throughput, cost effective, Omicron variant


INTRODUCTION

Mutations of SARS-CoV-2 spike protein accompanied the transformation of COVID-19 from a local outbreak in Wuhan, China (1–4) into a worldwide pandemic (5–8), inflicting morbidity and mortality on currently over 266 million people with more than 5 million deaths. COVID-19 has severely disrupted health and educational systems, and continues to wreak social, cultural, and economic havoc in afflicted countries. The spike protein, a homotrimeric class I fusion protein, is responsible for the ability of the SARS-CoV-2 virus to recognize and bind to the host cell receptor angiotensin converting enzyme 2 (ACE2) (9–14), and to induce subsequent membrane fusion and viral entry into the host cell (15, 16). It is thought that mutations in the spike protein promoted the initial zoonotic event of coronavirus jump from animal reservoir to human (17–19), and that continued changes of SARS-CoV-2 spike protein in COVID-19 patients promotes increasing adaptation of the virus to the human host (20–22). Indeed, mutations in the SARS-CoV-2 spike protein have resulted in vastly increased transmissibility, infectivity and viral load in humans (6, 7, 23–25).

The spike protein is the target of SARS-CoV-2 convalescent neutralizing antibodies of which over 90 percent target its receptor binding domain (RBD) (26). Therefore, the SARS-CoV-2 spike protein has been selected as the primary target of vaccines (27) and anti-viral drugs (10). Every new mutation in the spike gene is a potential threat to vaccine and drug efficacy. Clearly, the spike protein's crucial roles in both infectivity and susceptibility to neutralization, and its high tendency to mutate make it the most important sequencing target for monitoring circulating viruses.

Now, 2 years into the pandemic, we observe multiple new, predominantly spike protein variants, with superior transmissibility that are changing the dynamics of the pandemic (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/).

The SARS-CoV-2 variants Alpha (GISAID GRY, Pango lineage B.1.1.7), and to lesser extent Beta (GISAID GH/501Y.V2, Pango lineage B.1.351) and Gamma (GISAID GR/501Y.V3, Pango lineage P.1) (28–30) dominated worldwide outbreaks during the first half of 2021 (GISAID-NextStrain). The Alpha variant has eight non-synonymous mutations and deletions located in the spike gene (https://virological.org/t/preliminary-genomic-characterization-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563). Among these changes are those that significantly affect the binding process to the host cell: N501Y in the RBD, which increases binding affinity to ACE2 (31) and P681H in the S1-S2 furin cleavage site, which was shown to promote entry into respiratory epithelial cells and transmission in animal models (Figure 1). The Beta variant is characterized by eight mutations in the spike protein, including three at critical residues, K417N, E484K, and N501Y, of the RBD (28). Apparently, these mutations evolved independently in the Gamma variant (https://virological.org/t/genomic-characterization-of-an-emergent-sars-cov-2-lineage-in-manaus-preliminary-findings/586). The E484K mutation of these variants has been associated with reduced potency of anti-spike neutralizing antibodies (32). Since June 2021 the Delta variant (GISAID G/478K.V1, Pango lineage B.1.617.2 and all AY sublineages) completely overtook other variants and is leading in prevalence worldwide (GISAID-NextStrain). The Delta variant contains multiple spike protein substitutions (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html, https://covariants.org/variants/21A.Delta). Specifically, L452R may increase transmissibility by stabilizing the interaction with the ACE2 receptor and reduces neutralization by antibodies, and P681R enhances systemic infection and membrane fusion (https://doi.org/10.1101/2021.06.11.448011, https://doi.org/10.1101/2021.06.17.448820). The Delta variant is considered to be twice as infective and more virulent to unvaccinated patients than all previous variants (https://www.cdc.gov/coronavirus/2019-ncov/variants/delta-variant.html). In November 2021 the world was shocked by the appearance of the heavily mutated SARS-CoV-2 variant Omicron (GISAID GR/484A, Pango lineage B.1.1.529 and Nextstrain clade 21K). The Omicron variant possess more than 30 mutations in its spike gene. Preliminary results indicate higher infection rate than any previous corona variants and increased ability to escape neutralizing antibodies and to infect convalescent and immunized persons (https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern, https://www.cdc.gov/coronavirus/2019-ncov/variants/omicron-variant.html).
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FIGURE 1. Spike gene scheme with mutations occurring in variants of concern. The spike protein encoded by the spike gene is a large protein of 1,237 amino acids that contains key structural motifs. The figure shows the places of these motifs as well as the location of key amino acid changes that occur in important variants. In parentheses, the start and end of each motif. NTD, N terminal domain (light blue); RBD, Receptor Binding Domain (yellow); FP, Fusion Peptide (black); HR1 and HR2, Heptapeptide Repeat Sequence 1 and 2 (purple); TM, Trans Membrane (green); CD, Cytoplasmic domain (gray).


The joint appearance of multiple spike protein mutations increases concern that new super-spreading variants are on the rise.

In acknowledgment that prompt identification of new variants via genome sequencing is key to outbreak control, emergency public health next generation sequencing (NGS) initiatives have been launched worldwide. The CDC SPHERES (SARS-CoV-2 Sequencing for Public Health Emergency Response, Epidemiology, and Surveillance) program in the US and its ECDC parallel in Europe (European Centre for Disease Prevention and Control. Sequencing of SARS-CoV-2) as well as the COVID-19 Genomics Consortium UK (CoG-UK, https://www.cogconsortium.uk/) are leading examples. A US group has reported monitoring the GISAID (http://www.gisaid.org/) repository database of worldwide SARS-CoV-2 genomic sequences for mutations in the spike gene, associated with frequency shifts at regional and global levels (https://cov.lanl.gov/) (6).

The vast majority of sequences submitted to public depositories originate from Europe and North America (http://www.gisaid.org/). Unfortunately, NGS resources are generally out of reach for developing countries and consequently new variants are likely to evolve undetected from such regions (33). In addition, resources are often stretched even in developed countries, resulting in inadequate coverage.

In this work, we present HiSpike, a simple, high-throughput and cost efficient, 3-step targeted NGS method for full sequencing of the spike encoding gene of SARS-CoV-2. HiSpike can be readily adapted to the workflow of standard laboratories engaged in sequencing. We demonstrate that HiSpike provides results per the spike gene identical to results obtained using the ARTIC protocol, the most used sequencing approach for whole genome sequencing of SARS-CoV-2 (https://artic.network/ncov-2019). We show that HiSpike reliably detects major clade defining mutations in the spike gene including the Delta and Omicron variants. While the ARTIC protocol is an expensive, labor-intensive process, and commonly (for Illumina users) requires 4–5 days, the HiSpike method is generic, high-throughput, easily implemented and obtains sequences in <2 days and at a fraction of the cost.



RESULTS

To detect on a large scale SARS-CoV-2 variants of high concern, we set out to assemble a sequencing protocol with the following guidelines: The protocol must be high-throughput, accessible to standard laboratories that engage in sequencing, inexpensive with the possibility to use low cost generic reagents, simple, and with a short turnaround time. Because all current and likely future SARS-CoV-2 variants of high concern are based on spike gene mutations (Figure 1) we focused the sequencing to this region.

To achieve this goal, the HiSpike method for high-throughput cost effective sequencing of the SARS-CoV-2 spike gene was developed. In the HiSpike method, nucleic acid (NA) samples were converted to spike libraries for sequencing on a MiSeq (Illumina) instrument, the most common NGS sequencing platform used worldwide. The HiSpike method can generate high-throughput sequence data from NA samples within 30 h and involves three simple steps: two consecutive reactions, RT-PCR1 and PCR2, and a single cleanup step of the pooled MiSeq library (Figures 2A,B). The RT-PCR1 converts the viral spike RNA to cDNA, which is amplified using tailed primers to produce spike amplicons with forward and reverse universal tails (Figure 2B). The spike annealing sites of these primers were primarily derived from the established ARTIC V3 primers for tiling PCR amplicons along the SARS-CoV-2 genome with additional 8 primers designed to improve sequencing coverage (Supplementary File 8). Similar to the ARTIC scheme, the RT-PCR1 was conducted in two multiplexed reactions to produce two overlapping sets of ~400 bp spike gene amplicons enclosed by forward and reverse universal tails. These amplicons were combined and subjected to PCR2, which added unique dual indexes and the Illumina P5 and P7 flow cell adaptors to each sample (Figure 2B).


[image: Figure 2]
FIGURE 2. HiSpike method illustration (A). HiSpike three-step protocol outline (B). HiSpike RT-PCR1 and PCR2 Illumina library preparation.


A series of experiments were initially done to optimize and simplify reaction conditions, primer properties, and enzymatic settings to robustly produce high quality libraries by the HiSpike method (data not shown). The optimized RT-PCR1 conditions eliminated the need for equilibration between samples due to the limited primer levels (0.045 μM) that were maxed out during the 45 PCR cycles. Consequently, similar dsDNA amplicon levels in each sample were found and roughly maintained throughout the sequencing process (An example of a MiSeq sample read distribution is shown in Supplementary File 1). In this study, all HiSpike libraries were sequenced with MiSeq's smallest and fastest flow cell the V2 Nano kit. In a typical 250-bp paired-end run, we obtained about 2 million reads and could simultaneously sequence 96 samples.

For preliminary assessment of the HiSpike sequencing results, four samples representing different variants (S-0007, S-0031, S-0043, and S-0044, Supplementary File 2), also were sequenced using the traditional Sanger method. The Sanger primers were designed to generate six overlapping PCR fragments that cover the entire spike gene (Supplementary File 3). The sequences obtained using HiSpike and Sanger were identical. Next, to assess the sequencing performance of the HiSpike method, we compared its sequence results to spike gene sequences obtained with the established ARTIC whole genome sequencing method which has been recommended by leading international organizations such as the WHO and ECDC (https://www.who.int/publications/i/item/9789240018440 and https://www.ecdc.europa.eu/sites/default/files/documents/Sequencing-of-SARS-CoV-2-first-update.pdf). Both methods were used to compare 90 positive SARS-CoV-2 samples. These samples spanned a variety of viral loads as indicated by their Ct values, as measured in a real-time RT-PCR assay. The HiSpike method was much simpler to perform, with significantly shortened time to acquisition of results and greatly reduced cost (respectively, Supplementary Files 4, 5).

Among the 90 samples, 88 showed identical sequences. Only two samples showed a single nucleotide difference. These differences appeared in samples with relatively high Cts (28 and 30), indicating low levels of viral NA in the original samples. The sequence coverage of 70 samples was > 90% in both methods and an overall visualization of their spike gene sequences identity level is shown in Figure 3. The white diagonal line represents full spike gene identity (0 SNPs) between pairs of the same samples sequenced by HiSpike and ARTIC methods. The spike sequences generated by HiSpike differentiated various clades (Figure 4; Supplementary File 2) into Nextclade branches that were similar to those assigned via ARTIC V3 whole genome sequencing. Notably, similar high spike gene coverage in both the ARTIC and HiSpike methods was observed for most of the samples (Supplementary Files 6A,B).


[image: Figure 3]
FIGURE 3. Comparison between ARTIC and HiSpike methods. Spike gene sequences of 70 samples (with > 90% spike sequence coverage in both ARTIC and HiSpike methods) were compared using a heat-map. Gray shades between white and black indicate 0 to 10 SNPs respectively. HiSpike sequences were aligned based on a hierarchical clustering tree (shown to the right) vertically and the ARTIC sequences of the same samples were aligned horizontally to the HiSpike samples. Pairs of the same sample are represented in the diagonal line (outlined in red). Sample 11 (counting from the left) exhibits a single SNP difference between the HiSpike and Artic results; all the other samples show identical sequences.
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FIGURE 4. Phylogenetic tree based on spike gene sequences generated by the HiSpike method. Spike gene sequences of 441 samples generated by the HiSpike method were uploaded to the Nextclade platform. SARS-CoV-2 clades are illustrated by different colors and locations on the rectangular tree. The X axis indicates the number of mutations relative to the reference full viral genome. HiSpike sequences are represented by the full circles on a background of the Nextclade's global representative clade tree of December 8 2021.


The validated HiSpike sequencing capacities and short turnaround time from NA extraction to spike gene sequence acquisition led to the selection of this method in Israel for nationally urgent sequence assignments of positive COVID-19 cases. These included travelers arriving from countries with a high incidence of spike variants of concern, instances of reinfection, severely ill patients, and hospitalized pregnant women. A total of 306 clinical positive SARS-CoV-2 NA samples arrived on five different occasions during 2 critical weeks in January (January 14 to 28, 2021). During this time, a global spread of variants of concern (e.g., Alpha, Beta, and Gamma) forced lockdowns in many countries including Israel, while massive COVID-19 immunization efforts took place. Samples were processed upon arrival and the average time from sample to sequence was <30 h. The HiSpike method identified 119 Alpha variants and 7 Beta variants among other multiple clade branches (Figure 4; Supplementary File 2).

To determine HiSpike's limit of detection, we plotted the Ct value (as the viral load indicator, determined by real-time RT-PCR) and spike gene sequence coverage breadth. To this end, we analyzed 396 samples comprised of the validation sample set and the urgent clinical samples. These samples showed Ct values ranging from 11 to 40. The median coverages of samples were as follows: for Ct 11 - 25, Ct 25–30, Ct 30–35, and Ct 35−40, respective median coverages were 99.3, 93.0, 47.3, and 17.3% (Figure 5A). Notably, samples in this study were collected from several clinical laboratories that use various extraction systems and SARS-CoV-2 determination methods. In rare cases, we observed low coverage in samples with Cts below 25 (Figure 5A) which likely represented poor quality or degraded NA, and in our experience similar low coverage of these samples was also apparent when using the ARTIC method.
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FIGURE 5. Spike sequence breadth and depth as a function of different sample Ct levels. Spike gene sequences of 396 samples were divided to 6 groups based on their Ct values (up to 15, 15–20, 20–25, 25–30, 30–35, and over 35). The number (n) of sample in each group is in brackets. (A). The percentage of spike gene coverage, with at least 5 reads, at different Ct levels is shown by Boxplots. The Boxplots represent the coverage breadth value distributions from the lower to the upper quartiles. The inner horizontal line indicates the median. The vertical whiskers extend to the most extreme data point which is no more than 1.5 times the interquartile range. More extreme data points are drawn as circles. (B). Sequence coverage depth along the spike gene. The average coverage depth was plotted, on a logarithmic scale, along the genome positions. Lines were smoothed by a sliding window of length 20. At coverage depth x5 the spike gene region encoding the receptor binding domain is marked with a red line and annotated (RBD and in brackets its amino acid location).


We next assessed the average coverage depth along the spike gene with relation to its Ct. This parameter is important because it provides insights into the coverage expectancy along the spike sequence. As seen in Figure 5B, the average coverage depth along the spike gene varied. At Cts of 25–30, the average coverage depth was more than 100. At Cts above 30 there was a significant decline and more regions remained below the five independent reads cut off (Figure 5B). Notably, key parts of the RBD in the spike gene were amplified and sequenced at coverage of 5 reads or more even in samples with high Cts (over 30), allowing detection of mutations like N501Y (Figure 5B, RBD red bar).

These results indicate that the HiSpike method is highly robust and suitable for full spike gene sequencing of samples with Ct values up to 30. This is similar to the specifications previously shown for ARTIC based amplicons (34) and other SARS-CoV-2 sequencing methods (35). Importantly, key regions in the spike gene such as the RBD (Figure 5B) will likely be detected also in samples with very low virus content.

In June 2021 Delta variant overtook all previous variants and become the worldwide dominant corona variant. In November 2021, the heavily mutated Omicron variant emerged. To assess the performance of HiSpike method to sequence contemporary variants, we performed an in-silico analysis of the primer scheme followed by an in-vitro confirmation. The RT-PCR1 HiSpike primers (Supplementary File 8) were tested in-silico for matching to current SARS-CoV-2 variants. The matching was performed on 286 current GISAID sequences (of sampling dated 15 - 30 November 2021) that included different Delta variants (clades 21A, 21I, 21J) and the newly emerging Omicron variant.

The analysis showed that 39 (out of 42) primers maintain perfect alignment with most of the variants (Supplementary Files 11, 12). Three primers termed: 3_F1_HiSpike, 4_R_HiSpike, and 11_F_HiSpike showed mismatches to a large number of the tested sequences (Supplementary File 11). Primer 3_F1_HiSpike showing a single mismatch to ~43% of the sequences has a backup primer 3_F2_HiSpike and is not expected to affect the assay performance. Primer 11_F_HiSpike showed a single mismatch to the majority of the sequences. Because this mismatch is 7 bases upstream to its 3' end, we do not expect it to significantly affect its annealing capability and elongation of its target. Primer 4_R_HiSpike showed 8 mismatches to the majority of the sequences all of which located 15 bases upstream to its 3' end and, therefore, the annealing of this primer may be affected. Nevertheless, 4_R_HiSpike is a reverse primer and therefore, participates in the initial cDNA generation step that is performed at 45°C. We expect that at this low temperature this primer will preserve its ability to bind and participate in cDNA synthesis. Once this primer binds, all following PCR steps should have a full binding site on the cDNA.

Next, we validated the performance of the HiSpike method in-vitro on a collection 42 contemporary SARS-CoV-2 samples. These samples included 40 Delta variant sub lineages (clades 21A, 21I, and 21) and two Omicron variants (clade 21K). The HiSpike results showed the coverage breadth of the sample set was in correlation to the sample viral load. Samples with Cts between 20 and 25 showed an average coverage breadth of ~ 88 %. Notably, HiSpike demonstrated a sequence coverage that was above 95 % for all different representatives of the Delta variants and most importantly for the emerging Omicron variant. As observed with earlier variants, also in the current variants the samples with lower viral loads (Cts above 25) showed a decline in coverage breadth. Nevertheless, even in these samples we obtained enough sequence information to detect the variant's mutation signatures and determine clades with the nextclade web tool (Supplementary File 13; Figure 4). Together, the in silico and in vitro results show that in spite of SARS-CoV-2 evolution the HiSpike method maintains its relevance as a powerful tool for spike gene sequencing.



MATERIALS AND METHODS

All methods were performed in accordance with the relevant guidelines and regulations: all samples used in this study were collected in accordance with the Public Health Ordinance of the State of Israel and directives of the Israel Ministry of Health (325589721 and 485090420).

The study has been approved by the Institutional Review Board of the Sheba Medical Center #7045-20-smc. The approval covers using remains of clinical samples for assessing new approaches for diagnosis of SARS-2 and waives the need for informed consent. We hereby state that our laboratory has permission to receive remains of SARS-CoV-2 samples from source laboratories.

For user convenience we have included an instruction manual for implementing the HiSpike method in Supplementary File 7.


Sample Source and Characterization

Positive COVID-19 samples of either primary nasopharyngeal swabs or extracted NA were collected from various COVID-19 laboratories in Israel. NA samples were stored at −80°C prior to use and primary samples were kept at 4°C (up to 72 h) prior to extraction. Viral inactivation of swab samples was performed using Lysis Buffer (Seegene) at a buffer to sample volume ratio of 0.75 (200 μl buffer: 267 μl sample) for 10 min at room temperature. From total volume of 400 μl, 50 μl of NA samples were extracted using automated instruments of MagNA Pure (Roche) or magLEAD (Precision System Science Co., Ltd.).

The cycle thresholds (Cts) of SARS-CoV-2 positive samples were determined either by the source lab or, in unknown cases, in house using Allplex 2019-nCoV qPCR kit (Seegene). The qPCR reactions were performed according to the manufacturer's instructions. Briefly, reactions were comprised of 25 μL, consisting of 17 μL master mixes (Buffer, RNase-free water and 2019-nCoV MOM and Enzyme) and 8 μL NA templates. Reactions were added to 96-well plates each of which included a positive and a negative control. The qPCRs were performed on a CFX96 Touch instrument (Bio-Rad) with the following conditions: 20 min reverse transcriptase step at 50°C, 15 min heat-start step at 95°C, and 45 cycles of 15 second denaturing period at 95°C followed by a combined annealing and extension step at 58°C for 30 s. Finally, the Ct values of E, RdRP, and N genes were determined using the Seegene Viewer software (Seegene). For simplicity, in this work we used the average Ct of all three genes.



HiSpike Library Preparation

Primers used in this study were manufactured by metabion or IDT and are shown in Supplementary Files 3, 8, 9.

RT-PCR1 primers contained 3' annealing sequences corresponding to sites along the spike gene and 5' forward or reverse universal tails (denoted in the sequence below by upper case letters). A primer binding site, an Illumina component for initiation of reads 1 and 2 (denoted below with lower case letters), was located between the universal tails and the annealing regions resulting in the following strands: 5'TCGTCGGCAGCGTCagatgtgtataagagacag[spike annealing sense sequence]3'and 5'GTCTCGTGGGCTCGGagatgtgtataagagacag[spike annealing antisense sequence] 3' for the forward and reverse primers respectively (Supplementary File 8). The spike annealing sites (indicated in square brackets) were mostly derived from the SARS-CoV-2 V3 ARTIC primers for tiling amplicons (https://artic.network/resources/ncov/ncov-amplicon-v3.pdf) and in some cases, additional primers with alternative annealing sequences were added to increase the sequencing coverage (Supplementary File 8).

The PCR2 primers termed F-P5 (i01–i12) and R-P7 (i01–i08) contained the following sequences: 5'AATGATACGGCGACCACCGAGATCTACAC[i5]tcgtcggcagcgtc3' and 5'CAAGCAGAAGACGGCATACGAGAT[i7]gtctcgtgggctcgg3' respectively (Supplementary File 9). Each primer in the primer pair harbored a unique 8 base index, denoted i5 or i7, and a 3' sequence (in lower case letters) of the forward and reverse universal tails that anneal and amplify the RT-PCR1 products, thereby adding the dual index and unidirectional P5 and P7 termini.


Step 1 of the HiSpike Method-Library Preparation: RT-PCR1

Two 10 μL multiplex RT-PCR1 reactions were composed of either primer mix 1 or mix 2 using SensiFast (Meridian Bioscience). The reaction consisted of 5 μL 2x SensiFAST, 0.2 μL RiboSafe RNase Inhibitor, 0.1 μL Reverse transcriptase, 0.7 μL H2O, and 1 μL of primer mix set 1 or 2 (0.45 μM of each primer), and 3 μL NA template. The RT-PCR was performed on a Biometra TOne 96 Standard Thermal Cycler instrument (Analytik Jena) with the following conditions: 10 min reverse transcriptase step at 45°C, 4 min heat-start step at 95°C, and 45 cycles of 15 s denaturing period at 95°C, annealing of 30 s at 60°C and elongation at 72°C for 30 s. The products of corresponding samples from reaction sets 1 and 2 were combined and used as the template for PCR2.



Step 2 of the HiSpike Method - Library Preparation: PCR2

PCR2 was performed using KOD Hot Start DNA Polymerase (Merck Millipore). Reactions were set to 15 μL and contained 4 μL of each of the uniquely indexed primers F-P5 (1.2 μM) and R-P7 (1.2 μM), 1.0 μL RT-PCR template, 1.5 μL 10X Buffer, 1.5 μL dNTPs (2 mM each), 1.5 μL MgSO4 (25 mM), 1.2 μL H2O, and 0.3 μL KOD Hot Start DNA Polymerase (1 U/ μL). Reactions were performed on a Biometra TOne 96 Standard Thermal Cycler instrument (Analytik Jena) with the following conditions: 4 min hot-start step at 95°C, and 15 cycles of 15 s denaturing period at 95°C, annealing of 30 s at 58°C and elongation at 72°C for 30 s.




Library Cleanup and MiSeq Loading (Step 3 of the HiSpike Method)

Products of PCR2 were pooled by collecting 4 μL from each well. The pooled library was diluted 1: 3 (sample: H2O) and purified using the ProNex Size-Selective Purification System (Promega) at a ratio of 1.4: 1 (ProNex chemistry: sample) according to the manufacturer's instructions. In Short, 70 μL beads and 50 μL diluted sample were mixed and incubated for 10 min and placed on a magnetic stand for 2 min. The supernatant was discarded and the resin was washed twice by two consecutive 1-min washes using 200 μl of Wash Buffer each. After discarding the second portion of wash buffer, the resin was allowed to air-dry for 5 min. It was then removed from the magnetic stand and resuspended with 50 μL elution buffer for 5 min. Finally, the sample was placed on the magnetic stand for 1 min and the eluted purified HiSpike library was collected. The dsDNA concentration of the purified HiSpike library was determined by Denovix QFX Fluorometer, using the DeNovix dsDNA High Sensitivity assay.

The HiSpike library, with an expected fragment average size of 550 bp, was examined by agarose gel electrophoresis (1.7%) and on the Fragment Analyzer 5200 (Agilent) with HS NGS Fragment (1–6,000bp) kit. The purified library was diluted to 4 nM and denatured by mixing 5 μl of library with 5 μL 0.2 N NaOH for 5 min. The denatured library was further diluted to 12 pM and a 1% PhiX control (PhiX Control v3) was added. Sequencing of all HiSpike samples in this study were performed on an Illumina MiSeq platform using a 250-bp paired-end read v2 Nano kit (Cat. # MS-103-1003). For user convenience, we included a typical MiSeq sample sheet for 96 indexes in Supplementary File 10.



Sanger Sequencing

To obtain the full sequence of the spike gene (3822 bp) six sets of primers were designed (Supplementary File 3). Amplicons, with overlapping regions of ~100bp, were generated using PCRBIO GO One-step RT-PCR kit (Cat. # PB10.53-10) according to the manufacturer's instructions and sequenced using ABI 3500 Bioanalyzer. Data analysis was performed using the Geneious software package (https://www.geneious.com/).



ARTIC V3 Protocol for SARS-CoV-2 Full Genome Sequencing

RNA in extracted NAs was reverse transcribed to single strand cDNA using SuperScript IV (ThermoFisher Scientific, Waltham, MA, USA) as per manufacturer's instructions. SARS-CoV-2 specific primers designed to capture SARS-CoV-2 whole genome (version 3, https://github.com/artic-network/artic-ncov2019/blob/master/primer_schemes/nCoV-2019/V3/nCoV-2019.tsv) - total 218 primers, divided into two primer pools designed by Josh Quick from ARTIC Network) were used to generate double strand cDNA and amplify it via PCR using Q5 Hot Start DNA Polymerase (NEB) (36). Briefly, each sample underwent two parallel PCR reactions with primer pool 1 or 2 and 5X Q5 reaction buffer, 19 mM dNTPs and nuclease-free water. The resulting DNA was combined and quantified with a Denovix QFX Fluorometer, using the DeNovix dsDNA High Sensitivity assay as per manufacturer's instructions, and 1ng of amplicon DNA in 5 μL per sample was used for the library preparation. Libraries were prepared using the NexteraXT library preparation kit and NexteraXT index kit V2 as per manufacturer's instructions (Illumina, San Diego, CA, USA). Pooled libraries were purified with AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA) and the pooled library concentration was determined by Denovix QFX Fluorometer, using the DeNovix dsDNA High Sensitivity assay. The pooled library validation and mean fragment size was determined by Fragment Analyzer 5200 (Agilent) with the HS NGS Fragment (1-6,000 bp) kit. The mean fragment size was ~350 bp, as expected. The molarity concentration of the library was calculated and diluted to 4 nM, denatured and further diluted to 12 pM. Finally, the sample was loaded on MiSeq Reagent Kit v3 (600-cycle, Cat. # MS-102-3003) and a paired end 151X2 program was set.



Sequence Clean-Up, Mapping and Determination of Coverage (Bioinformatics Analysis)

Trimmomatic-0.36 was used for quality trimming of the raw read sequences, by clipping 3' read ends with sliding window quality lower than 15 in a window of 4 nucleotides, and at the same time trimming the 5' primer sequence used for targeting the virus genome, by cropping 30 nucleotides from the head of the read. Reads with < 50 bases remaining length were filtered out. The resulting reads were mapped to the spike gene of the Wuhan-Hu-1 reference genome (NCBI Reference Sequence NC_045512.2) using bwa v0.7.12-r1039 MEM algorithm. Samtools 1.10 was used for sorting, merging pileup, and consensus sequence was created with ivar 1.0 with minimum quality score threshold to count base of 15, and minimum depth to call consensus of 5. Point coverage depth was determined with samtools depth with base quality threshold of 15 and mapping quality threshold of 15. Coverage breadth was defined as the ratio of the reference sequence covered by X5 depth or more. FASTA sequences were uploaded to Nextclade (https://clades.nextstrain.org/). Nextclade is a web-tool that identifies differences between reference and user uploaded genomes. For each uploaded sequence, Nextclade provided a complete list of established and new spike gene mutations, both in nucleotide and amino acid notation.



In-silico Primer Match Testing

Two hundred and eighty six high quality SARS-COV2 genome sequences, with <20 Ns, and patient information with collection dates between November 15 to 30 2021, were downloaded from GISAID database (https://www.gisaid.org/). The R package “Biostrings” was used to find the HiSpike primer annealing regions in the genome sequences, allowing none to 6 mismatches. Supplementary File 11 shows for each primer, in how many genomes it was found with perfect match, in how many it was found with either 1, 2, 3, 4, 5, or 6 mismatches, and in how many genomes it was not found when allowing maximum 6 mismatches. Supplementary File 12 shows for each SARS-COV2 clade, the average number of primer sequences that match genomes belonging to this clade with perfect match, the average number primers that match with 1, 2, 3, 4, 5, or 6 mismatches, and the average number of primers that are not found when allowing maximum 6 mismatches, in this strain's genomes.



Data Availability

The HiSpike generated sequences are available to the public at the NCBI BioProject number PRJNA751747.




DISCUSSION

The SARS-CoV-2 virus is likely to continue to evolve over time in human populations. Real-time monitoring of the circulating strains by sequencing is essential to combat the current pandemic. The spike protein centrality in viral infectivity, transmissibility, and reactivity with neutralizing antibodies is currently the most important element for sequence monitoring. Globally, multiplex tiling PCR methods, such as ARTIC, on Illumina platforms are leading the full genome sequencing of SARS-CoV-2. While serving as an essential tool for genomic epidemiology, these methods are relatively time consuming, labor intensive and expensive, and consequently their use is limited for many laboratories, and out of reach in developing countries (33). The HiSpike method is an attractive option to fill in this gap. Using this method, one can produce high quality sequencing libraries in three short steps, RT-PCR1, PCR2, and library cleanup making the assay simple and inexpensive (Supplementary Files 4, 5).

The RT-PCR1 primer annealing sites along the spike gene were derived from the well-established ARTIC primers (https://www.protocols.io/view/ncov-2019-sequencing-protocol-v3-locost-bh42j8ye), plus 8 in-house newly designed primers to achieve adequate coverage. The addition of these in-house newly designed primers improve the coverage breadth and method robustness as demonstrated by the in-silico analysis (Supplementary File 11) and successful sequencing of all tested variants, including various Delta clades and the emerging Omicron. Due to the continuous evolution of SARS-CoV-2, primers for detection and sequencing methods must be reassessed periodically and updated as necessary.

The 5' end of HiSpike primers contained for simplification and streamlining, forward and reverse universal tails. The tail design of RT-PCR1 and PCR2 HiSpike primers shares similar characteristics with our patent pending method (37). Notably, Gohl et al. (33) also incorporated these adapter tails to ARTIC V3 primers for full genome sequencing. Although, Gohl's method required four PCR pools instead of the original ARTIC two pools, it significantly reduced the cost and labor of classic ARTIC methods. Here we show that HiSpike is a much simpler method that: (1) requires (similar to original ARTIC version) only two pools per sample, (2) generates cDNA and target amplification in a single RT-PCR1 step, and (3) does not require library normalization because it is achieved by substantial consumption of the limited levels of PCR1 primers. HiSpike is also flexible, as it can be performed with generic reagents that are widely available from various manufactures (Supplementary File 5). In this study, we used SensiFAST SYBR Hi-ROX Kit (Cat. # BIO-92005) and KOD Hot Start DNA Polymerase (Cat. # 71086) for RT-PCR1 and PCR2 respectively. Yet, high quality libraries also were obtained with Xpert One-Step RT-PCR Kit (grisp Cat. GE50.0100) for RT-PCR1 and TaKaRa Ex Taq (TaKaRa Cat. # RR001A) for PCR2 (data not shown). The simplicity and reagent flexibility together with its low cost make HiSpike significantly more accessible and suitable for a wider community.

Library preparation is the major cost input for SARS-CoV-2 sequencing. Therefore, the new library preparation protocol that we have implemented for HiSpike, significantly cuts this cost. For instance, in Israel, while library preparation of 96 samples using ARTIC method cost 4,516 USD, using HiSpike the method cost 81 USD (Supplementary File 5). HiSpike further cuts the sequencing cost since the spike gene represents only 12.8% of the SARS-CoV-2 genome, allowing the load of many more samples on the same flowcell. This also makes the method remarkably useful for high-throughput sequencing. The HiSpike method can adequately sequence 96 samples using the cheapest and fastest MiSeq's Nano kit. In a typical run, we obtained about 2 million reads. The MiSeq Reagent Kit V2 (500-cycles) (Cat. # MS-102-2003) offers more than 10 fold reads per run (24–30 million). Therefore, at the same cluster density, using this kit, it is possible to sequence nearly 1000 samples per flow cell. Other whole genome sequencing methods ((34), and ARTIC V3) require the most expensive MiSeq Reagent Kit V3 (600-cycle) (Cat. # MS-102-3003) that gives 44–50 million reads per run. Using HiSpike we can expect to sequence with necessary and sufficient clade and variant detection accuracy, up to 2,400 samples in a single MiSeq Reagent Kit V3 run.

According to GISAID data nearly 80% of the deposited SARS-CoV-2 whole genome sequences were generated using Illumina platforms. These methods have proven most effective for high resolution epidemiologic purposes in which short time to sequence and high volume is not the primary desire. Using NovaSeq instruments (Illumina) coupled with robotic liquid handlers for library preparation, laboratories are now able to significantly increase throughput and reduce the processing time. However, these are highly demanding resources. Another option for shortening time to results is the Oxford nanopore technique (ARTIC's original method) which can achieve sample to sequence in <24 h. However, this method is not high-throughput and its high price per sample is prohibitive for many laboratories. Proof of concept for a more affordable sequencing approach using the Oxford nanopore technique has been recently published (https://doi.org/10.1038/s41598-021-95563-w). This study, which cites our HiSpike method, adopted the same philosophy of sequencing the spike gene alone.

These methods enable low resource laboratories to perform high volumes of samples in a short time.

As indicated, for the HiSpike method we chose to use the smallest and cheapest nanorun MiSeq kit. Consequently, compared to ARTIC we obtained a slightly lower coverage for low viral loads samples (Supplementary File 6A). In such samples, the coverage deficiencies were focused at four positions, nucleotides 755–775, 1226–1235, 2257, and 3739–3747 (Supplementary File 6B). Nevertheless, these positions did not encompass the key spike gene regions such as the RBD (Supplementary File 6B), and only one position fell within the RBD but has not to date been involved in a mutation defining a variant of concern.

Low viral load may result from various reasons including low sample quality, poor nucleic acid extraction yield, inadequate storage or transportation and more. In these cases it is recommended to resample the patients and possibly increase viral concentration before sequencing. In many cases low viral load indicates post COVID19 status in which remnants of fragmented nucleic virus material can be detected by PCR for weeks. Such fragmented material is extremely difficult to sequence, makes it impossible to receive full genome coverage. As a policy, the Israeli Corona sequencing consortium consider samples with Cts above 33 inadequate for sequencing using the commercial Illumina COVIDseq method.

Our main focus for HiSpike development, was to offer a fast, simple and cheap alternative for SARS-CoV-2 sequencing. Therefore, by intention we selected the smallest kit of MiSeq sequencer (nanorun). However, we speculate that for low viral load sample the user can dedicate more reads per sample. We observed this phenomena by sequencing the same library of 45 samples twice on the smallest MiSeq sequencer kit (unpublished data). The coverage breadth of the combined runs for samples with high Cts (above 25) was significantly higher than each run alone indicating, that increasing the reads (flow cell space) will increase sequence coverage breadth. Therefore, in specific cases where higher sequence coverage of low viral load samples (Ct > 25) is desired one may choose to use a larger sequencing kit or reduce the number of samples per flow cell.

Methods that require less reads per sample, also save expensive storage space and computation resources for analysis. Essential web platforms like GISAID (https://www.gisaid.org/) allow submission of complete or nearly complete genomes, while they also perform multiple analyses that are focused on the spike gene such as spike protein mutation surveillance. However, a much needed spike dedicated database for sequence deposit and global sharing for comparison and variant alerts, has yet to be established.

We have enumerated the strengths of HiSpike and its desirable features and benefits. Nevertheless, HiSpike has limitations, chief among them being that it does not sequence genomic regions outside the spike gene, which are covered by other protocols for whole genome sequencing (34, 38–40). To the best of our knowledge, mutations outside the spike gene that affect transmissibility are not common. The most important aspect of this limitation is that molecular epidemiology including its uses for high-resolution clade definition and outbreak profiling to aid contact tracing, is mostly effective at the whole genome level.

As far as we know, HiSpike is the first validated tool for specifically sequencing the spike gene to monitor mutations of high concern in clinical samples. To ease transitions to the HiSpike method, we included a detailed user instruction manual (Supplementary File 7). We propose using HiSpike for routine sequencing of positive SARS-CoV-2 samples for near real-time monitoring of emerging spike mutations. In this manner, public health resources can help contain potential super spreading or vaccine-escape variants, even before these variants cause frequency shifts at the local, regional, or global levels.
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Over the past 2 years, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused the coronavirus disease 2019 (COVID-19) and rapidly spread worldwide. In the process of evolution, new mutations of SARS-CoV-2 began to appear to be more adaptable to the diverse changes of various cellular environments and hosts. Generally, the emerging SARS-CoV-2 variants are characterized by high infectivity, augmented virulence, and fast transmissibility, posing a serious threat to the prevention and control of the global epidemic. At present, there is a paucity of effective measurements to cure COVID-19. It is extremely crucial to develop vaccines against SARS-CoV-2 and emerging variants to enhance individual immunity, but it is not yet known whether they are approved by the authority. Therefore, we systematically reviewed the main characteristics of the emerging various variants of SARS-CoV-2, including their distribution, mutations, transmissibility, severity, and susceptibility to immune responses, especially the Delta variant and the new emerging Omicron variant. Furthermore, we overviewed the suitable crowd, the efficacy, and adverse events (AEs) of current vaccines.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) spreads widely, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which led to transmissible acute respiratory contagious diseases worldwide (1), arousing public concern and global health issues. SARS-CoV-2 exhibited ~79% identity with SARS-CoV and 50% with the Middle East Respiratory Syndrome (MERS) coronavirus (MERS-CoV) (2). It is a class of RNA viruses, belonging to the lineage of B βCoV, characterized by positive-sense, single-stranded, and enveloped traits, with the length of 29,903 nucleotides, 11 open reading frames (ORFs), and encoding 27 viral proteins. The ORF1a/b is marked by 21,290 nucleotides in length and encodes 16 non-structural proteins, namely nsp1 to nsp16. The last part of the structure of the SARS-CoV-2 genome contains a total of 8,613 nucleotides, which encodes four structural proteins and some accessory proteins. The structural proteins are spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins; the accessory proteins are an array of ORFs, that is, ORF 3, 6, 7a, 7b, 8, and 10 (3). Figure 1 shows the genome structure of SARS-CoV-2 viruses from 5'UTR to 3'UTR, covering the regions of ORF1a/b, S, E, M, N, as well as ORF 3, 6, 7a, 7b, 8, 9a, 9b, and 10.
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FIGURE 1. The genome structure of SARS-CoV-2 viruses. The whole length of SARS-CoV-2 genome is nearly 30 kb, with 11 ORFs and encoding 27 viral proteins. In general, SARS-CoV-2 genome is capped at the 5'UTR and polyadenylated at the 3'UTR. The S, E, M, and N genes encode structural proteins. While, ORF1a and ORF1b, occupying approximately the two-thirds of full-length genome, belong to the genes that encode non-structural proteins, containing nsp1 to nsp16. Also, the rest of the genes encode the accessory proteins. UTR, untranslated regions; ORFs, open reading frames; S, spike; E, envelope; M, membrane; N, nucleocapsid.


It is well-known that mutations easily occur in the gene sequence of viruses, where SARS-CoV-2 is no exception (4). Compared to DNA viruses, RNA viruses are less stable for their single-stranded structure, which is easy to result in fracture and recombination. Also, due to the instability and low enzyme activity of RNA to repair the error during the replication process, the RNA virus easily mutates. Accordingly, RNA viruses are more likely to cause diseases and are deadly to the hosts. Similar to most RNA viruses, SARS-CoV-2 tends to evolve into all sorts of novel variants during transmissible progression. Due to the flexible adaptability of SARS-CoV-2 in various cellular environments and diverse hosts, it has rapidly spread among the population during the COVID-19 pandemic. Meanwhile, genetic sequence mutations also help SARS-CoV-2 to spread quickly and aggravate conditions (5, 6). Scientists have found that the S gene possesses an ability to mutate into a more infectious form, which has been regarded as a clinical variant of concerns (VOCs) and appears to be the cause of increased transmissibility and immune escape for antibodies. Besides, the WHO formally explained that SARS-CoV-2 VOCs are endowed with higher contagiousness, quick transmissibility, augmented virulence, and are insensitive to vaccines (7).

The S glycoprotein is essential for SARS-CoV-2 to promote combination with receptors and entry into cells (8). The N-terminal S1 subunit, mediating bonding with angiotensin-converting enzyme 2 (ACE2) receptors and C-terminal S2 subunit, which is responsible for cellular fusion, is incorporated into the S glycoprotein (9). Besides, Zhan et al. demonstrated that the appearance of various unique alleles in S genes than the E, M, N genes in 3,090 isolates from plenty of countries, implies that the existence of a large amount of genetic diversity in S gene might be beneficial for viral survival (10). Since the S glycoprotein of SARS-CoV-2 is capable of entering into cells by integrating with ACE2 receptors, once mutations occur in S genes, the affinity of receptor and immunogenicity of viruses will be altered, and an immune escape will easily occur (11). To our knowledge, S glycoprotein alterations in all the variants of SARS-CoV-2 nearly shared D614G mutation, a nonsynonymous mutation causing aspartic acid at position 614 to change to glycine (D614G) (12) among various variants. D614G mutation endowed SARS-CoV-2 to open more than two receptor-binding domains (RBDs), higher than wild-type D614 protein that opens merely one RBD (13–15), making it possible for SARS-CoV-2 to rapidly spread (16). Some researchers (17, 18) demonstrated that D614G mutation was able to promote the entry of SARS-CoV-2 into cells and membrane fusion, leading to quick transmissibility of viruses. Besides, G614 mutation with smaller CT values via RT-qPCR detection may be germane to higher SARS-CoV-2 viral loads in the upper respiratory tract of patients (19), but irrelevant to severity and mortality of COVID-19 (12).

A large quantity of SARS-CoV-2 variants have been recorded during the period of COVID-19 pandemic (20). For SARS-CoV-2 viruses, the basic reproduction (R0: the estimated numbers of susceptible individuals with secondary infections transmitted by infected subjects) was about 2.50 during the pandemic period in Wuhan but now the R0 has reached as high as 6.10 for the various variants (21, 22). Of note, five significant variants aroused public extensive attention, including Alpha (B.1.1.7, Q.1-Q.8) (23), Beta (B.1.351, B.1.351.2, B.1.351.3) (24), Gamma (P.1, P.1.1, P.1.2) (25), Delta (B.1.617.2 and AY.1 sublineages) (26), and Lambda (C.37) (27) variants. Currently, up to September 22, 2021, according to the latest report released by the US government's SARS-CoV-2 Interagency Group (SIG) [available from: SARS-CoV-2 Variant Classifications and Definitions (cdc.gov)], it was defined that among a total of four categories of SARS-CoV-2 variants, that is, VBM, including Alpha, Beta, B.1.617.3., Gamma, Epsilon (B.1.427 and B.1.429), Eta (B.1.525), Iota (B.1.526), Kappa (B.1.617.1), Mu (B.1.621, B.1.621.1), and Zeta (P.2) variants, VOC, only the Delta variant contained, variant of interest (VOI), and variant of high consequence (VOHM), where no SARS-CoV-2 variants has been designated as VOI and VOHM groups. In contrast, till September 22, 2021, WHO has still designated the Alpha, Beta, Gamma, and Delta variants as VOC. At the same time, the Lambda is defined as VOI by WHO [available from: Tracking SARS-CoV-2 variants (who.int)]. However, on November 26, 2021, WHO has designated a new emerging B.1.1.529 variant as a VOC, named Omicron [available from: Classification of Omicron (B.1.1.529): SARS-CoV-2 Variant of Concern (who.int)].

For investigating the influence of various emerging variants on public health, and making more effective strategies to battle against SARS-CoV-2 and variants, the study aims to summarize the emerging SARS-CoV-2 variants and their main features, as well as other current advanced studies on vaccines against them worldwide. Table 1 summarizes the characteristics of the main variants of SARS-CoV-2 viruses, including the information of next strain clade, places first identified, mutations in S protein, as well as their transmissibility, infectivity, immune escape, etc.


Table 1. The characteristics of main variants of SARS-CoV-2 viruses.
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PREDOMINANT VARIATIONS OF SARS-CoV-2

There are several main variants of SARS-CoV-2, including the Alpha, Beta, Gamma, Delta, Delta plus, and Omicron variants. Figure 2 presents a schematic diagram of the corresponding mutation sites of predominant variants in the S protein.
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FIGURE 2. The schematic diagram of the corresponding mutation sites of predominant variants in S protein. The red D614G mutation is shared by these main variants. The rest of the mutations labeled red belong to key mutations in the respective variants. NTD, N-terminal domain; RBD, receptor binding domain; RBM, receptor-binding motif; FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2; TM, transmembrane region; del, deletion; ins, insertion.



Alpha (B.1.1.7 Lineage) Variant

The SARS-CoV-2 variant of B.1.1.7 lineage, also called 20I/501Y.V1 or VOC 202012/01, was recently named as an Alpha variant by the WHO. It was first discovered in Kent, UK, becoming the predominant strain of the United Kingdom and gradually prevailing around Europe (28). The reproduction number in the Alpha lineage was higher by 43–90% than the preexisting variants, and the transmission increased in three countries, including Denmark, Switzerland, and the United States, fluctuating between 59 and 74% (29). Compared to the original strains, two-thirds of higher death cases were observed in patients with the Alpha variant infection in the UK (30). Up to March 29, 2021, the Alpha variant accounted for nearly 95% of SARS-CoV-2 infections in the UK and has caused dissemination in 114 countries (31). Besides, Cetin et al. (2021) collected the data of 3,700 COVID-19 patients from April 2020 to March 2021 in Tokat, Turkey, of which 30% were infected with the Alpha variant, increasing the local hospitalization rate (32).

It was reported that the Alpha lineage was characterized by 23 genetic mutations in comparison with previous SARS-CoV-2 strains, and the Alpha variant carried other eight mutations in the S gene, containing del H69/V70 (ΔH69/V70), del Y144 (ΔY144), N501Y, A570D, P681H, T716I, S982A, and D1118H, besides the D614G mutation (33) (Figure 2). Especially, the mutations of ΔH69/V70, ΔY144, and N501Y endowed SARS-CoV-2 variant with rapid transmissibility and high infectivity (34). Spontaneous deletion of H69/V70 was defined as a double deletion of histidine 69 and valine 70 at the NTD site (33), which was related to immune evasion in patients with hypoimmunity and enhancement of viral infectivity (29). Furthermore, researchers found that a synergy between ΔH69/V70 and D614G or N439K mutations, caused immune escape and infectivity augment (35, 36). The Alpha variant can be effectively neutralized by vaccines that target RBD-specific regions but a loss of efficacy for NTD-specific antibodies may be ascribed to ΔY144 that participates in neutralization evasion since ΔH69/V70 alteration alone cannot make it resistive to antibodies (37). The N501Y mutation referred to as tyrosine (Y) replacement for asparagine (N) at the 501 site, is located in the receptor-binding motif (RBM) region of S gene, and promoted the affinity of the variant with ACE2 receptors (38–40), enhancing the viral adherence and its subsequent entry into the host cells. Meanwhile, the Alpha variant harboring N501Y mutation reduced nearly 9% of affinities apparently to those neutralizing antibodies than the wild type (WT) (41).

Besides, E484K mutation, vital for immune escape, has been substantiated that it exerted a crucial impact on the neutralization of antibodies (42, 43), particularly the simultaneous incidence of N501Y and K417N mutations (44). SARS-CoV-2 variants, with the combination of E484K, K417N, and N501Y mutations made it challenging to perform antibody treatment and abated the potency of corresponding vaccines (45). Notably, P681H mutation was proline (P) to histidine (H) mutation in the furin cleavage position of S protein, then it influenced the conformational stability of S protein, resulting in the increase of infectivity in the Alpha variant (46). Based on extensive researches, the current vaccines for SARS-CoV-2 are effective and their efficacy against the Alpha variant is unimpaired (43, 47, 48).



Beta (B.1.351 Lineage) Variant

The emergent SARS-CoV-2 variant of B.1.351 lineage (also called 501Y.V2), renamed as the Beta variant by WHO, was first found in early October 2020, in South Africa (49), triggering the second wave of SARS-CoV-2 infection. Thus, the Beta variant spread rapidly across many countries (50) and was detectable soon (24, 51, 52). Pearson et al. forecast the transmissible speed of the Beta strains, nearly 1.5 times (95% CI: 1.20–2.13) than the previous circulating SARS-CoV-2 strains (53). The Beta variant caused reinfection for patients infected with COVID-19, and also contributed to infection among healthy subjects who were inoculated with the first dose of ChAdOx1 vaccine, a recombinant adenoviral vector targeting the S protein of SARS-CoV-2, in Dhaka, Bangladesh (54). At present, there are insufficient pieces of evidence for the impact of the Beta variant based on the severity of the condition.

The mutations of the Beta variant are shown in Figure 2, covering the main K417N, E484K, N501Y, and D614G mutations, as well as other mutations, such as D80A, D215G, del 241 (Δ241), del 242 (Δ242), del 243 (Δ243), V367F, P384L, R408I, D6101G, and A5101V. The Beta variant harboring N501Y, K417N, and E484K mutations caused resistance to the antibody therapy (52, 55), among which E484K mutation was able to decrease the variants' susceptibility to the potency of antibodies (44), triggering immune escape (Figure 2). Besides, K417N and E484K mutations were able to induce conformational alterations of S protein, which were crucial for binding to ACE2 receptors and participating in the recognition of antibodies (56), consequently resulting in the enhancement of viral infectivity (57). It is worth noting that the nucleotide substitution of G23012A in the Beta variant participated in the E484K mutation, considered to involve in altering viral antigenicity and in turn causing low efficacy of vaccines (44, 47, 48). Although there is resistance to antibodies neutralization in the Alpha and Beta variants, vaccines can still generate protection against SARS-CoV-2 to a certain degree in the population who receive vaccination (58–61).



Gamma (P.1 Lineage) Variant

The B.1.1.28.1 linage, known as P.1, 20J/501Y.V3 or Gamma variant, was first detected in four travelers who took a trip from Brazil to Tokyo, during a routine screening in the airport of Tokyo, Japan, in January 2021 (62, 63). Viral loads were nearly ten folds higher in the Gamma variant infections than in the non-P.1 strains (64); hence patients infected with the Gamma variant are more contagious (65, 66). Until February 2021, more than 51.1% of cases suffered from SARS-CoV-2 P.1 variant in all COVID-19 patients who were identified in Umbria, Italy (67). And the Gamma variant began to emerge in more than 45 countries until March 30, 2021, according to the release of the epidemiological information by WHO, including the United States (68), Spain (69), Bangladesh (70), Uruguay (71), Italy (72), etc.

The Gamma variant had 12 mutations in S Protein, namely L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T1027I, and V1176F substitutions (62) (Figure 2). The mutations of K417T, E484K, and N501Y might facilitate affinity with ACE2 receptors and immune escape (73, 74). The increasing affinity of the Gamma variant binding to ACE2 to some extent is equal to the Beta but stronger than the Alpha, which rendered the augmentation of viral transmissibility and enabled them to become primary strains in the areas where they arrived (75, 76). Remarkably, the Gamma appeared to be not as resistant as the Beta but similar to the Alpha in antibody responses that were acquired naturally or generated by vaccines (75), owing to RBD alterations that influence antibodies neutralization (73). The antibodies produced by convalescent patients previously infected with original SARS-CoV-2 cannot effectively neutralize the Alpha and Gamma variants, but antibodies induced by vaccines can defend against these strains up to a point (77–79).



Delta (B.1.617.2 Lineage) Variant

The most concerned SARS-CoV-2 mutant is the B.1.617.2 that was first uncovered in India (80), and then, it was named as the Delta variant by the WHO. The Delta variant was the prime cause of the second wave of fatal COVID-19 infection in India in April 2021. Before that, the variant was first detected in March 2021 in the USA; then the Delta variant raised to prevalent strains in the next several weeks. In addition, the genome sequencing of the Nanjing COVID-19 cases showed that the origin of the SARS-CoV-2 virus was a Delta variant. By spreading to multitudes of countries around the world, the Delta variant has gradually become a global epidemic strain. The Delta variant carried double mutations (L452R and E484Q) in S protein (81, 82), which caused its stronger transmission, higher viral loads, shorter infection incubation, a longer period of viral shedding in pharyngeal swab specimens, and higher danger of exacerbation to critical status in patients infected with SARS-CoV-2 viruses. Also, the Delta variant presented a lower speed of viral clearance in comparison with WT strains (83). Meanwhile, the Delta plus variant (also called AY.1 or B.1.617.2.1) also deserves public attention. The Delta plus variant further underwent evolution but not as a simple mutation (K417N) of the Delta variant, which was first found in India and spread to a multitude of countries (84). The three worrying hallmarks of the Delta plus variant include increased transmissibility, powerful combination with receptors of pulmonary epithelial cells, and abatement of interaction with monoclonal antibodies [available from: Delta plus Covid variant: Here's what you need to know (cnbc.com)].

Centers for Disease and Control Prevention (CDC) proposed that the R0 of the Delta variant fluctuates from 5 to 9.5 (85), with transmissibility faster than MERS and SARS, smallpox, common cold, Spanish flu, and Ebola. The Delta variant now is more transmissible 1.1–1.4-fold than the previous strains (86). Meanwhile, it is possible for the Delta variant to spread so fast, which is mainly attributed to viral loads in patients infected with the Delta variant being roughly 1,000 times more than the original strains (87). It is reported that the Delta variant is adapting more to human bronchial epithelial cells, has significantly higher viral replication and easier transmissibility (86), and has a 60% more increased risk rate in the aspect of household transmission than the Alpha variant (88).

Indeed, the Delta variant was capable of causing more serious illness than the Alpha variant or ancestral strains. In Canada, the Delta strains brought about higher hospitalization [adjusted odds ratio (aOR): 2.08, 95%CI: 1.80–2.38)], ICU admission (aOR: 3.34, 95%CI: 2.64–4.31), and death (aOR: 2.32, 95%CI: 1.47–3.30) (89). And in Singapore, the Delta variant was pertinent to the higher oxygen demand, ICU admission, or death (aOR: 4·90, 95% CI: 1.43–30.78), as well as pneumonia (aOR: 1.88, 95% CI: 0.95–3.76) (90). While, in Scotland, the risk of hospitalization driven by the Delta VOC also escalated, with a hazard ratio (HR) of 1.85 (95% CI: 1.39–2.47) (91). Therefore, the Delta variant can cause a higher hospitalization rate than the Alpha variant or original viruses (89, 91).

Many pieces of evidence show that the Delta variant can lead to the appearance of more severe diseases than ancestral viruses among unvaccinated subjects (90). First, the infection rate of the Delta variant significantly increased in the young population who are not inoculated with vaccines (92). In the earlier local transmission of the Delta variant in Guangzhou, a large number of infected cases was young individuals aged <18 years who achieved quick transmissibility by three ways, namely short-distance touch, household, and community spread (83). Second, the Delta variant is more liable to infect and transmit viruses among those who were unvaccinated, which is the potential risk of widespread transmission. Third, the amount of Delta variant viruses in fully immunized individuals goes down quicker than that in the unvaccinated population (93). Nevertheless, what is worrying is that the vaccinated rate of the population from numerous Asian countries seems to be far from enough (82). Owing to uneven vaccination status in some developing countries, such as Japan, Indonesia, Iraq, and Vietnam (82), the Delta viruses confronted immune pressure to some degree, whereas this insufficient immunization enabled the variants to be more transmissible. Also, the low coverage of vaccination in numerous communities drives rapid and dramatic emergence of cases infected with the Delta variant (86), which may increase the opportunities for viral variation.

As is known, the S protein can interact with ACE2 and TMPRSS2 (58), then mediate cellular entry and affect the viral infectivity. It is reported that the Delta lineage harbors several mutations in S protein, containing distinctive mutations, namely T19R, del 157/158 (Δ157–158), L452R, T478K, D614G, P681R, D950N (94), and other mutations, i.e., G142D, T95I, and R158G (Figure 2) (95). Intriguingly, L452R and T478K, the specific mutations of the Delta variant (81), as well as deletions at the N-terminal region, may exert influence on immune responses targeting crucial antigen site of receptors (96). Especially, L452R and T478K mutations obviously stabilized the structure of RBD-ACE2 complex. Besides, P681R mutation occurs in the cleavage site of the S1-S2 subunits, promoting interactions with furin, driving membrane fusion, facilitating viral transmissibility (81), and increasing the virus replication thus contributing to higher SARS-CoV2 viral loads (97).

Besides, compared to the Delta variant, the Delta plus variant possesses six crucial mutations, namely T95I, G142D, R158G, L452R, T478K, and K417N, rather than only owning a K417N mutation. Figure 2 depicts the main mutations in S protein of the Delta plus variants, including the delta AY.1, delta AY.2, and delta Δ144 (98). It is noteworthy that the K417N mutation seems to cause immune evasion by losing K417 interaction with Y52, thus reducing antibodies binding to S protein (84).

Some studies revealed that the vaccine efficacy (VE) modestly reduced with the extension of inoculation time, especially in the aged adults. The VE against the Delta variant in England and the United States was 88% (99) and 66% (100), respectively, but an apprehensive report by the Israeli Health Ministry suggested that Pfizer mRNA vaccines had only 39% protection against symptomatic COVID-19 disease caused by the Delta variant in Israel on July 23, 2021. In essence, some research also elucidated that neutralization of antibodies from the serum of convalescent COVID-19 and antibodies induced by Covaxin vaccines against the Delta variant showed a reduction of 4.6 and 2.7 times, respectively (101). However, Pfizer-BioNTech BNT162b2 or AstraZeneca-Oxford ChAdOx1 nCoV-19 vaccines, are also capable of defending against the Delta variant (85, 99, 102, 103), lowering 50–60% the infection rate of the Delta variant, once the subjects received two doses of vaccines (102). Additionally, it was observed that Delta plus, Lambda, and other variants failed to escape neutralization of vaccine-elicited antibodies although the presence of antigenic alterations was observed (98). Consequently, it is imperative to popularize vaccines worldwide to effectively prohibit public infection with various SARS-CoV-2 variants.



Omicron (B.1.1.529 Lineage) Variant

On November 24, 2021, a novel B.1.1.529 variant has emerged and was first reported in South Africa. It was designated as a VOC and named Omicron variant by the WHO on November 26, 2021 [available from: Classification of Omicron (B.1.1.529): SARS-CoV-2 Variant of Concern (who.int)]. The epidemiological report indicated that infections caused by B.1.1.529 variant in reported cases have increased sharply in the recent weeks. Based on a recent study, researchers described the epidemiology of Omicron strain and pointed out that the Omicron variant was unable to increase and even reduced the risk of primary infection in the population, but it increased the hazard of reinfection. Furthermore, in the second and third waves of SARS-CoV-2 infections dominated by Beta and Delta strains, the HR of reinfections were found to be 0.75 (95%CI: 0.59–0.97) and 0.71 (95%CI: 0.56–0.92), respectively. In contrast, for wave 4 SARS-CoV-2 infections dominated by the Omicron variant in South Africa, the HR of reinfections rose to 2.39 (95%CI: 1.88–3.11) (104). In addition, researchers discovered roughly 37 predominant alterations to S protein in the Omicron variant (105) (Figure 2, not yet peer-reviewed), where K417N, S477N, Q498R, E484A, and N501Y mutations can help viruses dodge antibody neutralization; thus, the immune escape caused by the Omicron variant may be more obvious, while some mutations occurring in the Furin site, namely H655Y, N679K, and P681H, allow for the entry of viruses into cells and enhance the viral replication and infectivity [available from: Omicron variant may spread more easily than other COVID versions because it contains a piece of common cold virus, scientists say (granthshala.com)]. Of note, the insertion mutation (ins214EPE) that was expressed in seasonal coronaviruses (e.g., HCoV-229E) was first identified in the Omicron variant without being found in any SARS-CoV-2 strains previously. Single cell RNA-sequencing indicated that the host's respiratory and gastrointestinal cells coexisted with the Omicron strain and HCoV-229E, which might create the conditions for the recombination of these two viruses [available from: OSF Preprints | Omicron variant of SARS-CoV-2 harbors a unique insertion mutation of putative viral or human genomic origin]. Although the Omicron variant is characterized by the potentiality of super strains, it deserves not to be panicking at present and it is recommended to accelerate vaccination in the weak areas of the world as soon as possible for the prevention of the reemergence of “super strains” [available from: Heavily mutated Omicron variant puts scientists on alert (nature.com)].




OTHER SARS-CoV-2 VARIANTS

The VOIs have caused COVID-19 clusters or considerable community transmission, with a gradual growing prevalence over time, posing an emerging threat to public health (106). Up to September 22, 2021, according to the newest classification by the WHO [available from: Tracking SARS-CoV-2 variants (who.int)], two SARS-CoV-2 variants are defined as VOIs, namely Lambda (also known as B.1.1.1 or C.37 lineage) and Mu (B.1.621 lineage). Also, it is reported that the first patients with the Lambda variant dated to August 2020, in Peru, according to a weekly epidemiological report from the WHO (107). The data from WHO implied that 81% of new cases in Peru derived from Lambda variant infections during April–June 2021 (107, 108), and the per-capita mortality rate of COVID-19 soared to the highest in the world. And there is an expanding trend for the Lambda variant and it has been detected in many countries (109). There are several mutations, mainly containing G75V, T76I, del 246–252 (Δ246–252), L452Q, F490S, D614G, and T859N. Two novel mutations of Lambda variant, such as L452Q and F490S, enabled the Lambda strains to be resistant to antibodies neutralization. Of note, when the L452Q mutation enhanced the affinity of Lambda variant with ACE2 receptors, then infectivity increased roughly to two-fold (110).

The Mu variant was first detected and became sporadic in Colombia in January 2021 [available from: SARS-CoV-2 variants of concern as of 16 September 2021 (europa.eu)]. It belongs to B.1 lineage descendants with high mutations, encompassing the insertion of 146 N (ins 146N) and mutations in S protein (Y144T, Y145S, R346K, E484K, N501Y, and P681H). To date, the Mu variant travels across nearly eight countries, containing Colombia, United States, Spain, Netherlands, Denmark, Mexico, Germany, and Curacao. The enhancement of SARS-CoV-2 genomic surveillance for the third peak of the COVID-19 pandemic in Colombia is responsible for the high frequent emergence of the Mu variant (111). However, the neutralization of serum antibodies derived from individuals vaccinated with two doses of BNT162b2 vaccine to the Mu variant is still robust and potent, even though the neutralization is lower than other B.1 lineages of SARS-CoV-2 (112).

Recently, the WHO proposed a percept of variants under monitoring (VUM), referring to variants with several inheritable changes that are speculated to influence viral traits and may pose a threat to the public in the future. Nevertheless, since there is an absence of adequate evidence on phenotypic or epidemiological markers, it is needed to be monitored and evaluated based on the pending novel evidence [available from: Tracking SARS-CoV-2 variants (who.int)]. Here we discuss four VUMs, including Kappa (113), Iota (114), Eta (115), and Epsilon variants.

Both the Kappa variant, which is first identified in India in December 2021, and the Delta variant belong to one of the subspecies of Indian strains. The mutations (L452R, T478K, E484Q, D614G, and P681R) in S protein make the Kappa variant, similar to the Delta virus, but more susceptible to infect cells and the escape antibodies response of the immune system (81). Owing to the Kappa variant attenuating susceptibility to neutralization of antibodies, this variant more readily lowers the VE and increases the chance of reinfection (116). Nevertheless, studies indicated that RBD immune sera (117) and BNT162b2 induced sera (118), or mRNA-1273 elicited sera (113) were still efficacious against the Kappa variant, although both L452R and E484Q mutations (119) drive the Kappa variant to become resistant to antibodies neutralization (120–122).

Eta and Iota (123) variants were first uncovered in New York, in November 2020 (38). The Eta variant carrying a single mutation (either N501Y or E484K) increased the affinity of RBD with ACE2 receptors (124), thus resulting in a conformational change that made it possible for the Eta variant to be better neutralized by antibodies via exposure of the functional epitope (79). Besides, it was reported that the transmissibility and fatality caused by the Iota variant remarkably improved. Compared to other variants, from November 2020 to April 2021, the mortality of people aged 45–65, 65–74, and more than 75, who were infected by the Iota variant, increased to 46, 82, and 62%, respectively (125). The E484K mutation enables the Iota variant to spread and rise sharply, replacing previous epidemic variants in New York (123). Whereas, preliminary clinical data implied that the Iota variant, even though it harbors E484K mutation, was unable to cause severe illness (114).

The Epsilon (B.1.427/B.1.429) variant first occurred in Los Angeles County in July 2020, and subsequently began to prevail in California on January 22, 2021 (126). At first, the proportion of Epsilon variants carrying L452R mutation was 24.8% of all COVID-19 cases in December 2020; thereafter, the incidence of this variant increased to 62.5% in March 2021 (127). Besides, the viral loads of the Epsilon variants derived from swab samples are approximately higher by two-fold than the non-Epsilon strains, with an underlying increase in the transmissibility of viruses. Meanwhile, the Epsilon variants were found to be resistant to neutralization of antibodies from convalescent patients and vaccine recipients in vitro (128). A study delineated that the Epsilon variants reduced the susceptibility to antibodies induced by Moderna mRNA1273 and BNT162b2 vaccines, mainly ascribing to the appearance of S13I and W152C mutations that resulted in immune escape (129).



CURRENT VACCINES

Given that there are no specific drugs to cure COVID-19, it is extremely imperative to establish an effective immunologic barrier of the population via vaccination to fight against various SARS-CoV-2 and variants. Here, we summarized the best clinical and therapeutic approaches for COVID-19 illness (Table 2). Recently, some vaccines have been developed against SARS-CoV-2 and their variants, encompassing Pfizer/BioNTech mRNA vaccine, Moderna mRNA vaccine, AstraZeneca-Oxford vaccine, CoronaVac, DNA vaccine, Beijing Institute of Biological Products inactivated vaccine (BBIBP-CorV), Zhifei Longcom recombinant protein vaccine (ZF2001), protein subunits vaccines, and so on. Nowadays, there is a lack of sufficient evidence about the VE for the Omicron variant, but BNT162b2 and mRNA-1273 mRNA vaccines are proved to be effective for the Beta variant that is more likely to cause immune evasion (146). Therefore, current vaccines may be efficacious for the new emergence of the Omicron variant, and there is a need to require a large number of studies to verify the VE against the Omicron strain.


Table 2. The best clinical and therapeutic approaches for COVID-19.
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However, an article showed that anti-RBD neutralizing antibodies against the K417N/E484K/N501Y mutations were inclined to reduce antibodies neutralization, in which E484K accounted for the main cause (147). The E484K mutation participates in immune evasion and is responsible for reduced titers (134). Several lines of evidence implied that neutralization of antibodies induced by two doses of vaccines is potent for most of the variants (59, 148, 149), including the current expanding Delta variant (99). For healthcare workers, a reduction in the occurrence of COVID-19 disease was observed after completing the vaccination (150).

Besides, considering that the elderly are a fragile population, more than 40% of the death of COVID-19 infected victims were elderly people in a sanatorium or other long-term nursing facilities in the United States. At the same time, breakthrough infections often appear in the population aged more than 60 years old. Recent studies based on senior citizens over 80 years old, discovered that the immune response of the elderly was vulnerable but still neutralized VOCs after two doses of vaccines (151). A study suggested that over 75-year-old adults receiving one or two doses of vaccines can resist viral infections, reducing COVID-19-related death cases in Brazil (152). As a result, it is necessary to take effective measures to boost their immune reactions.

However, children have become the dominant affected population by COVID-19 in the United States, and up to September 16, 2021, a total of 5,518,815 children infected with SARS-CoV-2 were reported, among which a proportion of 15.7% of children was infected with COVID-19 [available from: Children and COVID-19: State-Level Data Report (aap.org)]. However, from the perspective of the long run, it is unclear about the impact of the COVID-19 pandemic on children, and viruses may injure the health and influence the mood and the mental status of the affected children. Based on the CDC data, from late June to mid-August 2021, the hospitalization rates of children and adolescents related to COVID-19 caused by the Delta variant increased approximately five times. Meanwhile, the hospitalization rates among unvaccinated adolescents were ten-fold than those fully vaccinated (153). Thus, some clinical doctors urge children who are >12 years old and adolescents who are 12–17 years old to be inoculated with vaccines to fight against COVID-19 illness.

Remarkably, in the light of CDC documents, disease incidence, hospitalization, and death incidence of COVID-19 markedly reduced among the vaccinated population than the unvaccinated population. Furthermore, VE against symptomatic diseases and hospitalization due to infection by the Delta variant were 88% (99) and 96% (154), respectively. Consequently, there is no doubt that vaccination among the public is impending. Also, based on the newest research, the VE against the Delta variant was more than 90%, demonstrating that current vaccines are still potent for the prevailing Delta variant. This threw light on the fact that if there exists sufficient evidence to introduce boosters, it is appropriate for some special populations (155). Table 3 summarizes the basic clinical characteristics of current vaccines, including vaccine type, antigens of the vaccines, target variants, suitable population, efficacy, serious adverse events (SAEs), the immune type generated by bodies, and the phase of trials.


Table 3. The basic clinical characteristics of current vaccines.
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Immune Responses for SARS-CoV-2 and Variants

Individuals can benefit from these vaccines generating humoral and cellular immunity.

First, viruses enter the cells via the viral S protein recognizing and binding to the ACE2 receptor on the host cells. In general, viral RNA itself can act as mRNA, hijack the ribosome of host cells, and thereby complete the process of replication and translation in the host cells. Next, they can produce RNA polymerase and various assembly proteins, making the virus reassemble and release in large quantities. Second, antigen presenting cells (APCs) in the host can usually identify the virus, and present the viral peptides to the T-help cells that are able to stimulate and activate the killer T cells, and then kill the virus-infected cells (cellular immunity). More importantly, viruses are also capable of stimulating the proliferation of B cells, generating neutralizing antibodies, and ultimately eliminating the viruses (humoral immunity). Figure 3 shows the induced immune responses after the infection of viruses or inoculation of vaccines against SARS-CoV-2 or variants.


[image: Figure 3]
FIGURE 3. The process of viral infection and induced bodies to generate immune responses after infection or inoculation of vaccines. First, SARS-CoV-2 viruses enter into cells via binding to ACE2 receptors, then they release their genetic materials, accomplish replicate, translate RNA into proteins, assemble viruses, and finally release a multitude of viruses. Second, individuals also harbor unique immune mechanism to fight against SARS-CoV-2 infection. When viruses enter into cells, APCs will ingest viruses and initiate immune responses via the recognition of viral peptide by MCH molecules. APCs can present the information of viral antigens to Th cells. Subsequently, Th cells are capable of activating humoral immunity to generate antibodies and cell-mediated immunity to lyse and kill viruses. Third, when individuals are inoculated with vaccines, such as weakened or inactivated viruses, viral vector, nucleic acid (DNA or RNA), and protein-based (protein subunits or VLP) vaccines, they can produce effective immune responses to defend infection against SARS-CoV-2 and its variants. Th, T-helper; APC, antigen presenting cells; CTL, cytotoxic T cell; Ab, antibodies; VLP, virus-like particles.




Pfizer/BioNTech mRNA Vaccine

The BNT162b2 that belongs to the mRNA vaccine can transcribe and translate the full-length S protein, reaching 95% efficacy against COVID-19 (156). Although the mRNA sequence of BNT162b2 is developed based on the original virus-isolated strains (180), several studies adumbrated that serum-induced by BNT162b2 vaccine still maintained antibodies neutralization against some variants (Figure 3), such as Alpha, Alpha with E484K, Beta, Iota, B.1.617, and Gamma strains (61, 79, 118, 120, 181, 182). Some studies showed that human serum from BTN162b2-immunized individuals was able to effectively neutralize the Delta plus variants (delta AY.1, delta AY.2, and delta Δ144) with modestly reduced neutralization, as well as Lambda and B.1.1.519 variants, and similar neutralization to WT strains (98). In addition, based on a phase 3 placebo-controlled, randomized trial for 44,000 participants, individuals receiving two doses of the BNT162b2 mRNA vaccine can achieve 95% efficacy against SARS-CoV-2 infections (156). It is noted that the potency of BNT162b2 vaccine slightly reduced infection against the Delta variant, with a VE of 88% after completing two doses (99).

As is known, the safety of vaccines is of the greatest concern for the public. Polack et al. reported that <2% SAEs occurred in the recipients of BNT162b2 mRNA vaccine for either dose, apart from fatigue (3.8%) and headache (2.0%) for the second dose (156). Also, according to a study on August 25, 2021, in Israel, the researchers detected the occurrence of myocarditis in nearly 1–5 per 100,000 cases in BNT162b2 mRNA vaccine recipients, but other risks were obviously lower than COVID-19, and they illuminated the potent protection of this mRNA vaccine for healthy population (183).

Nevertheless, due to special circumstances related to pregnant women, most countries regarded them as contraindications of vaccination (184). A study on 10,861 pregnant women receiving BNT162b2 mRNA vaccine in Israel implied that this mRNA vaccine was potent for deterring the SARS-CoV-2 infection with VE of 96% and protecting the participants from severe COVID-19 illness (VE: 89%) (160). Likewise, Shimabukuro et al. conducted a retrospective study on the safety of mRNA vaccines for vaccinating 35,691 pregnant women aged 16–54, and they observed that mRNA vaccines did not increase the risk of adverse pregnancy and the neonatal outcome and mRNA vaccines are safe among the pregnant population (185). Therefore, pregnant individuals are expected to be vaccinated against SARS-CoV-2 and variants in the near future.

To our delight, on September 20, 2021, Pfizer and BioNTech released results from a phase 2/3 trial among 2,268 children aged 5–11 years old after vaccinating two doses of 10 μg BNT162b2 mRNA vaccine, demonstrating that these children can generate sufficient antibodies elicited by 10 μg vaccine, with high neutralization titers, comparable to those produced by individuals of 16–25 years of age vaccinated with 30 μg vaccine. Most importantly, this vaccine was also proven to be of well tolerance and safety for children (available from: Pfizer and BioNTech Announce Positive Topline Results From Pivotal Trial of COVID-19 Vaccine in Children 5 to 11 Years|Pfizer). Consequently, the BNT162b2 vaccine cooperates with the existing public hygiene and health measures, which can help the public to reduce the global catastrophe caused by the expansion of COVID-19. Also, it is urgent to encourage the public to vaccinate with the BNT162b2 vaccine to impede the transmission of current variants and prevent the occurrence of novel variants; then the COVID-19 pandemic is hopeful to be terminated.



Moderna Vaccine

Moderna mRNA-1273, an mRNA vaccine, utilizes the segments of SARS-CoV-2 hereditary material, to stimulate the body response to the SARS-CoV-2, rather than in a form of weakened or inactivated viruses (Figure 3). The potency of the mRNA-1273 vaccine was proved to be 94.1% for COVID-19 disease, even severe illness, in a phase 3 trial (161), then mRNA-1273 vaccine has been approved for use by the Emergency Use Authorization (EUA). Participants who were vaccinated with two doses of mRNA-1273 vaccine can generate effective antibodies to neutralize SARS-CoV-2 or variants (162, 186–188), but mutations in RBD do reduce the efficacy of antibodies neutralization (47, 55, 189). The latest study elucidated that a low dose (25 μg) mRNA-1273 vaccine can trigger long-lasting antibodies, memory CD4+ T cells, including T follicular helper (TFH) and IFNγ-expressing cells, and CD8+ T cells, reinforcing humoral and cellular immunity (190).

There is no doubt that any vaccine may inevitably generate AEs, and a phase 3 trial also revealed that Grade 3 side effects of the mRNA-1273 vaccine were 2.9% after receiving the first dose and 15.8% after the second dose (161). Besides, the occurrence rate of venous thrombotic events (VTEs) and arterial thrombotic events (ATEs) for Moderna vaccine recipients were 0.075 and 0.13 cases per 1 million individuals, respectively (191). In addition, AEs generated by the mRNA-1273 vaccine were only mild to moderate in the older population (192). Recently, a novel study including more than 6.2 million participants from the Vaccine Safety Datalink that reported the safety of mRNA vaccines, included only either BNT162b2 (Pfizer-BioNTech) or mRNA-1273 (Moderna) vaccines, against SARS-CoV-2, from December 14, 2020 to June 26, 2021. It is reported that the main vaccinated population are young adults aged 18–49, and no serious AEs related to BNT162b2 or mRNA 1273 vaccines were found, except myocarditis/pericarditis occurring in the young population (193), which ease the anxiety and worry about mRNA vaccines against SARS-CoV-2. Thus, it is efficacious and relatively safe to vaccinate mRNA vaccines for the public.



Oxford-AstraZeneca Vaccine

The Oxford-AstraZeneca vaccine (AZD1222) is a replication-deficient chimpanzee DNA viral vector ChAdOx1 vaccine that possesses the whole-length S protein of SARS-CoV-2 (194), which can assist the immune system in the battle against viral infection (Figure 3). The effectiveness after two doses of AZD1222 was merely 62.1% in a phase 3 trial of 23,000 subjects (78), inferior to BNT162b2 (95%) (156) and mRNA-1273 (94.1%) (161) vaccines. Additionally, AZD1222 is the third approved vaccine by the Medicines and Healthcare Products Regulatory Agency (MHRA) of the UK and other agencies in the world (195). Intriguingly, the interval time of the second dose inoculation is associated with VE. A study found that the effectiveness can reach 82.4% after 12 weeks interval of two doses of vaccines, whereas VE reduced to 54.9% after <6 weeks apart two doses (196).

Nevertheless, the side effects of the Oxford-AstraZeneca vaccine cannot be overlooked, such as thrombotic thrombocytopenia (197–199) that usually occurred in young population, thromboembolism (191, 200), thrombotic adverse (201), skin rash (202) or necrosis (203), psoriasis (204), etc., where most of AEs may ascribe to autoimmune pathological responses after inoculated with vaccines. Madhi et al. (164) performed a multicenter, double-blind, and a randomized controlled trial and they concluded that a two-dose regimen of AZD1222 vaccination cannot provide sufficient protection for mild-to-moderate COVID-19 subjects against the Beta variant infection. Furthermore, a recent study revealed that the efficacy of recipients with two doses of the ChAdOx1 nCoV-19 vaccine only reached 67% against the prevalent Delta variant (99). Therefore, both the efficacy and safety of vaccines deserve to be taken into consideration during the construction of the herd immunity. However, AZD1222 is an ideal vaccine for some resource-limited low- and middle-income nations (205).

Nowadays, a heterologous prime-boost vaccination is emerging, referring to ChAdOx1 nCoV-19 vaccine as prime and BNT162b2 mRNA vaccine as boost vaccination, where combining these two vaccines boost the cellular and humoral immunity to some point. Based on a study of heterologous prime-boost schedule with ChAd/BNT vaccines, researchers found that the schedule owned adequate immunogenicity and was capable of stimulating bodies to generate robust immune responses with a VE of 91.6%, which was higher than ChAd/ChAd vaccine schedule (165). Additionally, in a study on the heterologous vaccination in Germany, the neutralization activity elicited by heterologous regimen (ChAd/BNT) strikingly rose, compared to homologous strategies (ChAd/ChAd or BNT/BNT) (206). Also, in a multicenter, open-label, randomized, phase 2 trial, ChAd/BNT prime-boost scheme significantly elevated the antibodies titers, and no severe AEs were observed in this regimen (207).



CoronaVac Vaccine

CoronaVac, a chemosynthetic inactivated vaccine, is developed for defending the SARS-CoV-2 strains (208, 209). The CoronaVac vaccine is of safety and well tolerance in the elderly aged more than 60 years and can induce bodies to generate sufficient neutralizing antibodies titers against the COVID-19 illness in phase 1/2 clinical trials (209) (Figure 3). Besides, in a phase 3 trial, among 10,218 volunteers aged 18–59 years old in Turkey from September 14, 2020 to Jan 5, 2021, the VE of CoronaVac was 83.5% (95% CI: 65.4–92.1%) without fatalities or severe AEs (166). Under the circumstance of the Gamma variant expanding, the CoronaVac vaccine, administered to the elderly aged more than 70 years, has decreased the incidence of symptomatic COVID-19, hospitalization, and death cases in Brazil (210).

The efficacy pertinence to the CoronaVac vaccine was rather high (211), and AEs mainly concentrated on mild-to-moderate degree; no overtly serious or life-threatening AEs were observed in Turkey and China (212–214), which laid a foundation for providing highly effective and safe vaccines for the public. More specifically, in a phase 1/2 clinical trial, researchers explored the immunogenicity, tolerability, and safety of the inactivated CoronaVac vaccine in 550 young participants aged 3–17 years in Zanhuang (Hebei, China); then they concluded that CoronaVac vaccine was indeed safe and well-tolerated, capable of inducing humoral responses and generating higher neutralizing antibody titers elicited by 3.0 μg dose, which provides new insight into vaccination using two doses of 3.0 μg regimen for children and adolescents (215). Besides, the mortality rate of healthcare workers who were fully vaccinated with the CoronaVac vaccine declined (216). In addition, circulating neutralizing antibody responses can be markedly boosted among previously seropositive participants after achieving vaccination of two doses of CoronaVac vaccine or one dose of BNT162b2 mRNA vaccine, indicating robust induction of CoronaVac vaccine for memory B cell (217). A single-center study in Ankara, Turkey, revealed that most of the healthcare workers fully immunized using the CoronaVac vaccine accomplished seroconversion, and the younger healthcare workers presented higher IgG levels against SARS-CoV-2 (218).

Current serum elicited by the CoronaVac vaccine can neutralize ancestral strains, D614G strains, Alpha, and Epsilon variants, but reduced neutralization against the Eta and Beta variants (219). Therefore, the CoronaVac vaccine is also a promising choice for the public to vaccinate, and it is necessary for high-risk populations, such as healthcare workers, the elderly as well as individuals with chronic diseases, to perform a booster dose after two doses of vaccines (218).



DNA Vaccines

DNA vaccines are vaccines directly introduced to the plasmid DNA that encode the immunogen for the acquirement of immune response in situ target immunogen (Figure 3). On one hand, stable plasmid DNA is convenient as it can be stored and easily delivered in the setting of room temperature without the cold chain. On the other hand, DNA vaccines are free from forming not only anti-vector immunity but also off-target adaptive immunity to DNA, which is safe for DNA vaccines construction and production (220).

Phase 1 trial of INO-4800 demonstrated that this DNA vaccine was well immunogenic in all 38 vaccinated participants, who generated efficacious humoral and Th1 cell-mediated immunity (221). Furthermore, serum acquired by the INO-4800 vaccine has robust humoral responses against G614 and the Alpha strains but has lower antibodies neutralization against the Beta variants (222). Besides, in phase 1/2 clinical trials via intracutaneous injection for healthy Indians, the DNA vaccine (ZyCoV-D) developed by India achieved seroconversion for those who received vaccination and was proved to be safe (170). In consequence, the data support the development of DNA vaccines for defending global public crisis.



Other Vaccines

NVX CoV-2373 vaccine refers to a recombinant nanoparticle targeting SARS-CoV-2 S protein, where postvaccination serum has the potentiality of neutralizing the Beta variant, with VE of 49.4% (172). BBIBP-CorV and ZF2001 vaccines are developed by China against SARS-CoV-2 infections. BBIBP-CorV endows sufficient productivity and excellent hereditary stability in terms of vaccine manufacturing, which exhibits a promising prospective (223). In addition, a double-blind, randomized phase 1/2 trial illuminated that the BBIBP-CorV vaccine that was well-tolerated and safe, enabled bodies to generate immunized antibodies against SARS-CoV-2 strains (174). Xia et al. evaluated the immunogenicity and safety of the BBIBP-CorV vaccine in children and adolescents aged 3–17 years in a phase 1/2 trial and delineated that the inactivated BBIBP-CorV vaccine was able to induce potent humoral immunity for defending COVID-19 illness, with safety and tolerance (175). Regarding the ZF2001 vaccine, it is a reconstructed dimeric RBD-related protein vaccine that is at phase 3 trial and has been approved for emergency use in China and Uzbekistan (176, 224). A phase 1/2 trial elucidated that the ZF2001 protein vaccine was characterized by immunogenic and easily tolerated traits, and this vaccine was able to induce moderate levels of cellular immunity and potent humoral immunity (176). Furthermore, another protein subunit vaccine, called SCB-2019 vaccine that is composed of S-Trimer protein, can trigger strong humoral and cell-mediated immunity for defending SARS-CoV-2, based on a phase 1, double-blind, randomization trial (177).

Adenovirus type 26 vectors (Ad26.COV2.S, Janssen), a recombinant but replication-incompetent Ad26, encode the whole S protein of SARS-CoV-2. A multicenter, phase 1/2a trial indicated that stable antibodies titers still existed and robust T-cell responses were observed in subjects inoculated with one (cohort 1, aged 18–55 years) or two (cohort 3, aged ≥ 65 years) doses of Ad26.COV2.S vaccine (225). Also, FDA reported a multi-national double-blind, phase 3 randomized trial for 40,000 adult participants receiving Ad26.COV2.S vaccine, which emphasized that VE were 66.9% (95%CI: 59.0–73.4%) for onset at ≥14 days after the admission of one dose vaccine and 66.1% (95%CI: 55.0–74.8%) for the onset at ≥28 days after vaccination (178). Likewise, Sadoff et al. conducted an international, double-blind RCT, and they confirmed that Ad26.COV2.S shielded participants from moderate to severe COVID-19 illness, and VEs against critical COVID-19 disease were higher at least 14 days (76.7%) and 28 days (85.4%) after vaccination (179).




CONCLUSIONS AND RECOMMENDATIONS

Over the past 2 years, the COVID-19 pandemic has been ongoing. With the expansion of SARS-CoV-2, novel variants are emerging. A broad array of variants was extensively identified in the United Kingdom, South Africa, Brazil, India, and Peru, based on their respective characterizes, containing higher infectivity, immune escape, increased severity of illness, and hospitalization. Recently, the Delta variant that arouses the greatest concern of the public has been prevailing worldwide, with more contagious and rapidly spreading characteristics. However, numerous studies denoted that current vaccines still have the tremendous potentiality of preventing SARS-CoV-2 and variants, including the Delta variant. Nevertheless, on November 26, 2021, with the appearance of the Omicron variant, there is a growing concern about its transmissibility, virulence, infectivity, immune responses, etc. Currently, it remains unclear whether the Omicron variant will become as prevailing as the Delta variant. Generally, three tricks are utilized by SARS-CoV-2 viruses to enhance viral capability to spread, such as ameliorating the process of gateway to the host's cells, enriching the number of microbes in the host's body for spreading more viruses by breathing, coughing or talking, and facilitating the longer survival of the virus in the non-host environment (167).

In reality, at present, there is a paucity of curative treatments to cure COVID-19 illness. Nevertheless, there are several measures to prevent the public from the infection of SARS-CoV-2 and its variants. First, it is necessary to avoid short-distance contact, keep a certain social distance, reduce social activities, wear surgical or N95 facial masks, and cordon communities where positive cases live or visit when the potentially fast extensive spreading of COVID-19 appears. Second, massive citywide viral RNA screening tests were also essential once the local outbreak of COVID-19 occurred for recognizing unidentified potential cases. Third, the development of big data for real-time surveillance and the management of close contacts with confirmed COVID-19 cases is conducive to epidemiological investigation. Last but not the least, the public also needs immune responses elicited by vaccines to fight against current SARS-CoV-2 and various variants. In spite of the emergence of variants accompanying a multitude of mutations, including E484K, K417N, N501Y, P681R, L452R, T478K, etc., taking positive and effective measures and accomplishment of two doses of vaccination will help prevent the public from the infection against SARS-CoV-2 and its variants, where the vaccines can induce abundant humoral or cellular immune responses and are also potent against its variants to some extent. As a consequence, it is extremely urgent to encourage the public to be inoculated with two doses of vaccines, especially the special populations, such as the elderly, pregnant women, adolescents, and children over 12 years old, if the policy allows. Nowadays, vaccines approved or currently available are effective tools to protect the population from the COVID-19, and vaccination for as many individuals as possible should be given more importance by the administration and authority all over the world. Although the VEs will decrease with the prolonged vaccination time, the severe cases and deaths of COVID-19 patients vaccinated before infection will significantly reduce. Besides, it is necessary to vaccinate the public with boosters.

Mahmud et al. (167) used a mathematical model to investigate the pandemic scenario in California and the entire United States from the day of starting the vaccination program, and they observed that wave peaks will decrease as time goes by, and the epidemic also will be controlled by the middle of 2023. At the same time, the total fatality and recovery rates of the SARS-CoV-2 pandemic in California will be 1.697 and 98.30%, respectively. This phenomenon shows that effective vaccination will prevent and control the SARS-CoV-2 pandemic by developing immunity against viruses.

Moreover, with more and more understanding of the pathological mechanisms of SARS-CoV-2 and variants, and the development of powerful vaccine regimens, the formal guidelines will be more refined. Consequently, we are convinced that the fighting will be a victory and the COVID-19 will be conquered in the future via joint effort worldwide.



AUTHOR CONTRIBUTIONS

YJ and CY designed and conceived the study. YJ and QW performed literature research and drew the figures and tables. YJ drafted the manuscript. CY and PS critically revised the manuscript. All authors read and approved the final manuscript.



FUNDING

This work was supported by the Cuiying Scientific and Technological Program of Lanzhou University Second Hospital (CY2018-MS10) and the project of Lanzhou Science and Technology Bureau (2019-ZD-67).



ACKNOWLEDGMENTS

We thank the Global Initiative on Sharing Avian Influenza Data (GISAID), the WHO, and the Centers for Disease and Control Prevention (CDC) for providing sufficient data and information about SARS-CoV-2 and its variants.



REFERENCES

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

 2. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for virus origins and receptor binding. Lancet. (2020) 395:565–74. doi: 10.1016/s0140-6736(20)30251-8

 3. Nagy A, Alhatlani B. An overview of current COVID-19 vaccine platforms. Comput Struct Biotechnol J. (2021) 19:2508–17. doi: 10.1016/j.csbj.2021.04.061

 4. Almubaid Z, Al-Mubaid H. Analysis and comparison of genetic variants and mutations of the novel coronavirus SARS-CoV-2. Gene Rep. (2021) 23:101064. doi: 10.1016/j.genrep.2021.101064

 5. Chakraborty S. Evolutionary and structural analysis elucidates mutations on SARS-CoV2 spike protein with altered human ACE2 binding affinity. Biochem Biophys Res Commun. (2021) 534:374–80. doi: 10.1016/j.bbrc.2020.11.075

 6. Hou YJ, Chiba S, Halfmann P, Ehre C, Kuroda M, Dinnon KH 3rd, et al. SARS-CoV-2 D614G variant exhibits efficient replication ex vivo and transmission in vivo. Science. (2020) 370:1464–8. doi: 10.1126/science.abe8499

 7. WHO. COVID-19 Weekly Epidemiological Update: Proposed Working Definitions of SARS-CoV-2 Variants of Interest and Variants of Concern. Geneva: WHO (2021).

 8. Delmas B, Laude H. Assembly of coronavirus spike protein into trimers and its role in epitope expression. J Virol. (1990) 64:5367–75. doi: 10.1128/jvi.64.11.5367-5375.1990

 9. Fehr AR, Perlman S. Coronaviruses: an overview of their replication and pathogenesis. Methods Mol Biol. (2015) 1282:1–23. doi: 10.1007/978-1-4939-2438-7_1

 10. Zhan X-Y, Zhang Y, Zhou X, Huang K, Qian Y, Leng Y, et al. Molecular evolution of SARS-CoV-2 structural genes: evidence of positive selection in spike glycoprotein. bioRxiv. (2020). doi: 10.1101/2020.06.25.170688

 11. Watanabe Y, Berndsen ZT, Raghwani J, Seabright GE, Allen JD, Pybus OG, et al. Vulnerabilities in coronavirus glycan shields despite extensive glycosylation. Nat Commun. (2020) 11:2688. doi: 10.1038/s41467-020-16567-0

 12. Volz E, Hill V, McCrone JT, Price A, Jorgensen D, O'Toole Á, et al. Evaluating the effects of SARS-CoV-2 spike mutation D614G on transmissibility and pathogenicity. Cell. (2021) 184:64–75.e11. doi: 10.1016/j.cell.2020.11.020

 13. Yurkovetskiy L, Wang X, Pascal KE, Tomkins-Tinch C, Nyalile TP, Wang Y, et al. Structural and functional analysis of the D614G SARS-CoV-2 spike protein variant. Cell. (2020) 183:739–51.e8. doi: 10.1016/j.cell.2020.09.032

 14. Zhang J, Cai Y, Xiao T, Lu J, Peng H, Sterling SM, et al. Structural impact on SARS-CoV-2 spike protein by D614G substitution. Science. (2021) 372:525–30. doi: 10.1126/science.abf2303

 15. Omotuyi IO, Nash O, Ajiboye OB, Iwegbulam CG, Oyinloye EB, Oyedeji OA, et al. Atomistic simulation reveals structural mechanisms underlying D614G spike glycoprotein-enhanced fitness in SARS-CoV-2. J Comput Chem. (2020) 41:2158–61. doi: 10.1002/jcc.26383

 16. Winger A, Caspari T. The spike of concern-the novel variants of SARS-CoV-2. Viruses. (2021) 13:1002. doi: 10.3390/v13061002

 17. Jiang X, Zhang Z, Wang C, Ren H, Gao L, Peng H, et al. Bimodular effects of D614G mutation on the spike glycoprotein of SARS-CoV-2 enhance protein processing, membrane fusion, and viral infectivity. Sign Transd Target Therapy. (2020) 5:268. doi: 10.1038/s41392-020-00392-4

 18. Daniloski Z, Jordan TX, Ilmain JK, Guo X, Bhabha G, tenOever BR, et al. The Spike D614G mutation increases SARS-CoV-2 infection of multiple human cell types. eLife. (2021) 10:e65365. doi: 10.7554/eLife.65365

 19. Korber B, Fischer WM, Gnanakaran S, Yoon H, Theiler J, Abfalterer W, et al. Tracking changes in SARS-CoV-2 Spike: evidence that D614G increases infectivity of the COVID-19 virus. Cell. (2020) 182:812–27.e19. doi: 10.1016/j.cell.2020.06.043

 20. Burki T. Understanding variants of SARS-CoV-2. Lancet. (2021) 397:462. doi: 10.1016/s0140-6736(21)00298-1

 21. Ke R, Romero-Severson E, Sanche S, Hengartner N. Estimating the reproductive number R(0) of SARS-CoV-2 in the United States and eight European countries and implications for vaccination. J Theor Biol. (2021) 517:110621. doi: 10.1016/j.jtbi.2021.110621

 22. WHO. Report of the WHO-China Joint Mission on Coronavirus Disease 2019 (COVID-19). (2020). Available online at: https://www.who.int/docs/default-source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf (accessed September 22, 2021).

 23. Volz E, Mishra S, Chand M, Barrett JC, Johnson R, Geidelberg L, et al. Assessing transmissibility of SARS-CoV-2 lineage B117 in England. Nature. (2021) 593:266–9. doi: 10.1038/s41586-021-03470-x

 24. Mwenda M, Saasa N, Sinyange N, Busby G, Chipimo PJ, Hendry J, et al. Detection of B.1.351 SARS-CoV-2 variant strain—Zambia, December 2020. MMWR Morbid Mortal Week Rep. (2021) 70:280–2. doi: 10.15585/mmwr.mm7008e2

 25. Hirotsu Y, Omata M. Discovery of a SARS-CoV-2 variant from the P1 lineage harboring K417T/E484K/N501Y mutations in Kofu, Japan. J Infect. (2021) 82:276–316. doi: 10.1016/j.jinf.2021.03.013

 26. Hetemäki I, Kääriäinen S, Alho P, Mikkola J, Savolainen-Kopra C, Ikonen N, et al. An outbreak caused by the SARS-CoV-2 Delta variant (B.1.617.2) in a secondary care hospital in Finland, May 2021. Euro Surv. (2021) 26:2100636. doi: 10.2807/1560-7917.Es.2021.26.30.2100636

 27. Padilla-Rojas C, Jimenez-Vasquez V, Hurtado V, Mestanza O, Molina IS, Barcena L, et al. Genomic analysis reveals a rapid spread and predominance of Lambda (C.37) SARS-CoV-2 lineage in Peru despite circulation of variants of concern. J Med Virol. (2021) 93:6845–49. doi: 10.1002/jmv.27261

 28. ECDC. SARS-CoV-2—Increased Circulation of Variants of Concern and Vaccine Rollout in the EU/EEA,14th update. Solna: ECDC (2021)

 29. Davies NG, Abbott S, Barnard RC, Jarvis CI, Kucharski AJ, Munday JD, et al. Estimated transmissibility and impact of SARS-CoV-2 lineage B.1.1.7 in England. Science. (2021) 372:6538. doi: 10.1126/science.abg3055

 30. Grint DJ, Wing K, Williamson E, McDonald HI, Bhaskaran K, Evans D, et al. Case fatality risk of the SARS-CoV-2 variant of concern B.1.1.7 in England, 16 November to 5 February. Euro Surv. (2021) 26:210056. doi: 10.2807/1560-7917.Es.2021.26.11.2100256

 31. O'Toole Á, Hill V, Pybus OG, Watts A. Bogoch, II, Khan K, et al. Tracking the international spread of SARS-CoV-2 lineages B117 and B1351/501Y-V2. Wellcome Open Res. (2021) 6:121. doi: 10.12688/wellcomeopenres.16661.1

 32. Cetin M, Balci PO, Sivgin H, Cetin S, Ulgen A, Dörtok Demir H, et al. Alpha variant (B.1.1.7) of SARS-CoV-2 increases fatality-rate for patients under age of 70 years and hospitalization risk overall. Acta Microbiol Immunol Hung. (2021) 68:153–61. doi: 10.1556/030.2021.01524

 33. Yang TJ, Yu PY, Chang YC, Liang KH, Tso HC, Ho MR, et al. Effect of SARS-CoV-2 B117 mutations on spike protein structure and function. Nat Struct Mol Biol. (2021) 28:731–9. doi: 10.1038/s41594-021-00652-z

 34. Janik E, Niemcewicz M, Podogrocki M, Majsterek I, Bijak M. The emerging concern and interest SARS-CoV-2 variants. Pathogens. (2021) 10:633. doi: 10.3390/pathogens10060633

 35. Meng B, Kemp SA, Papa G, Datir R, Ferreira I, Marelli S, et al. Recurrent emergence of SARS-CoV-2 spike deletion H69/V70 and its role in the Alpha variant B117. Cell Rep. (2021) 35:109292. doi: 10.1016/j.celrep.2021.109292

 36. Thomson EC, Rosen LE, Shepherd JG, Spreafico R, da Silva Filipe A, Wojcechowskyj JA, et al. Circulating SARS-CoV-2 spike N439K variants maintain fitness while evading antibody-mediated immunity. Cell. (2021) 184:1171–87.e20. doi: 10.1016/j.cell.2021.01.037

 37. Graham C, Seow J, Huettner I, Khan H, Kouphou N, Acors S, et al. Neutralization potency of monoclonal antibodies recognizing dominant and subdominant epitopes on SARS-CoV-2 Spike is impacted by the B.1.1.7 variant. Immunity. (2021) 54:1276–89.e6. doi: 10.1016/j.immuni.2021.03.023

 38. Aleem A, Akbar Samad AB, Slenker AK. Emerging Variants of SARS-CoV-2 And Novel Therapeutics Against Coronavirus (COVID-19). StatPearls. Treasure Island (FL): StatPearls Publishing (2021)

 39. Zhu X, Mannar D, Srivastava SS, Berezuk AM, Demers JP, Saville JW, et al. Cryo-electron microscopy structures of the N501Y SARS-CoV-2 spike protein in complex with ACE2 and 2 potent neutralizing antibodies. PLoS Biol. (2021) 19:e3001237. doi: 10.1371/journal.pbio.3001237

 40. Liu Y, Liu J, Plante KS, Plante JA, Xie X, Zhang X, et al. The N501Y spike substitution enhances SARS-CoV-2 transmission. bioRxiv. (2021). doi: 10.1101/2021.03.08.434499

 41. Quinonez E, Vahed M, Hashemi Shahraki A, Mirsaeidi M. Structural analysis of the novel variants of SARS-CoV-2 and forecasting in North America. Viruses. (2021) 13:930. doi: 10.3390/v13050930

 42. Weisblum Y, Schmidt F, Zhang F, DaSilva J, Poston D, Lorenzi JC, et al. Escape from neutralizing antibodies by SARS-CoV-2 spike protein variants. eLife. (2020) 9:e61312. doi: 10.7554/eLife.61312

 43. Collier DA, De Marco A, Ferreira I, Meng B, Datir RP, Walls AC, et al. Sensitivity of SARS-CoV-2 B117 to mRNA vaccine-elicited antibodies. Nature. (2021) 593:136–41. doi: 10.1038/s41586-021-03412-7

 44. Greaney AJ, Loes AN, Crawford KHD, Starr TN, Malone KD, Chu HY, et al. Comprehensive mapping of mutations in the SARS-CoV-2 receptor-binding domain that affect recognition by polyclonal human plasma antibodies. Cell Host Microbe. (2021) 29:463–76.e6. doi: 10.1016/j.chom.2021.02.003

 45. Nelson G, Buzko O, Spilman PR, Niazi K, Rabizadeh S, Soon-Shiong PR. Molecular dynamic simulation reveals E484K mutation enhances spike RBD-ACE2 affinity and the combination of E484K, K417N and N501Y mutations (501Y. V2 variant) induces conformational change greater than N501Y mutant alone, potentially resulting in an escape mutant. bioRxiv. (2021). doi: 10.1101/2021.01.13.426558v1

 46. Mohammad A, Abubaker J, Al-Mulla F. Structural modelling of SARS-CoV-2 alpha variant (B117) suggests enhanced furin binding and infectivity. Virus Res. (2021) 303:198522. doi: 10.1016/j.virusres.2021.198522

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

 48. Muik A, Wallisch AK, Sänger B, Swanson KA, Mühl J, Chen W, et al. Neutralization of SARS-CoV-2 lineage B117 pseudovirus by BNT162b2 vaccine-elicited human sera. Science. (2021) 371:1152–3. doi: 10.1126/science.abg6105

 49. Tegally H, Wilkinson E, Giovanetti M, Iranzadeh A, Fonseca V, Giandhari J, et al. Detection of a SARS-CoV-2 variant of concern in South Africa. Nature. (2021) 592:438–43. doi: 10.1038/s41586-021-03402-9

 50. Teyssou E, Soulie C, Visseaux B, Lambert-Niclot S, Ferre V, Marot S, et al. The 501YV2 SARS-CoV-2 variant has an intermediate viral load between the 501YV1 and the historical variants in nasopharyngeal samples from newly diagnosed COVID-19 patients. J Infect. (2021) 83:119–45. doi: 10.1016/j.jinf.2021.04.023

 51. Slavov SN, Patané JSL, Bezerra RDS, Giovanetti M, Fonseca V, Martins AJ, et al. Genomic monitoring unveil the early detection of the SARS-CoV-2 B.1.351 (beta) variant (20H/501Y.V2) in Brazil. J Med Virol. (2021) 93:6782–7. doi: 10.1002/jmv.27190

 52. Cheng MH, Krieger JM, Kaynak B, Arditi M, Bahar I. Impact of South African 501.V2 variant on SARS-CoV-2 spike infectivity and neutralization: a structure-based computational assessment. bioRxiv. (2021). doi: 10.1101/2021.01.10.426143

 53. Pearson CA, Russell TW, group C-w, Davies NG, W.J. E, R.M. E, et al. Estimates of severity and transmissibility of novel South Africa SARS-CoV-2 variant 501Y.V2. (2021)

 54. Saha S, Tanmoy AM, Hooda Y, Tanni AA, Goswami S, Sium SMA, et al. COVID-19 rise in Bangladesh correlates with increasing detection of B.1.351 variant. BMJ Global Health. (2021) 6:e006012. doi: 10.1136/bmjgh-2021-006012

 55. Wang Z, Schmidt F, Weisblum Y, Muecksch F, Barnes CO, Finkin S, et al. mRNA vaccine-elicited antibodies to SARS-CoV-2 and circulating variants. Nature. (2021) 592:616–22. doi: 10.1038/s41586-021-03324-6

 56. Wilton T, Bujaki E, Klapsa D, Majumdar M, Zambon M, Fritzsche M, et al. Rapid increase of SARS-CoV-2 Variant B.1.1.7 detected in sewage samples from England between October 2020 and January 2021. mSystems. (2021) 6:e0035321. doi: 10.1128/mSystems.00353-21

 57. Kim YJ, Jang US, Soh SM, Lee JY, Lee HR. The impact on infectivity and neutralization efficiency of SARS-CoV-2 lineage B.1.351 pseudovirus. Viruses. (2021) 13:633. doi: 10.3390/v13040633

 58. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell. (2020) 181:271–80 e8. doi: 10.1016/j.cell.2020.02.052

 59. Abu-Raddad LJ, Chemaitelly H. Butt AA. Effectiveness of the BNT162b2 Covid-19 vaccine against the B117 and B1351 variants. N Engl J Med. (2021) 385:187–9. doi: 10.1056/NEJMc2104974

 60. Haas EJ, Angulo FJ, McLaughlin JM, Anis E, Singer SR, Khan F, et al. Impact and effectiveness of mRNA BNT162b2 vaccine against SARS-CoV-2 infections and COVID-19 cases, hospitalisations, and deaths following a nationwide vaccination campaign in Israel: an observational study using national surveillance data. Lancet. (2021) 397:1819–29. doi: 10.1016/s0140-6736(21)00947-8

 61. Xie X, Liu Y, Liu J, Zhang X, Zou J, Fontes-Garfias CR, et al. Neutralization of SARS-CoV-2 spike 69/70 deletion, E484K and N501Y variants by BNT162b2 vaccine-elicited sera. Nat Med. (2021) 27:620–1. doi: 10.1038/s41591-021-01270-4

 62. National Institute of Infectious Diseases. Brief report: New Variant Strain of SARS-CoV-2 Identified in Travelers from Brazil. National Institute of Infectious Diseases (2021)

 63. Fujino T, Nomoto H, Kutsuna S, Ujiie M, Suzuki T, Sato R, et al. Novel SARS-CoV-2 variant in travelers from Brazil to Japan. Emerg Infect Dis. (2021) 27:1243–5. doi: 10.3201/eid2704.210138

 64. Naveca FG, Nascimento V, de Souza VC, Corado AL, Nascimento F, Silva G, et al. COVID-19 in Amazonas, Brazil, was driven by the persistence of endemic lineages and P1 emergence. Nat Med. (2021) 27:1230–8. doi: 10.1038/s41591-021-01378-7

 65. Faria NR, Mellan TA, Whittaker C, Claro IM, Candido DDS, Mishra S, et al. Genomics and epidemiology of the P1 SARS-CoV-2 lineage in Manaus, Brazil. Science. (2021) 372:815–21. doi: 10.1126/science.abh2644

 66. Coutinho RM, Marquitti FMD, Ferreira LS, Borges ME. Model-based estimation of transmissibility and reinfection of SARS-CoV-2 P.1 variant. medRxiv. (2021). doi: 10.1101/2021.03.03.21252706v3

 67. Sanità IS. Prevalenza delle varianti VOC 202012/01 (lineage B.1.1.7), P.1, e 501.V2 (lineage B.1.351) in Italia Indagine del 18 febbraio 2021 (2021).

 68. Firestone MJ, Lorentz AJ, Meyer S, Wang X, Como-Sabetti K, Vetter S, et al. First Identified Cases of SARS-CoV-2 Variant P.1 in the United States—Minnesota, January 2021. MMWR Morb Mortal Weekly Rep. (2021) 70:346–7. doi: 10.15585/mmwr.mm7010e1

 69. Campoy PJS, Buenestado-Serrano S, Pérez-Lago L, Rodriguez-Grande C, Catalán P, Andrés-Zayas C, et al. First importations of SARS-CoV-2 P.1 and P.2 variants from Brazil to Spain and early community transmission. Enfermed Infec Microbiol Clin. (2021). doi: 10.1016/j.eimc.2021.05.008

 70. Sarkar MMH, Rabbi MFA, Akter S, Banu TA, Goswami B, Jahan I, et al. Genome sequence of a SARS-CoV-2 P1 variant of concern (20J/501YV3) from Bangladesh. Microbiol Resource Announc. (2021) 10:e0052421. doi: 10.1128/mra.00524-21

 71. Panzera Y, Goñi N, Calleros L, Ramos N, Frabasile S, Marandino A, et al. Genome Sequences of SARS-CoV-2 P1 (Variant of Concern) and P2 (Variant of Interest) identified in Uruguay. Microbiol Resour Announc. (2021) 10:e0041021. doi: 10.1128/mra.00410-21

 72. Di Giallonardo F, Puglia I, Curini V, Cammà C, Mangone I, Calistri P, et al. Emergence and Spread of SARS-CoV-2 Lineages B.1.1.7 and P.1 in Italy. Viruses. (2021) 13:794. doi: 10.3390/v13050794

 73. Dejnirattisai W, Zhou D, Supasa P, Liu C, Mentzer AJ, Ginn HM, et al. Antibody evasion by the P.1 strain of SARS-CoV-2. Cell. (2021) 184:2939–54.e9. doi: 10.1016/j.cell.2021.03.055

 74. Dejnirattisai W, Zhou D, Ginn HM, Duyvesteyn HME, Supasa P, Case JB, et al. The antigenic anatomy of SARS-CoV-2 receptor binding domain. Cell. (2021) 184:2183–200.e22. doi: 10.1016/j.cell.2021.02.032

 75. Zhou D, Dejnirattisai W, Supasa P, Liu C, Mentzer AJ, Ginn HM, et al. Evidence of escape of SARS-CoV-2 variant B.1.351 from natural and vaccine-induced sera. Cell. (2021) 184:2348–61.e6. doi: 10.1016/j.cell.2021.02.037

 76. Supasa P, Zhou D, Dejnirattisai W, Liu C, Mentzer AJ, Ginn HM, et al. Reduced neutralization of SARS-CoV-2 B.1.1.7 variant by convalescent and vaccine sera. Cell. (2021) 184:2201–11.e7. doi: 10.1016/j.cell.2021.02.033

 77. Gidari A, Sabbatini S, Bastianelli S, Pierucci S, Busti C, Monari C, et al. Cross-neutralization of SARS-CoV-2 B.1.1.7 and P.1 variants in vaccinated, convalescent and P.1 infected. J Infect. (2021) 83:467–72. doi: 10.1016/j.jinf.2021.07.019

 78. Voysey M, Clemens SAC, Madhi SA, Weckx LY, Folegatti PM, Aley PK, et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an interim analysis of four randomised controlled trials in Brazil, South Africa, and the UK. Lancet. (2021) 397:99–111. doi: 10.1016/s0140-6736(20)32661-1

 79. Zani A, Caccuri F, Messali S, Bonfanti C. Caruso A. Serosurvey in BNT162b2 vaccine-elicited neutralizing antibodies against authentic B1, B117, B1351, B1525 and P1 SARS-CoV-2 variants. Emerg Microbes Infect. (2021) 10:1241–3. doi: 10.1080/22221751.2021.1940305

 80. Novelli G, Colona VL, Pandolfi PP. A focus on the spread of the delta variant of SARS-CoV-2 in India. Indian J Med Res. (2021). doi: 10.4103/ijmr.ijmr_1353_21

 81. Cherian S, Potdar V, Jadhav S, Yadav P, Gupta N, Das M, et al. SARS-CoV-2 Spike Mutations, L452R, T478K, E484Q and P681R, in the Second Wave of COVID-19 in Maharashtra, India. Microorganisms. (2021) 9:9071542. doi: 10.3390/microorganisms9071542

 82. Dyer O. Covid-19: Indonesia becomes Asia's new pandemic epicentre as delta variant spreads. BMJ. (2021) 374:n1815. doi: 10.1136/bmj.n1815

 83. Wang Y, Chen R, Hu F, Lan Y, Yang Z, Zhan C, et al. Transmission, viral kinetics and clinical characteristics of the emergent SARS-CoV-2 Delta VOC in Guangzhou, China. EClin Med. (2021) 40:101129. doi: 10.1016/j.eclinm.2021.101129

 84. Kannan SR, Spratt AN, Cohen AR, Naqvi SH, Chand HS, Quinn TP, et al. Evolutionary analysis of the Delta and Delta Plus variants of the SARS-CoV-2 viruses. J Autoimmun. (2021) 124:102715. doi: 10.1016/j.jaut.2021.102715

 85. Del Rio C, Malani PN, Omer SB. Confronting the delta variant of SARS-CoV-2, summer 2021. JAMA. (2021). doi: 10.1001/jama.2021.14811

 86. Mlcochova P, Kemp S, Dhar S. SARS-CoV-2 B.1.617.2 Delta Variant Emergence and Vaccine Breakthrough. Durham, NC: Research Square Platform LLC (2021).

 87. Graham F. Daily briefing: why the Delta variant spreads so fast. Nature. (2021) 2021: covidwho-1400605. doi: 10.1038/d41586-021-02032-5

 88. Mahase E. Delta variant: What is happening with transmission, hospital admissions, and restrictions? BMJ. (2021) 373:n1513. doi: 10.1136/bmj.n1513

 89. Fisman DN, Tuite AR. Progressive Increase in Virulence of Novel SARS-CoV-2 Variants in Ontario, Canada. medRxiv. (2021). doi: 10.1101/2021.07.05.21260050v3

 90. Ong SWX, Chiew CJ, Ang LW, Mak TM, Cui L, Toh M, et al. Clinical and Virological Features of SARS-CoV-2 Variants of Concern: A Retrospective Cohort Study Comparing B.1.1.7 (Alpha), B.1.315 (Beta), and B.1.617.2 (Delta). Clin Infect Dis. (2021) ciab721. doi: 10.1093/cid/ciab721

 91. Sheikh A, McMenamin J, Taylor B, Robertson C. SARS-CoV-2 Delta VOC in Scotland: demographics, risk of hospital admission, and vaccine effectiveness. Lancet. (2021) 397:2461–2. doi: 10.1016/s0140-6736(21)01358-1

 92. O'Dowd A. Covid-19: cases of delta variant rise by 79%, but rate of growth slows. BMJ. (2021) 373:n1596. doi: 10.1136/bmj.n1596

 93. Chia PY, Ong SWX, Chiew CJ. Virological and serological kinetics of SARS-CoV-2 Delta variant vaccine-breakthrough infections: a multi-center cohort study. Clin Microbiol Infect. (2021). doi: 10.1101/2021.07.28.21261295

 94. ECDC. Threat Assessment Brief: Emergence of SARS-CoV-2 B.1.617 Variants in India and Situation in the EU/EEA. (2021). Available online at: https://www.ecdc.europa.eu/en/publications-data/threat-assessment-emergence-sars-cov-2-b1617-variants (accessed August 20, 2021).

 95. CDC. SARS-CoV-2 Variant Classifications and Definitions. Available online at: https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html (accessed August 21, 2021).

 96. Li Q, Wu J, Nie J, Zhang L, Hao H, Liu S, et al. The impact of mutations in SARS-CoV-2 spike on viral infectivity and antigenicity. Cell. (2020) 182:1284–94.e9. doi: 10.1016/j.cell.2020.07.012

 97. Johnson BA, Xie X, Kalveram B, Lokugamage KG, Muruato A, Zou J, et al. Furin Cleavage Site Is Key to SARS-CoV-2 Pathogenesis. bioRxiv. (2020). doi: 10.1101/2020.08.26.268854

 98. Liu J, Liu Y, Xia H, Zou J, Weaver SC, Swanson KA, et al. BNT162b2-elicited neutralization of delta plus, lambda, and other variants. bioRxiv. (2021). doi: 10.1101/2021.09.13.460163v1.abstract

 99. Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S, et al. Effectiveness of Covid-19 vaccines against the B16172 (Delta) variant. N Engl J Med. (2021) 385:585–94. doi: 10.1056/NEJMoa2108891

 100. Fowlkes A, Gaglani M, Groover K, Thiese MS, Tyner H, Ellingson K. Effectiveness of COVID-19 vaccines in preventing SARS-CoV-2 infection among frontline workers before and during B.1.617.2 (Delta) variant predominance - eight U.S. locations, December 2020–August 2021. MMWR Morb Mortal Week Rep. (2021) 70:1167–9. doi: 10.15585/mmwr.mm7034e4

 101. Yadav PD, Sapkal GN, Ella R, Sahay RR, Nyayanit DA, Patil DY, et al. Neutralization against B.1.351 and B.1.617.2 with sera of COVID-19 recovered cases and vaccinees of BBV152. bioRxiv. (2021). doi: 10.1101/2021.06.05.447177v1

 102. Baraniuk C. Covid-19: how effective are vaccines against the delta variant? BMJ. (2021) 374:n1960. doi: 10.1136/bmj.n1960

 103. Iacobucci G. Covid-19: single vaccine dose is 33% effective against variant from India, data show. BMJ. (2021) 373:n1346. doi: 10.1136/bmj.n1346

 104. Pulliam JRC, van Schalkwyk C, Govender N, von Gottberg A, Cohen C, Groome MJ, et al. Increased risk of SARS-CoV-2 reinfection associated with emergence of the Omicron variant in South Africa. medRxiv. (2021). doi: 10.1101/2021.11.11.21266068

 105. Sarkar R, Lo M, Saha R, Dutta S, Chawla-Sarkar MS. S-Glycoprotein diversity of the Omicron Variant. medRxiv. (2021). doi: 10.1101/2021.12.04.21267284

 106. WHO. COVID-19 Weekly Epidemiological Update. Tracking SARS-CoV-2 variants: SARS-CoV-2 Variants, Working Definitions and Actions Taken. (2021). Available online at: https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/ (accessed September 22, 2021)

 107. WHO. COVID-19 Weekly Epidemiological Update. (2021). Available online at: https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19-15-june-2021 (accessed August 25, 2021).

 108. Salud PMd. Peru Ministerio de Salud: Instituto Nacional de Salud. INS confirma presencia de variante C-37 del coronavirus en Perú, 25 Mayo 2021. (2021). Available online at: https://web.ins.gob.pe/index.php/es/prensa/noticia/minsa-ins-confirma-presencia-de-variante-c-37-del-coronavirus-en-peru (accessed September 8, 2021).

 109. Romero PE, Dávila-Barclay A, Gonzáles L, Salvatierra G, Cuicapuza D, Solis L, et al. C.37: Novel lineage expanding in Peru and Chile, with a convergent deletion in the ORF1a gene (Δ3675-3677) and a novel deletion in the Spike gene (Δ246-252, G75V, T76I, L452Q, F490S, T859N). (2021)

 110. Tada T, Zhou H, Samanovic MI, Dcosta BM, Cornelius A, Mulligan MJ, et al. Comparison of neutralizing antibody titers elicited by mrna and adenoviral vector vaccine against SARS-CoV-2 variants. bioRxiv. (2021). doi: 10.1101/2021.07.19.452771

 111. Laiton-Donato K, Franco-Muñoz C, Álvarez-Díaz DA, Ruiz-Moreno HA, Usme-Ciro JA, Prada DA, et al. Characterization of the emerging B1621 variant of interest of SARS-CoV-2. Infect Genet Evol. (2021) 95:105038. doi: 10.1016/j.meegid.2021.105038

 112. Messali S, Bertelli A, Campisi G, Zani A, Ciccozzi M, Caruso A, et al. A cluster of the new SARS-CoV-2 B.1.621 lineage in Italy and sensitivity of the viral isolate to the BNT162b2 vaccine. J Med Virol. (2021) 93:6468–70. doi: 10.1002/jmv.27247

 113. Edara VV, Lai L, Sahoo MK, Floyd K, Sibai M, Solis D, et al. Infection and vaccine-induced neutralizing antibody responses to the SARS-CoV-2 B.1.617.1 variant. bioRxiv. (2021). doi: 10.1101/2021.05.09.443299

 114. Thompson CN, Hughes S, Ngai S, Baumgartner J, Wang JC, McGibbon E, et al. Rapid Emergence and Epidemiologic Characteristics of the SARS-CoV-2 B.1.526 Variant—New York City, New York, January 1–April 5, 2021. MMWR Morb Mortal Week Rep. (2021) 70:712–6. doi: 10.15585/mmwr.mm7019e1

 115. Pereira F, Tosta S, Lima MM, Reboredo de, Oliveira da, Silva L, Nardy VB, Gómez MKA, et al. Genomic surveillance activities unveil the introduction of the SARS-CoV-2 B1525 variant of interest in Brazil: case report. J Med Virol. (2021) 93:5523–6. doi: 10.1002/jmv.27086

 116. Chen LL, Lu L, Choi CY, Cai JP, Tsoi HW, Chu AW, et al. Impact of SARS-CoV-2 variant-associated RBD mutations on the susceptibility to serum antibodies elicited by COVID-19 infection or vaccination. Clin Infect Dis. (2021) 2021:covidwho-1324612. doi: 10.1093/cid/ciab656

 117. Yang Y, Zang J, Xu S, Zhang X, Yuan S, Wang H, et al. Elicitation of broadly neutralizing antibodies against B.1.1.7, B.1.351, and B.1.617.1 SARS-CoV-2 variants by three prototype strain-derived recombinant protein vaccines. Viruses. (2021) 13:1421. doi: 10.3390/v13081421

 118. Liu J, Liu Y, Xia H, Zou J, Weaver SC, Swanson KA, et al. BNT162b2-elicited neutralization of B1617 and other SARS-CoV-2 variants. Nature. (2021) 596:273–5. doi: 10.1038/s41586-021-03693-y

 119. Pascarella S, Ciccozzi M, Zella D, Bianchi M, Benedetti F, Benvenuto D, et al. SARS-CoV-2 B.1.617 Indian variants: are electrostatic potential changes responsible for a higher transmission rate? J Med Virol. (2021) 93:6551–6. doi: 10.1002/jmv.27210

 120. Chen RE, Zhang X, Case JB, Winkler ES, Liu Y, VanBlargan LA, et al. Resistance of SARS-CoV-2 variants to neutralization by monoclonal and serum-derived polyclonal antibodies. Nat Med. (2021) 27:717–26. doi: 10.1038/s41591-021-01294-w

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

 122. Ku Z, Xie X, Davidson E, Ye X, Su H, Menachery VD, et al. Molecular determinants and mechanism for antibody cocktail preventing SARS-CoV-2 escape. Nat Commun. (2021) 12:469. doi: 10.1038/s41467-020-20789-7

 123. Annavajhala MK, Mohri H, Wang P, Nair M, Zucker JE, Sheng Z, et al. A novel and expanding SARS-CoV-2 variant, B.1.526, Identified in New York. medRxiv. (2021). doi: 10.1101/2021.02.23.21252259

 124. Nelson G, Buzko O, Spilman P, Niazi K, Rabizadeh S, Soon-Shiong P. Molecular dynamic simulation reveals E484K mutation enhances spike RBD-ACE2 affinity and the combination of E484K, K417N and N501Y mutations (501Y.V2 variant) induces conformational change greater than N501Y mutant alone, potentially resulting in an escape mutant. bioRxiv. (2021). doi: 10.1101/2021.01.13.426558

 125. Yang W, Greene SK, Peterson ER Li. W, Mathes R, Graf L, et al. Epidemiological characteristics of the B1526 SARS-CoV-2 variant. medRxiv. (2021). doi: 10.1101/2021.08.04.21261596

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

 127. Wang H, Miller JA, Verghese M, Sibai M, Solis D, Mfuh KO, et al. Multiplex SARS-CoV-2 genotyping reverse transcriptase PCR for population-level variant screening and epidemiologic surveillance. J Clin Microbiol. (2021) 59:e0085921. doi: 10.1128/jcm.00859-21

 128. Deng X, Garcia-Knight MA, Khalid MM, Servellita V, Wang C, Morris MK, et al. Transmission, infectivity, and neutralization of a spike L452R SARS-CoV-2 variant. Cell. (2021) 184:3426-37.e8. doi: 10.1016/j.cell.2021.04.025

 129. McCallum M, Bassi J, De Marco A, Chen A, Walls AC, Di Iulio J, et al. SARS-CoV-2 immune evasion by the B1427/B1429 variant of concern. Science. (2021) 373:648–54. doi: 10.1126/science.abi7994

 130. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, et al. Remdesivir for the treatment of Covid-19—final report. N Engl J Med. (2020) 383:1813–26. doi: 10.1056/NEJMoa2007764

 131. Goldman JD, Lye DCB, Hui DS, Marks KM, Bruno R, Montejano R, et al. Remdesivir for 5 or 10 days in patients with severe Covid-19. N Engl J Med. (2020) 383:1827–37. doi: 10.1056/NEJMoa2015301

 132. Spinner CD, Gottlieb RL, Criner GJ, Arribas López JR, Cattelan AM, Soriano Viladomiu A, et al. Effect of remdesivir vs standard care on clinical status at 11 days in patients with moderate COVID-19: a randomized clinical trial. JAMA. (2020) 324:1048–57. doi: 10.1001/jama.2020.16349

 133. Zhang R, Mylonakis E. In inpatients with COVID-19, none of remdesivir, hydroxychloroquine, lopinavir, or interferon β-1a differed from standard care for in-hospital mortality. Ann Intern Med. (2021) 174:Jc17. doi: 10.7326/acpj202102160-017

 134. Wang P, Nair MS, Liu L, Iketani S, Luo Y, Guo Y, et al. Antibody resistance of SARS-CoV-2 variants B1351 and B117. Nature. (2021) 593:130–5. doi: 10.1038/s41586-021-03398-2

 135. Joyner MJ, Senefeld JW, Klassen SA, Mills JR, Johnson PW, Theel ES, et al. Effect of convalescent plasma on mortality among hospitalized patients with COVID-19: initial three-month experience. medRxiv. (2020). doi: 10.1101/2020.08.12.20169359

 136. Joyner MJ, Bruno KA, Klassen SA, Kunze KL, Johnson PW, Lesser ER, et al. Safety update: COVID-19 convalescent plasma in 20,000 hospitalized patients. Mayo Clinic Proc. (2020) 95:1888–97. doi: 10.1016/j.mayocp.2020.06.028

 137. Wibmer CK, Ayres F, Hermanus T, Madzivhandila M, Kgagudi P, Oosthuysen B, et al. SARS-CoV-2 501YV2 escapes neutralization by South African COVID-19 donor plasma. Nat Med. (2021) 27:622–5. doi: 10.1038/s41591-021-01285-x

 138. Weinreich DM, Sivapalasingam S, Norton T, Ali S, Gao H, Bhore R, et al. REGN-COV2, a neutralizing antibody cocktail, in outpatients with Covid-19. N Engl J Med. (2021) 384:238–51. doi: 10.1056/NEJMoa2035002

 139. Gottlieb RL, Nirula A, Chen P, Boscia J, Heller B, Morris J, et al. Effect of bamlanivimab as monotherapy or in combination with etesevimab on viral load in patients with mild to moderate COVID-19: a randomized clinical trial. JAMA. (2021) 325:632–44. doi: 10.1001/jama.2021.0202

 140. Gupta A, Gonzalez-Rojas Y, Juarez E, Crespo Casal M, Moya J, Falci DR, et al. Early treatment for Covid-19 with SARS-CoV-2 neutralizing antibody sotrovimab. N Engl J Med. (2021) 385:1941–50. doi: 10.1056/NEJMoa2107934

 141. Horby P, Lim WS, Emberson JR, Mafham M, Bell JL, Linsell L, et al. Dexamethasone in hospitalized patients with Covid-19. N Engl J Med. (2021) 384:693–704. doi: 10.1056/NEJMoa2021436

 142. Kalil AC, Patterson TF, Mehta AK, Tomashek KM, Wolfe CR, Ghazaryan V, et al. Baricitinib plus remdesivir for hospitalized adults with Covid-19. N Engl J Med. (2021) 384:795–807. doi: 10.1056/NEJMoa2031994

 143. Cao Y, Wei J, Zou L, Jiang T, Wang G, Chen L, et al. Ruxolitinib in treatment of severe coronavirus disease 2019 (COVID-19): a multicenter, single-blind, randomized controlled trial. J Allergy Clin Immunol. (2020) 146:137–46.e3. doi: 10.1016/j.jaci.2020.05.019

 144. Guimarães PO, Quirk D, Furtado RH, Maia LN, Saraiva JF, Antunes MO, et al. Tofacitinib in Patients Hospitalized with Covid-19 Pneumonia. N Engl J Med. (2021) 385:406–15. doi: 10.1056/NEJMoa2101643

 145. Roschewski M, Lionakis MS, Sharman JP, Roswarski J, Goy A, Monticelli MA, et al. Inhibition of Bruton tyrosine kinase in patients with severe COVID-19. Sci Immunol. (2020) 5:48. doi: 10.1126/sciimmunol.abd0110

 146. Kandikattu HK, Yadavalli CS, Venkateshaiah SU, Mishra A. Vaccine efficacy in mutant SARS-CoV-2 variants. Int. J. Cell Biol. Physiol. (2021) 4:1–12

 147. Cao Y, Yisimayi A, Bai Y, Huang W, Li X, Zhang Z, et al. Humoral immune response to circulating SARS-CoV-2 variants elicited by inactivated and RBD-subunit vaccines. Cell Res. (2021) 31:732–41. doi: 10.1038/s41422-021-00514-9

 148. Lopez Bernal J, Andrews N, Gower C, Robertson C, Stowe J, Tessier E, et al. Effectiveness of the Pfizer-BioNTech and Oxford-AstraZeneca vaccines on covid-19 related symptoms, hospital admissions, and mortality in older adults in England: test negative case-control study. BMJ. (2021) 373:n1088. doi: 10.1136/bmj.n1088

 149. Sansone E, Sala E, Tiraboschi M, Albini E, Lombardo M, Indelicato A, et al. Effectiveness of BNT162b2 vaccine against SARS-CoV-2 among healthcare workers. Med Lav. (2021) 112:250–5. doi: 10.23749/mdl.v112i3.11747

 150. Toniasso SCC, Fernandes FS, Joveleviths D, Filho FFD, Takahasi AY, Baldin CP, et al. Reduction in COVID-19 prevalence in healthcare workers in a university hospital in southern Brazil after the start of vaccination. Int J Infect Dis. (2021) 109:283–5. doi: 10.1016/j.ijid.2021.07.025

 151. Collier DA, Ferreira I, Kotagiri P, Datir RP, Lim EY, Touizer E, et al. Age-related immune response heterogeneity to SARS-CoV-2 vaccine BNT162b2. Nature. (2021) 596:417–22. doi: 10.1038/s41586-021-03739-1

 152. Alencar CH, Cavalcanti LPG, Almeida MM, Barbosa PPL, Cavalcante KKS, Melo DN, et al. High effectiveness of SARS-CoV-2 vaccines in reducing COVID-19-related deaths in over 75-year-olds, Ceará State, Brazil. Trop Med Infect Dis. (2021) 6:129. doi: 10.3390/tropicalmed6030129

 153. CDC. Hospitalizations Associated with COVID-19 Among Children and Adolescents — COVID-NET, 14 States, March 1, 2020–August 14, 2021. MMWR Early Release. (2021) 70:1255–60. doi: 10.15585/mmwr.mm7036e2

 154. Stowe J, Andrews N, Gower C, Gallagher E. Effectiveness of COVID-19 vaccines against hospital admission with the Delta (B.1.617.2) variant. (2021)

 155. Krause PR, Fleming TR, Peto R, Longini IM, Figueroa JP, Sterne JAC, et al. Considerations in boosting COVID-19 vaccine immune responses. Lancet. (2021) 398:1377–80. doi: 10.1016/s0140-6736(21)02046-8

 156. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med. (2020) 383:2603–15. doi: 10.1056/NEJMoa2034577

 157. Abu-Raddad LJ, Chemaitelly H, Yassine HM, Benslimane FM, Al Khatib HA, Tang P, et al. Pfizer-BioNTech mRNA BNT162b2 Covid-19 vaccine protection against variants of concern after one versus two doses. J Travel Med. (2021) 28:taab083. doi: 10.1093/jtm/taab083

 158. Thomas SJ, Moreira ED Jr, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine through 6 months. N Engl J Med. (2021) 385:1761–73. doi: 10.1056/NEJMoa2110345

 159. Nanduri S, Pilishvili T, Derado G, Soe MM, Dollard P, Wu H, et al. Effectiveness of Pfizer-BioNTech and moderna vaccines in preventing SARS-CoV-2 infection among nursing home residents before and during widespread circulation of the SARS-CoV-2 B.1.617.2 (Delta) Variant—National Healthcare Safety Network, March 1-August 1, 2021. MMWR Morb Mortal Weekly Rep. (2021) 70:1163–6. doi: 10.15585/mmwr.mm7034e3

 160. Dagan N, Barda N, Biron-Shental T, Makov-Assif M, Key C, Kohane IS, et al. Effectiveness of the BNT162b2 mRNA COVID-19 vaccine in pregnancy. Nat Med. (2021). doi: 10.1038/s41591-021-01490-8

 161. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med. (2021) 384:403–16. doi: 10.1056/NEJMoa2035389

 162. Chemaitelly H, Yassine HM, Benslimane FM, Al Khatib HA, Tang P, Hasan MR, et al. mRNA-1273 COVID-19 vaccine effectiveness against the B.1.1.7 and B.1.351 variants and severe COVID-19 disease in Qatar. Nat Med. (2021) 27:1614–21. doi: 10.1038/s41591-021-01446-y

 163. Callaway E, Mallapaty S. Latest results put Oxford-AstraZeneca COVID vaccine back on track. Nature. (2021) 2021:covidwho-1152825. doi: 10.1038/d41586-021-00836-z

 164. Madhi SA, Baillie V, Cutland CL, Voysey M, Koen AL, Fairlie L, et al. Efficacy of the ChAdOx1 nCoV-19 Covid-19 vaccine against the B1351 variant. N Engl J Med. (2021) 384:1885–98. doi: 10.1056/NEJMoa2102214

 165. Liu X, Shaw RH, Stuart ASV, Greenland M, Aley PK, Andrews NJ, et al. Safety and immunogenicity of heterologous versus homologous prime-boost schedules with an adenoviral vectored and mRNA COVID-19 vaccine (Com-COV): a single-blind, randomised, non-inferiority trial. Lancet. (2021) 398:856–69. doi: 10.1016/s0140-6736(21)01694-9

 166. Tanriover MD, Doganay HL, Akova M, Güner HR, Azap A, Akhan S, et al. Efficacy and safety of an inactivated whole-virion SARS-CoV-2 vaccine (CoronaVac): interim results of a double-blind, randomised, placebo-controlled, phase 3 trial in Turkey. Lancet. (2021) 398:213–22. doi: 10.1016/s0140-6736(21)01429-x

 167. Mahmud MS, Kamrujjaman M, Adan MMY, Hossain MA, Rahman MM, Islam MS, et al. Vaccine efficacy and SARS-CoV-2 control in California and U.S. during the session 2020-2026: a modeling study. Infect Dis Model. (2022) 7:62–81. doi: 10.1016/j.idm.2021.11.002

 168. Melo-González F, Soto JA, González LA, Fernández J, Duarte LF, Schultz BM, et al. Recognition of variants of concern by antibodies and T cells induced by a SARS-CoV-2 inactivated vaccine. Front Immunol. (2021) 12:747830. doi: 10.3389/fimmu.2021.747830

 169. Vacharathit V, Aiewsakun P, Manopwisedjaroen S, Srisaowakarn C, Laopanupong T, Ludowyke N, et al. CoronaVac induces lower neutralising activity against variants of concern than natural infection. Lancet Infect Dis. (2021) 21:1352–4. doi: 10.1016/s1473-3099(21)00568-5

 170. Momin T, Kansagra K, Patel H, Sharma S, Sharma B, Patel J, et al. Safety and immunogenicity of a DNA SARS-CoV-2 vaccine (ZyCoV-D): results of an open-label, non-randomized phase I part of phase I/II clinical study by intradermal route in healthy subjects in India. EClinicalMedicine. (2021) 38:101020. doi: 10.1016/j.eclinm.2021.101020

 171. Heath PT, Galiza EP, Baxter DN, Boffito M, Browne D, Burns F, et al. Safety and efficacy of NVX-CoV2373 Covid-19 vaccine. N Engl J Med. (2021) 385:1172–83. doi: 10.1056/NEJMoa2107659

 172. Shinde V, Bhikha S, Hoosain Z, Archary M, Bhorat Q, Fairlie L, et al. Efficacy of NVX-CoV2373 Covid-19 vaccine against the B.1.351 variant. N Engl J Med. (2021) 384:1899–909. doi: 10.1056/NEJMoa2103055

 173. Al Kaabi N, Zhang Y, Xia S, Yang Y, Al Qahtani MM, Abdulrazzaq N, et al. Effect of 2 inactivated SARS-CoV-2 vaccines on symptomatic COVID-19 infection in adults: a randomized clinical trial. JAMA. (2021) 326:35–45. doi: 10.1001/jama.2021.8565

 174. Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, et al. Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine, BBIBP-CorV: a randomised, double-blind, placebo-controlled, phase 1/2 trial. Lancet Infect Dis. (2021) 21:39–51. doi: 10.1016/s1473-3099(20)30831-8

 175. Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, et al. Safety and immunogenicity of an inactivated COVID-19 vaccine, BBIBP-CorV, in people younger than 18 years: a randomised, double-blind, controlled, phase 1/2 trial. Lancet Infect Dis. (2021) doi: 10.1016/s1473-3099(21)00462-x

 176. Yang S, Li Y, Dai L, Wang J, He P, Li C, et al. Safety and immunogenicity of a recombinant tandem-repeat dimeric RBD-based protein subunit vaccine (ZF2001) against COVID-19 in adults: two randomised, double-blind, placebo-controlled, phase 1 and 2 trials. Lancet Infect Dis. (2021) 21:1107–19. doi: 10.1016/s1473-3099(21)00127-4

 177. Richmond P, Hatchuel L, Dong M, Ma B, Hu B, Smolenov I, et al. Safety and immunogenicity of S-Trimer (SCB-2019), a protein subunit vaccine candidate for COVID-19 in healthy adults: a phase 1, randomised, double-blind, placebo-controlled trial. Lancet. (2021) 397:682–94. doi: 10.1016/s0140-6736(21)00241-5

 178. Document FB. Janssen Ad26.COV2.S vaccine for the prevention of COVID-19. In: Vaccines and related biological products advisory committee FDA Briefing Document. Janssen Ad26.COV2.S vaccine for the prevention COVID-19. In: Vaccines and related biological products advisory committee meeting. Available online at: https://www.fda.gov/media/146217/downloadCOVID-19 (accessed August 27, 2021) (2021)

 179. Sadoff J, Gray G, Vandebosch A, Cárdenas V, Shukarev G, Grinsztejn B, et al. Safety and efficacy of single-dose Ad26COV2S vaccine against Covid-19. N Engl J Med. (2021) 384:2187–201. doi: 10.1056/NEJMoa2101544

 180. Vogel AB, Kanevsky I, Che Y, Swanson KA, Muik A, Vormehr M, et al. BNT162b vaccines protect rhesus macaques from SARS-CoV-2. Nature. (2021) 592:283–9. doi: 10.1038/s41586-021-03275-y

 181. Liu Y, Liu J, Xia H, Zhang X, Fontes-Garfias CR, Swanson KA, et al. Neutralizing activity of BNT162b2-elicited serum. N Engl J Med. (2021) 384:1466–8. doi: 10.1056/NEJMc2102017

 182. Zou J, Xie X, Fontes-Garfias CR, Swanson KA, Kanevsky I, Tompkins K, et al. The effect of SARS-CoV-2 D614G mutation on BNT162b2 vaccine-elicited neutralization. NPJ Vaccines. (2021) 6:44. doi: 10.1038/s41541-021-00313-8

 183. Barda N, Dagan N, Ben-Shlomo Y, Kepten E, Waxman J, Ohana R, et al. Safety of the BNT162b2 mRNA Covid-19 vaccine in a nationwide setting. N Engl J Med. (2021) 385:1078–90. doi: 10.1056/NEJMoa2110475

 184. Rubin R. Pregnant people's paradox-excluded from vaccine trials despite having a higher risk of COVID-19 complications. JAMA. (2021) 325:1027–8. doi: 10.1001/jama.2021.2264

 185. Shimabukuro TT, Kim SY, Myers TR, Moro PL, Oduyebo T, Panagiotakopoulos L, et al. Preliminary Findings of mRNA Covid-19 vaccine safety in pregnant persons. N Engl J Med. (2021) 384:2273–82. doi: 10.1056/NEJMoa2104983

 186. Widge AT, Rouphael NG, Jackson LA, Anderson EJ, Roberts PC, Makhene M, et al. Durability of Responses after SARS-CoV-2 mRNA-1273 Vaccination. N Engl J Med. (2021) 384:80–2. doi: 10.1056/NEJMc2032195

 187. Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M, Coler RN, et al. An mRNA vaccine against SARS-CoV-2—preliminary report. N Engl J Med. (2020) 383:1920–31. doi: 10.1056/NEJMoa2022483

 188. Edara VV, Floyd K, Lai L, Gardner M, Hudson W, Piantadosi A, et al. Infection and mRNA-1273 vaccine antibodies neutralize SARS-CoV-2 UK variant. medRxiv. (2021). doi: 10.1101/2021.02.02.21250799

 189. Greaney AJ, Loes AN, Gentles LE, Crawford KHD, Starr TN, Malone KD, et al. Antibodies elicited by mRNA-1273 vaccination bind more broadly to the receptor binding domain than do those from SARS-CoV-2 infection. Sci Transl Med. (2021) 13:600. doi: 10.1126/scitranslmed.abi9915

 190. Mateus J, Dan JM, Zhang Z, Rydyznski Moderbacher C, Lammers M, Goodwin B, et al. Low-dose mRNA-1273 COVID-19 vaccine generates durable memory enhanced by cross-reactive T cells. Science. (2021) 2021:eabj9853. doi: 10.1126/science.abj9853

 191. Smadja DM, Yue QY, Chocron R, Sanchez O, Lillo-Le Louet A. Vaccination against COVID-19: insight from arterial and venous thrombosis occurrence using data from VigiBase. Eur Resp J. (2021) 58: 2100956. doi: 10.1183/13993003.00956-2021

 192. Anderson EJ, Rouphael NG, Widge AT, Jackson LA, Roberts PC, Makhene M, et al. Safety and immunogenicity of SARS-CoV-2 mRNA-1273 vaccine in older adults. N Engl J Med. (2020) 383:2427–38. doi: 10.1056/NEJMoa2028436

 193. Klein NP, Lewis N, Goddard K, Fireman B, Zerbo O, Hanson KE, et al. Surveillance for adverse events after COVID-19 mRNA vaccination. JAMA. (2021) 326:1390–99. doi: 10.1001/jama.2021.15072

 194. Watanabe Y, Mendonça L, Allen ER, Howe A, Lee M, Allen JD, et al. Native-like SARS-CoV-2 spike glycoprotein expressed by ChAdOx1 nCoV-19/AZD1222 vaccine. ACS Central Sci. (2021) 7:594–602. doi: 10.1021/acscentsci.1c00080

 195. Cabanillas B, Novak N. Allergy to COVID-19 vaccines: a current update. Allergol Int. (2021) 70:313–8. doi: 10.1016/j.alit.2021.04.003

 196. Wise J. Covid-19: new data on Oxford AstraZeneca vaccine backs 12 week dosing interval. BMJ. (2021) 372:n326. doi: 10.1136/bmj.n326

 197. Al-Ahmad M, Al-Rasheed M, Shalaby NAB. Acquired thrombotic thrombocytopenic purpura with possible association with AstraZeneca-Oxford COVID-19 vaccine. EJHaem. (2021). doi: 10.1002/jha2.219

 198. Ryan E, Benjamin D, McDonald I, Barrett A, McHugh J, Ryan K, et al. AZD1222 vaccine-related coagulopathy and thrombocytopenia without thrombosis in a young female. Br J Haematol. (2021) 194:553–6. doi: 10.1111/bjh.17530

 199. Tølbøll Sørensen AL, Rolland M, Hartmann J, Harboe ZB, Roed C, Jensen T, et al. A case of thrombocytopenia and multiple thromboses after vaccination with ChAdOx1 nCoV-19 against SARS-CoV-2. Blood Adv. (2021) 5:2569–74. doi: 10.1182/bloodadvances.2021004904

 200. Almufty HB, Mohammed SA, Abdullah AM, Merza MA. Potential adverse effects of COVID19 vaccines among Iraqi population; a comparison between the three available vaccines in Iraq; a retrospective cross-sectional study. Diab Metab Syndr. (2021) 15:102207. doi: 10.1016/j.dsx.2021.102207

 201. Tobaiqy M, Elkout H, MacLure K. Analysis of thrombotic adverse reactions of COVID-19 AstraZeneca vaccine reported to eudravigilance database. Vaccines. (2021) 9:393. doi: 10.3390/vaccines9040393

 202. Capassoni M, Ketabchi S, Cassisa A, Caramelli R, Molinu AA, Galluccio F, et al. AstraZeneca (AZD1222) COVID-19 vaccine-associated adverse drug event: a case report. J Med Virol. (2021) 93:5718–20. doi: 10.1002/jmv.27175

 203. Ramessur R, Saffar N, Czako B, Agarwal A, Batta K. Cutaneous thrombosis associated with skin necrosis following Oxford-AstraZeneca COVID-19 vaccination. Clin Exp Dermatol. (2021) 46:1610–12. doi: 10.1111/ced.14819

 204. Nagrani P, Jindal R, Goyal D. Onset/flare of psoriasis following the ChAdOx1 nCoV-19 Corona virus vaccine (Oxford-AstraZeneca/Covishield): report of two cases. Dermatol Therapy. (2021) 2021:e15085. doi: 10.1111/dth.15085

 205. Sharun K, Singh R, Dhama K. Oxford-AstraZeneca COVID-19 vaccine (AZD1222) is ideal for resource-constrained low- and middle-income countries. Ann Med Surg. (2021) 65:102264. doi: 10.1016/j.amsu.2021.102264

 206. Tenbusch M, Schumacher S, Vogel E, Priller A, Held J, Steininger P, et al. Heterologous prime-boost vaccination with ChAdOx1 nCoV-19 and BNT162b2. Lancet Infect Dis. (2021) 21:1212–3. doi: 10.1016/s1473-3099(21)00420-5

 207. Borobia AM, Carcas AJ, Pérez-Olmeda M, Castaño L, Bertran MJ, García-Pérez J, et al. Immunogenicity and reactogenicity of BNT162b2 booster in ChAdOx1-S-primed participants (CombiVacS): a multicentre, open-label, randomised, controlled, phase 2 trial. Lancet. (2021) 398:121–30. doi: 10.1016/s0140-6736(21)01420-3

 208. Gao Q, Bao L, Mao H, Wang L, Xu K, Yang M, et al. Development of an inactivated vaccine candidate for SARS-CoV-2. Science. (2020) 369:77–81. doi: 10.1126/science.abc1932

 209. Wu Z, Hu Y, Xu M, Chen Z, Yang W, Jiang Z, et al. Safety, tolerability, and immunogenicity of an inactivated SARS-CoV-2 vaccine (CoronaVac) in healthy adults aged 60 years and older: a randomised, double-blind, placebo-controlled, phase 1/2 clinical trial. Lancet Infect Dis. (2021) 21:803–12. doi: 10.1016/s1473-3099(20)30987-7

 210. Ranzani OT, Hitchings MDT, Dorion M, D'Agostini TL, de Paula RC, de Paula OFP, et al. Effectiveness of the CoronaVac vaccine in older adults during a gamma variant associated epidemic of covid-19 in Brazil: test negative case-control study. BMJ. (2021) 374:n2015. doi: 10.1136/bmj.n2015

 211. Bayram A, Demirbakan H, Günel Karadeniz P, Erdogan M, Koçer I. Quantitation of antibodies against SARS-CoV-2 spike protein after two doses of CoronaVac in healthcare workers. J Med Virol. (2021) 93:5560–7. doi: 10.1002/jmv.27098

 212. Riad A, Sagiroglu D, Üstün B, Pokorná A, Klugarová J, Attia S, et al. Prevalence and risk factors of coronavac side effects: an independent cross-sectional study among healthcare workers in Turkey. J Clin Med. (2021) 10:2629. doi: 10.3390/jcm10122629

 213. Zhang MX, Zhang TT, Shi GF, Cheng FM, Zheng YM, Tung TH, et al. Safety of an inactivated SARS-CoV-2 vaccine among healthcare workers in China. Exp Rev Vacc. (2021) 2021:1–8. doi: 10.1080/14760584.2021.1925112

 214. Kaya F, Pirincci E. Determining the frequency of serious adverse reactions of inactive SARS-CoV-2 vaccine. Work. (2021) 69:735–9. doi: 10.3233/wor-210473

 215. Han B, Song Y, Li C, Yang W, Ma Q, Jiang Z, et al. Safety, tolerability, and immunogenicity of an inactivated SARS-CoV-2 vaccine (CoronaVac) in healthy children and adolescents: a double-blind, randomised, controlled, phase 1/2 clinical trial. Lancet Infect Dis. (2021) 21:1645–53. doi: 10.1016/s1473-3099(21)00319-4

 216. Akpolat T, Uzun O. Reduced mortality rate after coronavac vaccine among healthcare workers. J Infect. (2021) 83:e20–e1. doi: 10.1016/j.jinf.2021.06.005

 217. Muena NA, García-Salum T, Pardo-Roa C, Serrano EF, Levican J, Avendaño MJ, et al. Long-lasting neutralizing antibody responses in SARS-CoV-2 seropositive individuals are robustly boosted by immunization with the CoronaVac and BNT162b2 vaccines. medRxiv. (2021). doi: 10.1101/2021.05.17.21257197

 218. Yigit M, Ozkaya-Parlakay A, Cosgun Y, Ince YE, Bulut YE, Senel E. Should a third booster dose be scheduled after two doses of CoronaVac? A single-center experience. J Med Virol. (2021) 94:287–90. doi: 10.1002/jmv.27318

 219. Chen Y, Shen H, Huang R, Tong X, Wu C. Serum neutralising activity against SARS-CoV-2 variants elicited by CoronaVac. Lancet Infect Dis. (2021) 21:1071–2. doi: 10.1016/s1473-3099(21)00287-5

 220. WHO. Guidelines for Assuring the Quality, Safety, and Efficacy of Plasmid DNA Vaccines—Post ECBS Version. (2021). Available online at: https://cdn.who.int/media/docs/default-source/biologicals/ecbs/dna-post-ecbs-1-sept-2020.pdf?sfvrsn=3fa9aceb_2&download=true (accessed September 1, 2020)

 221. Tebas P, Yang S, Boyer JD, Reuschel EL, Patel A, Christensen-Quick A, et al. Safety and immunogenicity of INO-4800 DNA vaccine against SARS-CoV-2: A preliminary report of an open-label, Phase 1 clinical trial. EClinicalMedicine. (2021) 31:100689. doi: 10.1016/j.eclinm.2020.100689

 222. Riddell S, Goldie S, McAuley AJ, Kuiper MJ, Durr PA, Blasdell KR, et al. Live virus neutralisation of the 501Y.V1 and 501Y.V2 SARS-CoV-2 variants following INO-4800 vaccination of ferrets. Front Immunol. (2021) 12:694857. doi: 10.3389/fimmu.2021.694857

 223. Wang H, Zhang Y, Huang B, Deng W, Quan Y, Wang W, et al. Development of an inactivated vaccine candidate, BBIBP-CorV, with potent protection against SARS-CoV-2. Cell. (2020) 182:713–21.e9. doi: 10.1016/j.cell.2020.06.008

 224. Dai L, Zheng T, Xu K, Han Y, Xu L, Huang E, et al. A universal design of betacoronavirus vaccines against COVID-19, MERS, and SARS. Cell. (2020) 182:722–33.e11. doi: 10.1016/j.cell.2020.06.035

 225. Sadoff J, Le Gars M, Shukarev G, Heerwegh D, Truyers C, de Groot AM, et al. Interim results of a phase 1-2a trial of Ad26COV2S Covid-19 vaccine. N Engl J Med. (2021) 384:1824–35. doi: 10.1056/NEJMoa2034201

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

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

Copyright © 2022 Jiang, Wu, Song and You. 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.












	
	BRIEF RESEARCH REPORT
published: 20 January 2022
doi: 10.3389/fmed.2021.815870






[image: image2]

Virological and Serological Characterisation of SARS-CoV-2 Infections Diagnosed After mRNA BNT162b2 Vaccination Between December 2020 and March 2021

Francesca Colavita1, Silvia Meschi1, Cesare Ernesto Maria Gruber1, Martina Rueca1, Francesco Vairo1, Giulia Matusali1, Daniele Lapa1, Emanuela Giombini1, Gabriella De Carli1, Martina Spaziante1, Francesco Messina1, Giulia Bonfiglio1, Fabrizio Carletti1, Eleonora Lalle1, Lavinia Fabeni1, Giulia Berno1, Vincenzo Puro1, Barbara Bartolini1*, Antonino Di Caro1,2, Giuseppe Ippolito1, Maria Rosaria Capobianchi1,2 and Concetta Castilletti1 on behalf of INMI COVID-19 Laboratory Surveillance Team


1National Institute for Infectious Diseases “Lazzaro Spallanzani” IRCCS, Roma, Italy

2Unicamillus, International Medical University, Roma, Italy

Edited by:
Sanjay Kumar, Armed Forces Medical College, Pune, India

Reviewed by:
Jirina Bartunkova, University Hospital in Motol, Czechia
 Sho Nakakubo, Hokkaido University, Japan
 Takeshi Tanaka, Nagasaki University Hospital, Japan

*Correspondence: Barbara Bartolini, barbara.bartolini@inmi.it

Specialty section: This article was submitted to Infectious Diseases 96 Surveillance, Prevention and Treatment, a section of the journal Frontiers in Medicine

Received: 15 November 2021
 Accepted: 22 December 2021
 Published: 20 January 2022

Citation: Colavita F, Meschi S, Gruber CEM, Rueca M, Vairo F, Matusali G, Lapa D, Giombini E, De Carli G, Spaziante M, Messina F, Bonfiglio G, Carletti F, Lalle E, Fabeni L, Berno G, Puro V, Bartolini B, Di Caro A, Ippolito G, Capobianchi MR and Castilletti C (2022) Virological and Serological Characterisation of SARS-CoV-2 Infections Diagnosed After mRNA BNT162b2 Vaccination Between December 2020 and March 2021. Front. Med. 8:815870. doi: 10.3389/fmed.2021.815870



Background: Vaccines for coronavirus disease 2019 (COVID-19) are proving to be very effective in preventing severe illness; however, although rare, post-vaccine infections have been reported. The present study focuses on virological and serological features of 94 infections that occurred in Lazio Region (Central Italy) between 27 December 2020, and 30 March 2021, after one or two doses of mRNA BNT162b2 vaccine.

Methods: We evaluated clinical features, virological (viral load; viral infectiousness; genomic characterisation), and serological (anti-nucleoprotein Ig; anti-Spike RBD IgG; neutralising antibodies, nAb) characteristics of 94 post-vaccine infections at the time of diagnosis. Nasopharyngeal swabs (NPSs) and serum samples were collected in the framework of the surveillance activities on SARS-CoV-2 variants established in Lazio Region (Central Italy) and analysed at the National Institute for Infectious Diseases “L. Spallanzani” in Rome.

Results: The majority (92.6%) of the post-vaccine infections showed pauci/asymptomatic or mild clinical course, with symptoms and hospitalisation rate significantly less frequent in patients infected after full vaccination course as compared to patients who received a single dose vaccine. Although differences were not statistically significant, viral loads and isolation rates were lower in NPSs from patients infected after receiving two vaccine doses as compared to patients with one dose. Most cases (84%) had nAb in serum at the time of infection diagnosis, which is a sub-group of vaccinees, were found similarly able to neutralise Alpha and Gamma variants. Asymptomatic individuals showed higher nAb titres as compared to symptomatic cases (median titre: 1:120 vs. 1:40, respectively). Finally, the proportion of post-vaccine infections attributed either to Alpha and Gamma variants was similar to the proportion observed in the contemporary unvaccinated population in the Lazio region, and mutational analysis did not reveal enrichment of a defined set of Spike protein substitutions depending on the vaccination status.

Conclusion: Our study conducted using real-life data, emphasised the importance of monitoring vaccine breakthrough infections, through the characterisation of virological, immunological, and clinical features associated with these events, in order to tune prevention measures in the next phase of the COVID-19 pandemic.

Keywords: COVID-19, SARS-CoV-2, viral variants, neutralising antibodies, vaccine, breakthrough infection, Italy


INTRODUCTION

In <12 months after the beginning of the coronavirus disease 2019 (COVID-19) pandemic, scientific research succeeded in developing multiple vaccines against a previously unknown viral pathogen, severe acute respiratory coronavirus 2 (SARS-CoV-2). The mRNA-based Pfizer-BioNTech vaccine (BNT162b2) has been the first authorised, and on 27 December 2020, the European Union countries launched a coordinated vaccination campaign that initially was prioritised for individuals at high risk of SARS-CoV-2 exposure, such as the healthcare workers (HCW), and those at high risk of severe COVID-19, including elderly and residents of assisted living facilities. Its effectiveness in preventing severe diseases and death is well documented together with the impact in reducing the overall transmission rate of SARS-CoV-2 (1–3). However, COVID-19 vaccines do not offer 100% protection against SARS-CoV-2 infection, and breakthrough infections can occur in the vaccinated population (4, 5). Virological and immunological investigation on these cases is crucial to better characterise features of breakthrough infections and their impact on the pandemic. The emergence of SARS-CoV-2 variants in the Spike protein represents one of the concerns for vaccine effectiveness; in fact, some showed the potential of immunological escape from the antibodies response potentially leading to COVID-19 epidemic rebounds (6–8). Here, we described virological and serological testing performed at the Regional Reference Laboratory (RRL) of Virology of the National Institute for Infectious Diseases “L. Spallanzani” (INMI) in Rome, Italy, on samples collected at the time of diagnosis from 94 individuals, who resulted positive for SARS-CoV-2 between 27 December 2020 and 30 March 2021, following one or two doses of BNT162b2 vaccine. This study was conducted in the framework of specific surveillance on SARS-CoV-2 variants established in the Lazio Region (Central Italy) aimed to identify the circulation of variants associated with vaccine escape in the general population.



METHODS


Study Group

In the frame of the Regional Surveillance programme, NPSs and, possibly, sera collected from individuals who resulted positive for SARS-CoV-2 after vaccination were sent to INMI in Rome, Italy, for further laboratory investigation. These individuals were tested at peripheral laboratories either following symptoms onset, for contact tracing, or screening activities. In this study, we included the first batch of samples (94 NPSs) which were referred between 27 December 2020 and 30 March 2021 to the RRL for virological evaluation of post-vaccination RT-PCR positivity occurred at least 1 day after one or two BNT162b2 vaccine doses. Reporting of the clinical course was based on the COVID-19 integrated national surveillance system (source: https://www.epicentro.iss.it/coronavirus/bollettino/Bollettino-sorveglianza-integrata-COVID-19_10-novembre-2021.pdf;last access: 15/11/2021). For 79 individuals, a known date of vaccination was reported and the time lapsing from vaccination to sample collection was calculated. We classified the individuals with known vaccination dates into three groups based on the time elapsed from the first dose of vaccine to infection, i.e., time of SARS-CoV-2 positive test or symptoms onset (here considered both as infection starting date): Group 1, individuals tested positive 1–15 days after the first dose; Group 2, 16–30 days after first dose vaccination; Group 3, >30 days from first dose (10 days after the second dose injection, considered a full vaccinated group). For 50 individuals (44 of them with the reported date of vaccination), a serum sample collected at the time of diagnosis was also available for serological testing. In fact, according to the local surveillance system, serum collection was recommended but not mandatory for post-vaccine infections follow-up. NPSs and serum samples were shipped to INMI under controlled temperature (−80°C and refrigerated at +4°C, respectively). Sequencing data (n = 1,072) produced at INMI exclusively from randomly selected samples collected from unvaccinated individuals during the same study period and representing all the regional territory, were used to evaluate the prevalence of variants.



Molecular Testing and Virus Characterisation

Semi-quantitative estimation of viral load was assessed by RT-PCR using DiaSorin Simplexa® COVID-19 Direct kit (DiaSorin, Saluggia, Italy). For whole-genome sequencing, Next-Generation Sequencing (NGS) was carried out on Ion Torrent or Illumina Platform using Ion AmpliSeq SARS-CoV-2 Research Panel, following manufacturer's instructions (ThermoFisher, USA). Complete genome sequences were obtained combining in-house pipeline ESCA (9) with IRMA (10) and DRAGEN RNA Pathogen Detection 3.5.15 (Illumina BaseSpace, Illumina, USA) software and submitted on the GISAID platform (11). In case of low coverage for the full-genome characterisation, Sanger sequencing was used to fill the NGS gaps in the Spike coding gene.



Virus Isolation

The viral culture was performed in a biosafety level 3 (BSL-3) laboratory at INMI on Vero E6/TMPRSS2 (kindly provided by Dr. Oeda S., National Institute of Infectious Diseases, Tokyo, Japan), as previously described (12). NPSs were stored at −80°C after collection and seeded on cells immediately after a single thawing.



Serological Testing

Anti-N and anti-RBD Spike IgG were evaluated using Abbott SARS-CoV-2 assay on Abbott ARCHITECT® i2000sr (Abbott Diagnostics, Chicago, IL, USA) and neutralising antibodies (nAb) titres measured using SARS-CoV-2 microneutralisation test (MNT) based on the live virus (13). The viral strains used in MNT were: (i) B.1—clade G (GISAID accession number: EPI_ISL_568579, EVAG Ref-SKU: 008V-04005); (ii) B.1.1.7—clade GRY, alpha variant (GISAID accession number: EPI_ISL_913449, EVAG Ref-SKU: 008V-04050); iii) P.1—clade GR/501Y.V3, Gamma variant (GISAID accession number: EPI_ISL_1290803, EVAG Ref-SKU: 008V-04101). SARS-CoV-2 neutralisation titres were expressed as the reciprocal of the highest serum dilution inhibiting at least 90% of the cytopathic effect.



Statistics

Epidemiological and demographic data were extracted from the Regional Surveillance Information System and analysed using the STATA 14 software (StataCorp LLC, USA). Demographic characteristics of the vaccinated individuals were described using median and interquartile range (IQR) for continuous parameters, and absolute and relative (percentage) frequencies for categorical variables. Inferential analysis of association was performed using chi-square or Fisher exact tests for categorical variables, and Mann–Whitney or Kruskal-Wallis tests for continuous parameters. When comparing neutralisation titre against different variants, the Friedman-Dunn test was used. Univariate analysis and odds ratio (OR) with 95% CI were shown. Analyses were performed using GraphPad Prism version 8 (GraphPad Software, La Jolla California, USA) and SPSS 23 (IBM, USA) for Windows statistical software; p < 0.05 was considered statistically significant.



Ethics

This work was performed within the framework of the COVID-19 outbreak response and surveillance program and the laboratory characterisation of post-vaccination infections by the INMI laboratory as the RRL is an essential part of the Lazio surveillance regional plan. The use of laboratory and epidemiological records for research purposes has been approved by the INMI Ethical Committee (issue n. 214/20-11-2020), and the need for an informed consent form was waived. The study has been conducted in respect of current legislation on personal data protection, all data are presented in non-identifiable form.




RESULTS


Cases of SARS-CoV-2 Infections After BNT162b2 Vaccination

According to the Regional Surveillance Information System, from 27 December 2020, the start of the vaccination campaign, up to 30 March 2021, 130,761 SARS-CoV-2 cases were reported in the Lazio region, the majority (126,670, 96.4%) were unvaccinated. Among the 735,616 individuals who received one or two doses of the BNT162b2 vaccine in the same period in the Lazio region, 1,879 (0.26%) tested positive for SARS-CoV-2 at least 1 day after vaccination; the majority (79.5%) of these individuals did not complete the full vaccination course. This study described the results obtained on the first 94 NPSs of post-vaccine infected individuals diagnosed at peripheral laboratories and sent to the RRL in the framework of the COVID-19 outbreak response and surveillance regional program. The median time between infection recognition (as symptoms onset or time of the first diagnosis for asymptomatic patients) and testing was 0.5 days (range: 0–9 days, with 7 tested samples collected >4 days after diagnosis or symptoms onset). Demographic and epidemiologic data, including clinical information, are shown in Table 1. None of the cases reported previous SARS-CoV-2 infection. The majority (n = 82, 87.2%) of the 94 individuals under investigation were HCW, the remaining samples were from elderly people (over 80 years old). The median age was 50.5 years old (IQR: 62–39.8), 56 (59.6%) were women. Moreover, 49 (52.1%) were asymptomatic at the diagnosis and underwent SARS-CoV-2 testing for periodic screening or as contacts of positive cases. The majority (n = 61, 64.9%) of post-vaccination cases had pauci/asymptomatic clinical course, while a mild disease was reported for 26 (27.7%); severe illness was reported for 7 (7.4%) patients, all with one or more pre-existing co-morbidities, including cardiovascular chronic diseases, diabetes, obesity, renal affections, and neurological disorders, 4 were over 80 years old. Age and co-morbidities were significantly associated with severe disease (p = 0.008 and <0.001, respectively). According to the information available at the time of writing (n = 85), most infected persons (97.6%) cleared the virus and recovered, while 2 patients died; both dead patients were over 85 years old, presented pre-existing co-morbidities (i.e., cardiovascular chronic diseases, diabetes, and neurological disorders), and tested positive after full vaccination (9 and 19 days after the second dose, respectively). For 79 individuals, a known date of vaccination was reported (Table 1). The median time between the first-dose vaccination and symptoms onset, or time of the first diagnosis for asymptomatic cases, was 47 days, ranging from 1 to 85 days after the first dose (corresponding to 64 days following the full vaccination). Furthermore, 54 (68.4%) individuals resulted infected after full vaccination. Amongst these cases, the median time between vaccination and infection diagnosis was 48.5 (IQR 36–67.5) days for HCW vs. 31 (IQR 28–38.5) days for elderly over 80 years old (p = 0.184). Symptoms at diagnosis and hospitalisation rate were significantly less frequent in patients infected after full vaccination course as compared to patients infected after a single dose; a trend towards less frequent severe course was observed in infections acquired after two doses.


Table 1. Demographic and epidemiological information is available for the study cohort.
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SARS-CoV-2 Viral Loads and Infectivity in NPSs From Individuals Infected After Vaccination

Median Ct values of NPSs collected from vaccinees at diagnosis was 21.2 (IQR: 17.5–31.3), with no significant difference between asymptomatic and symptomatic patients (median Ct values: 22 vs. 19.6, Figure 1A). The Ct values were similar to those detected at the time of infection diagnosis in a group of unvaccinated individuals, matched for gender and age, presenting at INM with mild symptoms between 1st of January and 30th of March 2021 (n = 31, median Ct value: 19.4, IQR: 18–28.7; p = 0.204). The proportion of samples with Ct >30 in asymptomatic individuals (32.6%) was higher compared to the symptomatic patients (20.0%) but did not reach statistical significance (p = 0.242). Ct values resulted in similar also in all 3 groups identifying patients according to the time elapsed from the first dose to diagnosis (known for 79 individuals), despite the higher number of samples with Ct>30 detected in Group 3 (Figure 1B). To understand whether viral RNA was associated with infectiousness, virus isolation was attempted on 84 NPSs; 10 NPSs were not tested due to viral infectivity inactivation by guanidine isothiocyanate contained in the transport medium used for sample collection. Notably, infectious virus was rescued from 44 (52.4%) NPSs, 24 (54.5%) collected from symptomatic individuals, 20 (50%) collected from asymptomatic subjects (p = 0.827); similar results were obtained when considering fully vaccinated patients only (60.9% in symptomatic vs. 48.2% in asymptomatic, p = 0.567). As shown in detail in Supplementary Figure S1A, over 39 positive viral cultures, 27 (67.5%) were obtained from fully vaccinated individuals, up to 85 days after the first vaccination dose. The isolation rate according to the time elapsed from the first dose to diagnosis was found higher in samples collected shortly after the vaccination (Group 1) but did not reach a statistical difference compared to the other groups (Group 1: 85.7%, Group 2: 40%; Group 3: 54%, p = 0.411). Overall, the median Ct value of the samples with positive viral culture was 17.5 (IQR 15.6–20.1), and isolation of the infectious virus was strongly associated only with the viral RNA load in the NPSs, with OR >100 for Ct ≤ 25 vs. Ct > 25 (p < 0.001, Supplementary Table S1).


[image: Figure 1]
FIGURE 1. Viral loads and viral culture outcomes in NPSs collected in individuals tested positive after first dose vaccination. (A) Viral loads were detected in all symptomatic and asymptomatic individuals at the time of diagnosis (left, n = 45 and 49, respectively), and in a subgroup (Group 3) including only individuals who tested positive after 10 days from second dose vaccination (right, n = 24 and 32, respectively). (B) Viral loads detected in NPSs were collected at different time points from the first dose vaccination. Group 1 (time lapse 1–15 days), n = 7; Group 2 (16–30 days), n = 16; Group 3 (>30 days), n = 56. Viral RNA levels are expressed as Ct of Orf1ab gene amplification, the horizontal dashed line represents the limit of detection of RT-PCR (Ct: 40). Median Ct values and IQR are shown. Statistical analysis was performed in (A) by Mann–Whitney test, p = 0.053 (left) and p = 0.098 (right); in (B) by Kruskal-Wallis test, p = 0.135. Samples yielding positive or negative viral culture are indicated in red and black, respectively; empty dots indicate samples for which viral culture was not performed.




Antibody Response at the Time of Infection Diagnosis

Serological testing was performed on the available serum samples (n = 50) which have been collected at the time of diagnosis at the peripheral laboratories and sent to the RRL (Supplementary Table S2). The results showed that antibody response at the time of infection diagnosis was detected in 48 individuals (96%, median anti-RBD Spike IgG BAU/ml = 704.6, IQR 403–2,111); 42 (84%) of them presented also detectable nAb (median titre = 1:80, IQR 1:40–1:160), mostly (66.7%) fully vaccinated (Supplementary Figure S1B). Furthermore, eight vaccinees (16%) did not show detectable nAb at diagnosis, of whom 2 (4%) were fully vaccinated (both over 80 years old and presenting co-morbidities), indicating primary non-response to the vaccine. Anti-N IgG at diagnosis was observed only in 3 patients. Notably, we found higher nAb levels in asymptomatic individuals (median titre: 1:120, IQR 96.2–361.9) at the diagnosis as compared to symptomatic cases (median titre: 1:40, IQR 42.1–274.1). In addition, we assessed the possible association between nAb titres and disease severity. We found positive OR but not statistically significant association between low nAb titre and worse clinical course (OR 4.263, 95% CI: 0.411–44.169; p = 0.224), or presence of symptoms at diagnosis (OR 2.232, 95% CI: 0.714–6.973; p = 0.167), or hospitalisation (OR 6, 95% CI: 0.619–58.135; p = 0.122). On the other hand, although a trend to negative association of viral isolation rate with high nAb titres was observed (OR = 0.28 for nAb ≥1:80 vs. <1:80, p = 0.054, Supplementary Supplementary Table S1), the presence of nAb in serum did not preclude virus isolation from NPSs, and titres were not correlated with viral load (median Ct values: 21.5, IQR 16.5–32.2; Spearman r = 0.22, p = 0.124). Functional humoral response detected at the time of diagnosis in a sub-group of cases (n = 18) was effective also against the variants causing the infection. Indeed, no significant differences in nAb titres were observed against B.1.177, Alpha, and Gamma variants (p = 0.656) (Supplementary Table S3).



Distribution of SARS-CoV-2 Variants in Post-Vaccination Infections

We next investigated the viral variants infecting the vaccinated individuals included in this study. Whole-genome sequences (WGS) were obtained from the 58 NPS samples; additional variant strain identification was obtained for 5 patients by partial Sanger sequencing of the S region. Out of these 63 SARS-CoV-2 sequences, 15 (23.8%) belonged to B.1.177 lineage (GV clade), 14 (22.2%) were Gamma variants (P.1 lineage, GR clade) and 28 (44.4 %) were Alpha variants (B.1.1.7 lineage, GRY clade). One (1.6%) resulted to be Variant of Interest (VOI) Eta (B.1.525 lineage, G clade), and 5 (7.9%) sequences belonged to other clades with 3 sequences to the clade GR (i.e., 2 of the B.1.1 lineage, 1 of the B.1.1.39 lineage) and 2 to the clade G (i.e., 1 of the B.1 lineage and 1 of the B.1.258.17 lineage) (Supplementary Figure S2A). The distribution of SARS-CoV-2 variants amongst the vaccinated individuals grouped according to vaccination status (i.e., days from vaccination) was related to the time of infection diagnosis and reflected mostly the circulation of the variants in the general population at the time of the infection Supplementary Figure S2B. For instance, B.1.1.7 was detected mainly in those vaccinated individuals who tested positive in March 2021, regardless of the vaccination status; accordingly, Group 3 showed the predominance of B.1.1.7 as this group included mainly vaccinated individuals who tested positive in March 2021. As matter of fact, when we compared our study population to an unvaccinated contemporary population, based on 1,072 samples randomly collected from Lazio patients between January and March 2021 and sequenced by NGS and Sanger for surveillance purposes, we observed that variants prevalence in vaccinated individuals followed the circulation in the general population. As shown in Supplementary Figure S3, we observed a similar temporal distribution between the two populations, with a clear increase of B.1.1.7 followed by P.1 in both groups, without significant difference for both P.1 (p = 0.08 in Chi-square test) and B.1.1.7 variants (p = 0.2 in Chi-square test) (Figure 2). Mutational analysis of Spike protein sequences obtained by NGS showed that signature mutations for the detected variants are observed in all groups, and other changes are found in a minority of patients (Supplementary Figure S3); especially for P.1, none of these minor changes seems to be enriched in Group 3, suggesting no association with more resistant forms.
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FIGURE 2. Temporal distribution of PANGO lineages of SARS-CoV-2 genomes. Sequences obtained from unvaccinated individuals (A,B) and from vaccinated subjects (C,D) in Lazio Region (Central Italy) between January and March 2021 are shown as absolute frequencies (A, C) and percentages (B,D). Others included strains belonging to B.1.177 lineage, B.1.525 lineage, B.1.1 lineage, B.1.1.39 lineage, B.1 lineage, and B.1.258.17 lineage.





DISCUSSION

The present study investigated 94 infections evaluated at the time of diagnosis, occurring in Lazio Region (Central Italy) after first or second dose administration of mRNA BNT162b2 vaccine, both from the host side (patients' demographics, infection severity, antibody status) and from the virus side (viral load, infectivity, and infecting variants).

Case-control and population-level studies widely demonstrated that vaccination substantially reduces both asymptomatic and symptomatic infections, and significantly prevents severe COVID-19 (2, 14–17). However vaccines are not sterilising and SARS-CoV-2 infections in previously vaccinated individuals can occur, although more likely to have a favourable outcome (18–20), even for immune-compromised individuals who were reported among the highest risk groups in experiencing breakthrough infections (21). Notably, breakthrough infections after vaccination against SARS-CoV-2 are increasingly reported, possibly due to the combined effect of the waning of vaccine-induced antibody levels and the emergence of new variants (22).

During the study period (27 December 2020–March 2021), a very tiny proportion (0.26%) of individuals was reported infected after vaccination over the total individuals who received the vaccine in the Lazio region. In addition, over 130,761 SARS-CoV-2 cases were reported during the same period in the Regional Surveillance Information System, only 2.45% of infections were in fully vaccinated people. Our study confirmed that the majority of infections observed in the analysed vaccinated individuals had a pauci/asymptomatic or mild clinical course. Severe disease was significantly less frequent in patients infected after a full vaccination course as compared to the patients who acquired the infection after a single dose, supporting the importance of the full vaccination schedule in naïve individuals. Those patients with severe symptoms presented pre-existing co-morbidities (i.e., cardiovascular chronic diseases, diabetes, obesity, renal affections, and neurological disorders) and those aged over 80, which represent still relevant risk factors for disease severity and are prognostic for a negative outcome (3, 23–27).

Neutralising antibodies (nAb) are generally detectable within 7–15 days of disease onset in individuals infected with SARS-CoV-2 (24). We found that the majority (84%) of the individuals who tested positive after vaccination had nAb at the initial time of the infection, 64.3% of them, fully vaccinated, showing high nAb titres (≥1:80). Bergwerk et al. (28) reported that nAb titres in infected vaccinees detected within a week before SARS-CoV-2 diagnosis were lower than those detected in uninfected vaccinees, and higher peri-infection nAb titres were associated with lower infectivity (higher Ct values). In our investigation, antibody levels prior to infection were not available for most of these individuals (except for two cases, who underwent serological testing 38 and 60 days before the infection diagnosis: nAb titres of 1:160 at day 15 from full immunisation for both). In line with recent reports (19, 20, 25), the nAb levels measured shortly after the infection, together with negative anti-N IgG for most cases, suggest that these functional immune responses may be the consequence of vaccination, not sufficient to prevent the contagion, but likely involved in protecting from symptomatic infection (29, 30). Indeed, antibodies response resulted higher in asymptomatic individuals, and although not statistically significant most probably due to the small sample size, the results from our sample suggest that there is a higher risk of symptoms and worse clinical course with lower (<1:80) nAb detected at diagnosis. Investigating the impact of the vaccination on the replication and potential infectivity, our data showed that the presence of nAb in serum at the time of diagnosis was not correlated with viral load in NPSs and did not preclude isolation of the replication-competent virus. According to other reports, vaccinated individuals during the initial phase of the infection may carry high viral loads (Ct ≤ 25) coupled with the presence of infectious virus in the upper respiratory tract with the potential of transmission (18, 20, 31, 32). Notably, the isolation rate and viral load according to the time elapsed from the first dose to diagnosis were found lower in samples collected from individuals who received the second vaccine dose as compared to the cases that resulted positive shortly after the vaccination (Group 1). In addition, the very small proportion of post-vaccine cases, together with recent studies on HCW cohorts with longitudinal analysis on breakthrough infections, highlighted the reduced transmission risk posed by vaccinated individuals (3, 14, 19, 28). It has been reported a lower risk of documented secondary cases in household members of vaccinated HCW and the more rapid decay of viral loads after diagnosis compared to unvaccinated patients, with a shorter duration of viral shedding and reasonably lower opportunity of contagiousness (19, 20, 33). The evaluation of the respiratory mucosal immune response in breakthrough infections cases may be of help to elucidate the mechanisms underlying transmission and diseases presentation in immunised individuals, as the antibodies in upper respiratory tract specimens may contribute to reducing the virus spread as well as limit the infection and the symptomaticity (34). The impact of emerging variants on the success of the vaccination campaigns is one of the main aspects which is continuously under investigation, as vaccine escape variants may be associated with increased vaccine failure (6). In the vaccinated individuals described in this study, the majority of infections were caused by Alpha variant (B.1.1.7), at that time considered as VOC, followed by the previously predominant strain in Lazio Region, B.1.177, and by the Gamma VOC (P.1). As previously reported in the United States (31), also in Lazio Region the temporal distribution of the variants identified in the vaccinated individuals clearly matches the pattern of strains circulation in the unvaccinated population during the same period, with no evidence of vaccine-related immune escape. This result may be influenced by the impact of the different prevalence of VOCs as compared to other scenarios, including the spread of the new predominant variant, Delta. For instance, Kustin et al. (35) reported that infection with Beta VOC in Israel was disproportionally detected in fully vaccinated individuals, while Alpha variant was disproportionally involved in infections diagnosed between 2 weeks after the first dose and 6 days after the second dose. The differences with our results may be due to different patterns of variants circulation, as, for example, circulation of Beta VOC was very tiny in our territory. According to other studies, the analysis of the Spike mutations in each lineage, broken down by Groups 1, 2, and 3, indicated that there is no selection for the enrichment of any particular mutation in fully vaccinated individuals (Group 3) as compared to individuals with incomplete vaccination (Groups 1 and 2) (36).

Our study presents some limitations that should be acknowledged. First, the study was a non-controlled observational study based on real-life data obtained from pandemic surveillance activities, aimed not to establish vaccine efficacy compared to a matched unvaccinated control group, but to report a virological characterisation of those patients reported with SARS-CoV-2 infection despite being vaccinated. Therefore, our observation should be replicated and extended on larger cohorts established ad hoc, also including other vaccine formulations as differences in incidence rates of breakthrough infections were observed in previous real-life studies (21, 26, 27). No follow-up samples were available for the post-vaccination infected individuals so that it was not possible to monitor viral loads dynamics and the shedding. Furthermore, the study was conducted before the emergence of the Delta variant which is now predominant worldwide and reported to be more transmissible with a higher risk of symptomatic infections (37). Finally, only three cases showed the presence of anti-N IgG suggesting seroconversion related to natural infection. nAb levels prior to infection were not available for most of the patients, therefore we cannot discriminate whether the titres obtained at the time of SARS-CoV-2 molecular test positivity were due to the vaccine response alone or elicited by the boost of the infection.

In conclusion, we observed that post-vaccine infections were mostly pauci/asymptomatic or mild, not associated with a failure in developing humoral response after vaccination. In addition, no preferential involvement in breakthrough infections of the variants with S mutations circulating during the study period emerged, as well as no enrichment in mutations following the vaccine.

Data collected worldwide highlight that vaccination represents a key factor to control morbidity and mortality of SARS-CoV-2 infection, as well as to reduce the public health burden of this pandemic and curb the social and economic global crisis. The evaluation of the immunological, virological, and clinical features behind vaccine breakthrough infections is an important aspect to investigate in order to better address prevention measures in the next phase of the COVID-19 pandemic.
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The emergence of SARS-CoV-2 variants complicates efforts to control the COVID-19 pandemic. Increasing genomic surveillance of SARS-CoV-2 is imperative for early detection of emerging variants, to trace the movement of variants, and to monitor effectiveness of countermeasures. Additionally, determining the amount of viable virus present in clinical samples is helpful to better understand the impact these variants have on viral shedding. In this study, we analyzed nasal swab samples collected between March 2020 and early November 2021 from a cohort of United States (U.S.) military personnel and healthcare system beneficiaries stationed worldwide as a part of the Defense Health Agency's (DHA) Global Emerging Infections Surveillance (GEIS) program. SARS-CoV-2 quantitative real time reverse-transcription PCR (qRT-PCR) positive samples were characterized by next-generation sequencing and a subset was analyzed for isolation and quantification of viable virus. Not surprisingly, we found that the Delta variant is the predominant strain circulating among U.S. military personnel beginning in July 2021 and primarily represents cases of vaccine breakthrough infections (VBIs). Among VBIs, we found a 50-fold increase in viable virus in nasal swab samples from Delta variant cases when compared to cases involving other variants. Notably, we found a 40-fold increase in viable virus in nasal swab samples from VBIs involving Delta as compared to unvaccinated personnel infected with other variants prior to the availability of approved vaccines. This study provides important insight about the genomic and virological characterization of SARS-CoV-2 isolates from a unique study population with a global presence.

Keywords: emerging SARS-CoV-2 variants, viable virus, vaccine breakthrough infection, sequencing, nasal swabs


IMPACT

The COVID-19 pandemic is currently a leading cause of death globally and new SARS-CoV-2 variants continue to emerge. Genomic surveillance of variants is necessary to characterize mutations that could affect transmissibility and spread, antigenicity or virulence. Furthermore, wet lab studies are necessary to evaluate how genetic differences may affect viral fitness and transmissibility. The Delta variant is currently the predominant strain globally and determining factors that drive its ability to spread rapidly is important. In this study, we characterized SARS-CoV-2 positive samples from U.S. military personnel and their beneficiaries by next-generation sequencing and isolation of viable virus. Consistent with other studies, we found higher levels of infectious virus from Delta samples when compared to non-Delta infections. Strikingly, we found the difference in titer between Delta and other strains to be so profound as to be unaffected by vaccination status, suggesting that increased transmissibility of the Delta variant is in part due to higher amounts of virus shedding. This helps explain the rapid spread of the Delta variant and provides the impetus to increase control measures such as vaccination, boosters, masking and distancing requirements. It will be necessary to continue genomic and virological characterization of new variants, such as Omicron.



INTRODUCTION

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease 2019 (COVID-19), has led to a historic global pandemic. Multiple SARS-CoV-2 genetic variants are circulating globally, some of which have mutations of concern or mutations of interest that could impact transmissibility and spread, antigenicity or virulence (1). The World Health Organization (WHO) classifies many of these as variants of concern (VOC) or variants of interest (VOI) based on mutations that may impact SARS-CoV-2 countermeasures, including vaccines, therapeutics, and diagnostics. Current VOC as defined by the WHO include B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and most recently, B.1.1.529 (Omicron), which was designated as a VOC on 26 November 2021. The Alpha variant was initially detected in the United Kingdom at the end of 2020 and remained as the dominant strain globally until May 2021 (2). The Delta variant was first detected in India and became a VOI in April 2021 and a VOC in May 2021 when it became the dominant strain identified worldwide (3). The Delta variant is estimated to be more transmissible than the Alpha variant, is less sensitive to neutralizing antibodies, and causes increased hospitalization rates mainly in unvaccinated individuals (4–6). There are currently multiple vaccines in use either with FDA approval or emergency use authorization (EUA) that have shown efficacy, however vaccine breakthrough infections (VBIs) do occur and may increase with the emergence of novel variants (7).

Quantitative real time reverse-transcription PCR (qRT-PCR) is the benchmark method for COVID-19 diagnosis, but an important limitation of this approach is the assay only detects RNA and does not detect infectious virus. This can be problematic since several studies have described the persistence of SARS-CoV-2 RNA within different body sites (8–10) and viral RNA levels as a measurement of viral load does not always correlate to the amount of viable virus in a given sample. Quantitative assays that measure replication competent virus are important for determining infectious viral titers in clinical samples, which is critical to informing infection prevention and control guidelines for current and future SARS-CoV-2 variants.

Detection of infectious virus is determined by in vitro viral culture on susceptible cell lines. However, the ability of viral culture methods to provide insight on infectious shedding is hampered by the fact that this method is labor-intensive and requires biosafety level 3 (BSL-3) facilities for SARS-CoV-2. There are also assay variables such as the cell line and methods used to quantify the amount of virus. Vero cells and their subclones or derivatives are commonly used to culture SARS-CoV-2 and Vero E6 cells expressing human transmembrane serine protease 2 (TMPRSS2) have demonstrated enhanced susceptibility and isolation of SARS-CoV-2 (11). Plaque or median tissue culture infectious dose (TCID50) assays are commonly used to quantify viable virus, but new methods have been described like the S-Fuse assay that uses a cell reporter system and is based on the detection of GFP positive syncytia formation between infected and neighboring cells (12).

While some studies have described the amount of viable virus shed by individuals infected with the various SARS-CoV-2 variants (12–14), more studies are needed to better characterize infectious virus levels in vaccinated and unvaccinated individuals. This is especially important because each study uses different methods and focuses on different populations of individuals from different geographic locations. In this study, we analyzed nasal swab samples collected between March 2020 and early November 2021 from a cohort of U.S. military personnel and beneficiaries stationed worldwide as a part of the DHA's GEIS program. SARS-CoV-2 qRT-PCR positive samples were characterized by next-generation sequencing and a subset was analyzed for isolation and quantification of viable virus. Following the EUA approval of the COVID-19 vaccines, samples were collected from vaccinated individuals to characterize VBIs. This study provides unique insight about the genomic and virological characteristics of SARS-CoV-2 isolates from a generally healthy population with a global presence that spans from the beginning of the pandemic to early November 2021.



METHODS


Genome Sequencing

Viral genome sequencing was conducted on the Illumina MiSeq platform using the ARTIC nCoV-2019 Sequencing protocol (15) and the YouSeq SARS-CoV-2 Coronavirus NGS Library prep kit (YouSeq). Approximately 100 ng of RNA was reverse-transcribed as in the protocol, however the YouSeq reverse transcriptase was replaced with SuperScript IV (ThermoFisher Scientific). cDNA was amplified using multiplex PCR and either the associated ARTIC primer pools or YouSeq primer pools. Libraries prepared via the ARTIC protocol were cleaned using 1 × AMPure XP beads (Beckman Coulter) and re-suspended in nuclease free molecular grade water. The samples were then processed following the QiaSeq FX protocol (Qiagen) and libraries were completed. Libraries were quality-checked using an Agilent Bioanalyzer High sensitivity kit (Agilent) and quantified using the Qubit DNA High Sensitivity assay (ThermoFisher Scientific) prior to sequencing using Illumina MiSeq v3 2 × 300 chemistry (Illumina).



Bioinformatic Analyses

Viral Amplicon Illumina Workflow (VAIW) was used to collate SARS-CoV-2 consensus genomes (16). Briefly, Illumina reads were quality trimmed and filtered to >Q20 and minimum length of 50 bp using bbmap (17). Paired reads were merged using bbmerge with default settings (18). Trimmed, filtered, and merged reads were aligned to the Wuhan reference genome (NCBI GenBank accession NC_045512.2/MN908947.3) using bbmap with local alignment and maximum insertion/deletion of 500 bp (17). Primers were trimmed from sequences using align_trim from ARTIC workflow/pipeline (19). Once a high quality consensus genome was obtained, Single Nucleotide Variants (SNVs) were determined using SAMtools mpileup (20) and iVar (Intrahost variant analysis of replicates) (21) using a minimum frequency of 0.3 and a minimum read depth of 10 (22). Katoh et al. (23), Minh et al. (24), and FigTree v1. 4 [Internet] (25). Lineage information was derived using Pangolin (Phylogenetic Assignment of Named Global Outbreak LINeages, v3.1.16; github.com/hCoV_2019/pangolin) (26).



Virus Culture

Patient samples were cultured for SARS-CoV-2 using a standard plaque assay on Vero E6 cells expressing TMPRSS2 [4] in six-well plates and a cytopathic effect (CPE) assay on Vero E6/TMPRSS2 cells in T25 cm2 flasks. For the plaque assay, duplicate wells were infected with 0.2 mL aliquots from serial 10-fold dilutions in Minimum Essential Medium (MEM) followed by a 1 h incubation at 37°C, 5% CO2 to allow virus adsorption to occur. After incubation, cells were overlaid with MEM containing 0.5% agar supplemented with 5% heat-inactivated FBS, 1% Penicillin/Streptomycin and incubated for 48 h at 37°C, 5% CO2. Cells were fixed in 10% formalin prior to staining with crystal violet. For the CPE assay, cells were seeded in T25 cm2 flasks and each flask was infected with 0.5 mL aliquots from a 1:10 dilution in Dulbecco's Modified Eagle Medium (DMEM) followed by a 1 h incubation at 37°C, 5% CO2. After incubation, 5 mL of DMEM supplemented with 5% heat-inactivated FBS, 1% Penicillin/Streptomycin was incubated for 4 days at 37°C, 5% CO2. CPE was monitored daily. After 4 days, supernatant was passed onto fresh cells to allow additional time to amplify. The presence of SARS-CoV-2 was confirmed by lateral flow immunoassay using the Quidel Sofia 2 analyzer and/or qRT-PCR.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism. Tukey's multiple comparisons test was used to compare the amount of viable virus between the unvaccinated and vaccinated groups.




RESULTS

We have sequenced over 2,300 nasal swab samples collected from March 2020 until early November 2021 and of those, we produced 1,304 coding complete genomes for which we then determined the Pango lineages (Figure 1 and Supplementary Table 1). Smaller numbers of samples were received early in the pandemic compared to after the variants began to emerge when there was more impetus to sequence a greater number of samples. The first samples sequenced in March and April 2020 were similar to strains at the root of the pandemic (lineage A and sublineages) and are classified as A.1, A.3 etc., collectively designated as Pango lineage “other” in Figures 1A,C. The “other” category also contains B lineages and was used for any lineage with 12 or less representatives. The large European lineage B.1 was detected in six samples in April 2020. In February 2021, there was a strong commitment within the DoD to sequence a greater number of samples with the rationale that it is important to continually perform genomic surveillance of the SARS-CoV-2 genome for early detection of emerging variants and to monitor variant cases in several geographic locations. The VOC B.1.1.7 (Alpha) was the predominant strain detected between February and June 2021. Many military personnel were considered fully vaccinated during this same timeframe and some of these samples represent cases of VBI. The former VOC, B.1.526 (Iota), which is a lineage predominantly circulating in New York, was detected from March to June 2021 in 29 samples. The VOC, B.1.617.2 (Delta) was first detected in May 2021 in one sample collected from Portsmouth, Virginia. An increasing number of B.1.617.2 (Delta) was detected starting in June 2021 and by July 2021 was the dominant variant detected in all samples received. Multiple sublineages of B.1.617.2 were detected which increased over time (Figures 1B,D). The “other” category for Figures 1B,D was used for any sublineage with 5 or less representatives. The Omicron variant was not detected during the timeframe of our current study.


[image: Figure 1]
FIGURE 1. Pango lineages of circulating SARS-CoV-2 strains in the U.S. military before and after implementation of the EUA vaccines. (A) Distribution of Pango lineages by month for all samples, (B) distribution of Delta variant sublineages by month, (C) stacked chart displaying all lineages per month, and (D) stacked chart displaying Delta variant sublineages by month.


A subset of samples were selected to determine if viable virus was present where we compared viral titers in samples collected from unvaccinated individuals and cases of VBI (Figure 2). A summary of the results broken down by Pango lineage is shown in Tables 1, 2 for unvaccinated and vaccinated individuals, respectively. We detected viable virus in 25 samples received from unvaccinated personnel collected between March 2020 and January 2021, which is prior to the emergence of VOCs. The mean amount of virus detected in unvaccinated personnel was 3.2 log10 PFU/mL, which is similar to the amount of virus detected from VBIs associated with all variants except for Delta (3.1 log10 PFU/mL). Significantly more virus was detected in VBIs associated with the Delta variant when compared to unvaccinated personnel. The mean amount of virus detected in VBIs associated with the Delta variant was 4.6 log10 PFU/mL, which was statistically significant by Tukey's multiple comparisons test (p = 0.0001) when compared to the amount of virus detected in unvaccinated personnel prior to the emergence of VOCs. In contrast to the unvaccinated samples, almost all the VBI samples associated with the Delta variant had detectable virus that was above the level of detection for the plaque assay and one sample had a titer as high as 7 log10 PFU/mL. Samples from unvaccinated personnel infected with the Delta variant were not available for this study since the majority of military personnel were fully vaccinated when the Delta variant became the predominant strain. The amount of virus detected in VBIs associated with the Delta variant compared to VBIs with other variants was also statistically significant by Tukey's multiple comparisons test (p = 0.0132) although with less power because of the low number of VBI samples associated with other variants. The results are further broken down by vaccine manufacturer (Figure 2B) where we continued to observe a statistically significant difference in viral titers for unvaccinated individuals with non-Delta variants compared to samples from VBI associated with the Delta variant from individuals that received the Pfizer (p = 0.0106) and Johnson & Johnson (p = 0.0427) vaccines. Interestingly, VBI associated with the Delta variant that received the Moderna vaccine was not statistically significant when compared to the unvaccinated group. This may be a reflection of the limited number of samples in our analyses.


[image: Figure 2]
FIGURE 2. Infectious virus titers in unvaccinated and vaccinated personnel. (A) Viral titers in nasal swabs determined by standard plaque assay, (B) viral titers broken down by vaccine type. Error bars represent the standard deviation, and the dashed line represents the detection limit of the plaque assay. Symbols below this line were negative by the plaque assay, but positive by the CPE assay. Asterisks indicate statistical significance determined by Tukey's multiple comparisons test.



Table 1. Summary of viable virus detection in nasal swab samples from unvaccinated individuals broken down by Pango lineage.
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Table 2. Summary of viable virus detection in nasal swab samples from vaccinated individuals broken down by Pango lineage.
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DISCUSSION

The Delta variant displaced the Alpha variant and was identified as the predominant strain in military personnel starting in July 2021. Currently, multiple sublineages of B.1.617.2 continue to be identified. A greater proportion of the VBI cases in our dataset have been associated with the Delta variant, commensurate with its current preponderance in the population at this point in time. We quantified the amount of viable virus in a subset of samples, and our results suggest that the increased transmissibility of the Delta variant is in part due to higher amounts of virus shedding. We detected 50-fold more infectious virus in VBIs involving Delta compared to VBIs with other variants. We also detected 40-fold more infectious virus in VBIs involving Delta compared to unvaccinated personnel infected with non-Delta variants.

Our results are similar to what has been reported for the rest of the population in the U.S. where the Delta variant is currently the predominant strain and is more than twice as infectious as previous strains. The improved viral fitness of the Delta variant has been associated with mutations in the furin cleavage site that allow the virus to enter cells more efficiently (27, 28). Most research has focused on analyzing mutations in the spike (S) protein to better understand viral fitness of emerging SARS-CoV-2 variants. However, a recent study found that four mutations in the nucleocapsid (N) protein, which is an important protein for viral replication, improve the viruses' ability to form infectious particles (29). These four mutations in N, which are universally found in more transmissible SARS-CoV-2 variants, increased mRNA delivery and expression and two of the mutations (S202R and R203M) produced more infectious virus (29). Interestingly, the Delta variant contains the R203M mutation and the Omicron variant contains the R203K mutation, which provide a possible explanation for the increased fitness of these variants. This is consistent with other studies that found that samples from people infected with the Delta variant have higher viral RNA levels and an increased duration of viral shedding compared to samples collected from people infected with other variants (14, 30–32). Furthermore, the levels of viral RNA from infected individuals have been shown to be similar for vaccinated and unvaccinated individuals (14, 33). More studies are needed to determine the level and duration of viral shedding with the newly emerging Omicron variant.

Numerous studies measure viral load by the amount of viral RNA in a clinical sample, but do not determine the amount of viable virus. This is likely due to the cumbersome nature of the assays used to quantify levels of infectious virus coupled with the requirement to perform these assays in a BSL-3 laboratory. However, a recent study found a significant amount of variability in the relationship between viral titers for infectious virus and viral RNA levels (13). Their results indicate that determining viral load by RNA levels in clinical samples may have limitations and assays for viable virus should be included for emerging variants. Additionally, they detected six times as much infectious virus for the same amount of RNA for Delta variant samples compared to Alpha variant samples. Our results are similar where we found that the Delta variant cases shed viable virus at higher levels. Similar levels of virus were detected from unvaccinated personnel with non-Delta infections prior to the availability of vaccines granted EUA and FDA approval compared to VBI due to other variants besides Delta. In contrast, 50-fold more infectious virus was detected in samples from VBI due to Delta compared to VBIs with other variants. When we analyzed our results by vaccine manufacturer, we continued to detect significantly higher levels of infectious virus in samples from individuals who received the Pfizer and Johnson & Johnson vaccines and experienced a VBI due to Delta when compared to the unvaccinated personnel with non-Delta infections. Interestingly, VBI associated with the Delta variant that received the Moderna vaccine was not statistically significant when compared to the unvaccinated group. This may be a reflection of the limited number of samples in our analyses. Another limitation of our study is the lack of access to metadata for the clinical specimens, which affects our interpretation of the results by differences in age, pre-existing conditions, and days from exposure or symptom onset. However, most of our samples did come from active duty military personnel stationed worldwide who are considered young (age 18–40), are required to maintain a physical fitness regimen and pass routine physicals, and are therefore considered relatively healthy compared to the general population.

Other studies have also found that viable virus is more likely to be isolated from clinical samples from Delta compared to Alpha (14). The authors do point out that there was a significantly longer period between being considered fully vaccinated and when VBI with the Delta variant occurred, which is similar to our results. However, our data demonstrating that we detected 40-fold more infectious virus in VBIs involving Delta compared to unvaccinated personnel with non-Delta infections prior to the availability of vaccines granted EUA and FDA approval suggests that the increase in the amount of viable virus is due to the variant and not the vaccination status. This is consistent with the study by Luo et al. (14) that found the recovery of infectious virus was significantly higher with the Delta variant compared to Alpha in both vaccinated and unvaccinated groups.

Our results highlight the importance of characterizing the SARS-CoV-2 genome and infectious viral titers of emerging variants isolated from unvaccinated and vaccinated personnel. This work contributes to the growing body of evidence that the increased fitness of Delta is primarily due to viral genetic determinants that increase infectivity or replication. This helps to explain the rapid spread of the Delta variant and provides the impetus to increase control measures such as vaccination, boosters, masking and distancing requirements to prevent ongoing transmission. Furthermore, this study demonstrates the value of pairing genomic and virological characterization when assessing novel SARS-CoV-2 variants. These parallel approaches should be applied to newly emerging variants, such as Omicron, and other variants that may arise in the future.
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Background: Asymptomatic transmission is a major concern for SARS-CoV-2 community spread; however, little information is available on demographic, virological characteristics and prognosis of asymptomatic cases.

Methods: All COVID-19 patients hospitalized in Guangdong Province from September 1, 2020 to February 28, 2021, were included and were divided into asymptomatic and symptomaticgroup. The source country of all patients, clinical laboratory test results, the genotype of virus and the time of SARS-CoV-2 RNA turning negative or hospitalization were confirmed.

Results: Total 233 patients from 57 different countries or regions were included, with 83 (35.6%) asymptomatic and 150 (64.4%) symptomatic patients. Asymptomatic cases were younger (P = 0.019), lower rate in comorbidities (P = 0.021) such as hypertension (P = 0.083) and chronic liver disease (P = 0.045), lower PCT (P = 0.021), DDI (P < 0.001) and ALT (P = 0.029), but higher WBC count (P = 0.002) and lymphocyte (P = 0.011) than symptomatic patients. As for SARS-CoV-2 subtypes, patients infected with B.1.1 (53.8%), B.1.351 (81.8%) and B.1.524 (60%) are mainly asymptomatic, while infected with B, B.1, B.1.1.63, B.1.1.7, B.1.36, B.1.36.1, B.1.36.16, B.1.5 and B.6 were inclined to be symptomatic. Patients infected with variant B.1.351 and B.1.524 spent longer time in SARS-CoV-2 RNA turn negative (26 days, P = 0.085; 41 days, P = 0.007) and hospitalization (28 days, P = 0.085; 43 days, P = 0.004).

Conclusions: The asymptomatic cases are prone to develop in patients with younger age, less comorbidities andinfected with B.1.1 and B.1.524 variants. More attention should be paid for lineage B.1.524 because it can significantly prolong the SARS-CoV-2 RNA negative conversion time and hospitalization in infected cases.
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INTRODUCTION

The Coronavirus disease 2019 (COVID-19) is still a worldwide pandemic. Recently, there have been many clusters of cases in China, such as Guangzhou, Nanjing, Heilongjiang, Shaanxi, Chongqing and Jiangsu, among which asymptomatic cases account for a large proportion. “Asymptomatic” is defined as an individual with laboratory-confirmed SARS-CoV-2 infection but without symptoms throughout their entire course of infection, or after 14 days follow-up (1). Currently asymptomatic transmission is a major concern for SARS-CoV-2 community spread (1). Some studies indicate that the asymptomatic persons can indeed transmit SARS-CoV-2 to others which cause the rapid spread of the virus (2). Moreover, the asymptomatic persons are likely to have far more interaction with others than those who have symptoms (2). There are a large number of asymptomatic infections in the world. Through an analysis of more than 350 clinical studies, 42.8% of cases exhibited no symptoms, a group comprising both asymptomatic and presymptomatic infections, and truly asymptomatic was 35.1% (3). A study has found that asymptomatic patients were younger (37 years vs. 56 years, P < 0.001) and had a higher proportion of women (66.7 vs. 31.0%, P = 0.002) (1). And the findings of a study highlight that females and children were the predominant groups without symptoms of COVID-19 (4). Due to August 31st, 2020, since when asymptomatic infection of COVID-19 draw our attention, 1,740 cases of COVID-19 infection were diagnosed in Guangdong Province according to news released from Guangdong Provincial Central for Disease Control and Prevention (CDC), and the very first COVID-19 case reported in Guangdong Province was back on January 19th, 2020, however, the subtype of virus has not been systematically analyzed and no information was reported. Little information was known about asymptomatic patients and their virus genotype, have there been any differences between symptomatic and asymptomatic cases except for clinical symptoms? Therefore, we intend to compare asymptomatic cases with symptomatic cases, so as to find out the prone population of asymptomatic casesand more information about the demographic characteristics of them.

SARS-CoV-2, like other RNA viruses, is prone to genetic evolution while adapting to their new human hosts with the development of mutations over time, resulting in the emergence of multiple variants that may have different characteristics compared to its ancestral strains (5). As Rambaut et al. (6) proposed, we used PANGOLIN classification to categorize virus variants that mentioned in the study for better understanding. For example, SARS-CoV-2 Delta lineages (B.1.617.2) had led to a new wave of outbreak in Guangdong Province lately, which was shorter in incubation period and more virulent (7). According to its transmissibility and virulence, WHO classified SARS-CoV-2 variants into Variants of Concern (VOC) and Variants of Interest (VOI) (8). VOC was defined as a variant which increases in transmissibility, virulence, and decrease in effectiveness of available diagnostics, vaccines, and therapeutics. However, little information is available on whether there is a difference between asymptomatic and symptomatic patients in terms of different SARS-CoV-2 subtypes. The aim of this article is to explore whether there is a significant difference in the occurrence and outcome of asymptomatic persons caused by VOC and VOI infection, and if there are any transmissible and virulent variants not included in VOC that needed to be paid attention to by analyzing the statistical results. We used statistical methods to conduct a retrospective cohort study on 233 confirmed cases whose virus genotypes were known by RNA detection in Guangdong Province of China from September 2020 to February 2021. According to some studies, the ability of asymptomatic infections to spread the virus is not low, and these patients are likely to cause a new round of outbreaks, so finding asymptomatic infections is the key point for early prevention and control of COVID-19 worldwide (9). Meanwhile asymptomatic transmission of SARS-CoV-2 is the Achille's heel of Covid-19 pandemic control through the public health strategies we have currently deployed (10). So we should focus attention and resources on the variants with the highest public health implications to develop more effective immunization strategies.



METHODS


Study Design

A retrospective cohort study had been carried out at 32 designated hospitals in Guangdong Province. Patients diagnosed with COVID-19 from September 1, 2020 to February 28, 2021 and the genotype of virus confirmed through nucleic acid and gene sequencing technology were included in this study. In order to prevent the spread of COVID-19, the Guangdong COVID-19 Prevention and Control Headquarters had been set up in Guangdong Province. Authorized by the Guangdong Provincial Health Commission, an electronic medical information reporting system (E-System) was built to collect the entire provincial medical data.



Data Collection

Patients confirmed with SARS-CoV-2 infection during September 1st, 2020 to February 28th, 2021 been tested for subtype of virus were enrolled in this study, and then went through 14-day follow-up after they had reached criteria of discharge (see below in definitions part). Patients were divided into two groups, the asymptomatic group and the symptomatic group, based on whether any clinical manifestations were shown during whole hospitalization and 14-day follow-up. Data of patient's source country, demography like gender and age, medical history, laboratory tests like blood routine [white blood count (WBC), neutrophils percentage (NE%), lymphocytes percentage (LYMPH%)], inflammation factors [e.g.,: procalcitonin (PCT) and erythrocyte sedimentation rate (ESR)], index of organ function [e.g.,: aspartate transaminase (AST), alanine transaminase (ALT), creatine kinase (CK) and D-dimer], and time point of clinical course like the time patients been tested positive for SARS-CoV-2 RNA, the time they turned negative, the admission time and the discharge time, were extracted from E-system.

For the purpose of ensuring the accuracy and reliability, all the patient's data were reviewed by at least two researchers, and a third researcher adjudicated differences in interpretation if applicable.



Technology

The method to confirm infection of SARS-CoV-2: a cotton swab was insertedinto patient's pharynx or nasal cavity, then rotated to scrape secreta from mucous membrane and stayed for a few second to obtain a sample (11). Nucleic acid extraction reagent was addedin the sample to destroy the virus and release the nucleic acid, through Reverse transcription Technology (RT), the viral RNA was “reversed” into a specific DNA, that was, cDNA (because the viral RNAstructure was unstable, it was more convenient to convert viral RNA into stable cDNA for detection). And in the process, reverse transcriptase in a nucleic acid test kit played an important role. Reverse transcriptase used dNTP as the substrate, RNA as the template, tRNA (mainly tRNA tryptophan) as the primer, on the 3′- end of tRNA, in the direction of 5′ → 3′, to synthesize a cDNA single strand complementary to RNA template. Then, under the action of reverse transcriptase, the RNA strand was hydrolyzed, and a second DNA strand was synthesized using cDNA as a template. And at this point, the RNA-guided DNA synthesis process was completed. Once reverse transcription was done, cDNA was continuously made in exponential growth with use of PCR. When cDNA was amplified, something called fluorescent-labeled hydrolytic probe in the kit worked at the same time. A fluorescent signal that increased a little bit with each cDNA amplification was emit by the probe, and an increased Ct value of the fluorescent signal was recorded by the PCR detector. Then, the detection results were analyzed according to the Ct values recorded by the detector. Ideally, if there was novel coronavirus in the sample, the Ct values recorded by the detector would form a gradually rising S-shaped curve after the cDNA had been amplified for the number of times booked, and the test result would be positive. If there was no similar S-shaped curve, the test result was negative (12–14).

The method to determine the genotype of infected virus: At first, samples were collected from which virus RNA were extracted, which was consistent with the previous introduction. Next, in order to facilitate detection, it was also needed to transcribe the viral RNA reverse into cDNA. Then, the complete DNA to be tested were mainly broken into 200–500 bp long sequence fragments, and different connectors were added at both ends of these small fragments to construct a single stranded DNA library. When the library was built, the DNA in these libraries would be randomly attached to the channel on the surface of flow cell when passing through the flow cell. There were 8 DNA splices on the surface of each channel, which could support each other in the process of PCR. As for bridge PCR, the connector fixed on the surface of flow cell was used as the template for bridge amplification. After continuous amplification and denaturation cycle, each DNA fragment would finally be concentrated into bundles at their respective positions. Each bundle contained many copies of a single DNA template. The purpose of this process was to amplify the signal strength of the base to meet the signal requirements for sequencing. The sequencing method adopted the method of synthesis and sequencing. DNA polymerase, linker primer and 4 dNTP with base specific fluorescent label were added to the reaction system at the same time (as Sanger sequencing method). The 3′- Oh of these dNTP was protected by chemical methods, so only one dNTP could be added at a time. After dNTP was added to the synthetic chain, all unused free dNTP and DNA polymerase would be washed off. Then, the buffer required to excite fluorescence was added, the fluorescence signal was excited by laser, and the fluorescence signal was recorded by optical equipment. Finally, the optical signal was transformed into sequencing base by computer analysis. Finally, the measured DNA sequence was compared with the existing database and a test report was issued to know the genotype of the infected virus (15, 16).



Definitions

Asymptomatic patient refers to individuals with laboratory-confirmed SARS-CoV-2 infection but without symptoms throughout their entire course of infection, or after 14 days of follow up (1).

The criteria of discharge: (1) body temperature reached normal for more than 3 days; (2) respiratory symptoms improved significantly; (3) improvement in lung computed tomography scans (CT); (4) negative SARS-CoV-2 RNA tests for 2 consecutive times (24-h interval) (11).

The criteria for nucleic acid turning negative were as follows: the patient's symptoms had basically disappeared, CT examination showed that the lung lesions had been basically absorbed, and more than two consecutive (intervals of more than 24 h) nucleic acid tests were negative, And the interval between positive nucleic acid test and consecutive (intervals of more than 24 h) nucleic acid tests was time of SARS-CoV-2 RNA turning negative (17). Time of hospitalization refers to interval between admission and discharge (18).

WHO has been constantly monitoring and assessing the variantsofSRAS-CoV-2, and variants were categorized as Variants of Interest (VOI) and Variants of Concern (VOC) in accordance to its transmissibility and toxicity (8).

VOI are identified as SARS-CoV-2 variants with genetic changes that are predicted or known to affect virus characteristics such as transmissibility, disease severity, immune escape, diagnostic or therapeutic escape and identified to cause significant community transmission or multiple COVID-19 clusters, in multiple countries with increasing relative prevalence alongside increasing number of cases over time, or other apparent epidemiological impacts to suggest an emerging risk to global public health. VOI mainly include lineage B.1.427, lineage B.1.429, lineage P.2, lineage B.1.525, lineage P.3, lineage B.1.526, lineage B.1.617.1, and lineage C.37 so far.

VOC are identified as SARS-CoV-2 variants that meet the definition of a VOI and have been demonstrated to be associated with one or more of the following changes at a degree of global public health significance: Increase in transmissibility or detrimental change in COVID-19 epidemiology; OR increase in virulence or change in clinical disease presentation; OR decrease in effectiveness of public health and social measures or available diagnostics, vaccines, therapeutics. VOC mainly include lineage B.1.1.7, lineage B.1.351, lineage B.1.351.2, lineage B.1.351.3, lineage P.1, lineage P.1.1, lineage P.1.2, lineage B.1.617, lineage AY.1, lineage AY.2, and lineage AY.3 so far.



Statistical Analysis

All data were analyzed by SPSS26.0 software. Exploratory analysis was used for normality test and P < 0.05 suggests that the data did not obey the normal distribution. The categorical variables were expressed in frequency (percentage) and Chi-square test or Fisher's exact tests were used for comparison between the two groups (the asymptomatic and the symptomatic) and two-sided p of < 0.1 was considered statistically significant. The normal distribution of continuous variables was expressed as mean ± standard deviation, and the skew distribution was expressed as median with interquartile range (IQR). Independent sample T-test or non-parametric test was used, and two-sided p of < 0.1 was considered statistically significant.




RESULTS


Demographic and Basic Clinical Characteristics of the Study Population

As the Table 1 shown, a total of 233 patients diagnosed with COVID-19 were enrolled in this study, composed of 83 asymptomatic patients and 150 symptomatic patients. Eighty three asymptomatic patients had younger average age (32.71 ± 12.17 vs. 36.73 ± 12.55, P = 0.019), less comorbidities (8.4 vs. 20.0%, P = 0.021) such as hypertension (2.4 vs. 9.3%, P = 0.021) and chronic liver disease (1.2 vs. 8.7%, P = 0.045), but higher in chronic lung disease (4.8 vs. 0.7%, P = 0.056) when compared to symptomatic group. There was no significant difference in sex, comorbidity of cardiovascular, cerebrovascular, chronic kidney diseases and the time of SARS-CoV-2 RNA turning negative between the two groups.


Table 1. Clinical characteristics and time of SARS-CoV-2 RNA turning negative in asymptomatic and symptomatic groups.
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Clinical Laboratory Tests of the Study Population

Patients tested positive for SARS-CoV-2 RNA shall be admitted to designated hospital as soon as possible, and the day they got admission, laboratory tests as blood routine, inflammation factors, index of organ function level should be tested immediately for indication of disease severity and guidance of therapy. When compared to the symptomatic group, the asymptomatic group was lower in NE% (55.65 vs. 60.4%, P = 0.019), PCT (0.055 vs. 0.108, P = 0.021), ALT (21 vs. 23.53, P = 0.029), CK (53.5 vs. 71, P = 0.025) and DDI (0.22 vs. 85, P < 0.001), but has higher WBC count (6.155 vs. 5.280, P = 0.002) and LYMPH% (31.3% vs. 27.95, P = 0.011) (Table 1).



Virus Genotypes Analysis

Of the 223 COVID-19 patients in the study, 10 were infected with virus genotypes from PANGOLIN cluster A, 222 were infected with virus genotypes from PANGOLIN B cluster and 1 was infected with virus genotype of PANGOLIN C cluster. Therefore, virus genotypes from PANGOLIN B cluster accounted for more than 95% of the total and were the focus of this study (Table 1).

As Figure 1 shown, the patients were infected with 63 different virus genotypes, of which 4 were from PANGOLIN A cluster, 58 were from PANGOLIN B cluster, and 1 was from PANGOLIN C cluster. And among the 58 virus genotypes from PANGOLIN B cluster, there were 12 kinds of major variants from PANGOLIN B cluster (n ≥ 5): B, B.1, B.1.1, B.1.1.63, B.1.1.7, B.1.351, B.1.36, B.1.36.1, B.1.36.16, B.1.5, B.1.524, and B.6. Among these major genotypes, patients infected with lineage B.1.1 (53.8%),B.1.351 (81.8%), B.1.524 (60%) were mainly asymptomatic, while patients infected with lineage B (90.0%), B.1 (61.8%), B.1.1.63 (88.9%), B.1.1.7 (83.3%), B.1.36 (60.0%), B.1.36.1 (70.0%), B.1.36.16 (76.9%), B.1.5 (90.0%), and B.6 (90.0%) were mainly symptomatic.


[image: Figure 1]
FIGURE 1. Number of patients with different variants. The X axis refers to number of patients that infected with different subtype of virus; the Y axis refers to the different virus subtype that involved in this study. The coronavirus variants that patients enrolled in this study get infected major concentrated in B, B,1, B,1,1, B,1,1,63, B,1,1,7, B.1.351, B.1,36, B.1.36.1, B.1.36.16, B.15, B.1.524, and B.6.


Lineage B.1.1.7 (also known as the Alpha variants) and lineage B.1.351 (also known as the Beta variants) are cataloged as variants of concern (VOC) according to definition proposed by WHO, patients infected with B.1.1.7 were mainly symptomatic, had higher proportion of comorbidities (66.7%) especially chronic liver disease (50%), and had higher ALT level (52.750). For those patients who infected with lineage B.1.351, they were mainly asymptomatic and higher in lymphocyte percentage (60.7%) while lower in CK (46.778) and DDI (0.402) level.



Source Country of the Asymptomatic and Symptomatic Patients

As Figure 2 shown, 233 COVID-19 patients in this study were from 57 different countries or regions. And the patients were mainly associated with Russia, France, Philippines, Ghana, Kuwait, Malaysia, United State of America (USA), Bangladesh, Myanmar, South Africa, Nigeria, Hong Kong (Chinese special administrative region), Indonesia and United Kingdom (UK). Of the patients from Russia, Ghana, Myanmar, Indonesia and especially South Africa, the asymptomatic group were the majority. While of the patients from France, Philippines, Kuwait, Malaysia, USA, Bangladesh, Nigeria, and Hong Kong, the symptomatic were the majority.


[image: Figure 2]
FIGURE 2. Number of patients originated from different countries or regions between asymptomatic and symptomatic groups. The X axis refers to number of patients that come from different countries or regions; the Y axis refers to the different countries or regions that involved in this study. Patients originate from Russia, Ghana, Myanmar, Indonesia and especially South Africa was dominated by asymptomatic cases. While patients originate from France, Philippines, Kuwait, Malaysia, America, Bangladesh, Nigeria, and HK-China were dominated by symptomatic cases.




Laboratory Examinations in Total and Variants Infected Patients

As Table 2 shown, when compared to the other groups, patients with lineage B had higher CK level (157.667 vs. 105.885, P = 0.003) and lower DDI level (604.376 vs. 6280.456, P = 0.081). Patients with lineage B.1were older than the other groups (39.5 vs. 35.3, P = 0.054) and lower ALT (21.891 vs. 26.647, P = 0.097). Lineage B.1.1 had higher rate of asymptomatic patients (53.8 vs. 35.6%, P = 0.040) and lower ESR level (8.4 vs. 13.43, P = 0.091). Patients with lineage B.1.1.63 had higher AST (53.991 vs. 24.703, P = 0.001) and ALT (54.171 vs. 26.647, P = 0.017). Patients with lineage B.1.1.7 had higher comorbidities rate (66.7 vs. 15.9%, P = 0.004), especially in chronic liver disease (50.0 vs. 6.0%, P < 0.001), and higher SpO2% (99.50 vs. 98.49%, P = 0.007) and ALT (52.75 vs. 26.647, P = 0.035). Lineage B.1.351 had higher rate of asymptomatic patients (81.8 vs. 35.6%, P = 0.003), higher LYMPH% (60.7 vs. 30.3%, P < 0.001), lower NE% (47 vs. 58.5%, P = 0.008), CK (46.778 vs. 105.885, P = 0.022), and DDI (0.402 vs. 6280.456, P = 0.046). Lineage B.1.36 hadlower oxygenation index (191.900 vs. 371.970, P = 0.004). Lineage B.1.36.16 had higher ALT level (36.217 vs. 26.647, P = 0.089). Lineage B.1.5 had lower SpO2% (97.5 vs. 98.49%, P = 0.041), and DDI (812.417 vs. 6280.456, P = 0.004). Patients with lineage B.1.524 had higher oxygenation index (472.800 vs. 371.970, P = 0.095), ESR (43.5 vs. 13.43, P = 0.030) and lower CK level (23.574 vs. 105.885, P = 0.088). And those with lineage B.6 were older than the other groups (43.10 vs. 35.30, P = 0.037), had higher hypertension rate (30.0 vs. 6.9%, P = 0.020), higher PCT level (42.109 vs. 14.317, P = 0.013), ALT level (35.040 vs. 26.647, P = 0.066), and lower DDI level (967.051 vs. 6280.456, P = 0.004).


Table 2. Clinical characteristics and time of SARS-CoV-2 RNA turning negative in total and variants infected patients (n ≥ 5).
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Time of SARS-CoV-2 RNA Turning Negative or Hospitalization in Total and Variants Infected Patients

As Tables 2, 3 shown, the total median time of SARS-CoV-2 RNA turning negative and hospitalization were 17 days (IQR 11–25) and 20 days (IQR 14.5–28) relatively. When compared to the whole other groups, we observed that patients with lineage B.1.351 had a longer time of SARS-CoV-2 RNA turning negative (26 vs. 17, P = 0.085) and hospitalization (28 vs. 20, P = 0.085). Patients infected with lineage B.1.36.16 (14 vs. 20, P = 0.063) and B.6 (16 vs. 20, P = 0.073) had a shorter time of hospitalization respectively. Patients infected with Lineage B.1.524 had a much longer time in SARS-CoV-2 RNA turning negative (41 vs. 17, P = 0.007) and hospitalization (43 vs. 20, P = 0.004), which could also see in Figures 3, 4.


Table 3. Comparison of asymptomatic and time of SARS-CoV-2 RNA turning negative between total and variants infected patients (n ≥ 5).
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FIGURE 3. Days of patients with different variants from SARS-CoV-2 RNA positive to negative. The X axis refers to days of patients with different subtype spent in SARS-CoV-2 RNA turning negative; the Y axis refers to the different virus subtype that involved in this study. Patients with lineage B.1.470 had the longest median time of SARS-CoV-2 RNA turning negative, and the shortest were B.3 and B.1.400.



[image: Figure 4]
FIGURE 4. Time from SARS-CoV-2 RNA positive to negative among total and other variants infected patients (n ≥ 5). Patients with lineage B.1.524 significantly spent longer time in SARS-CoV-2 RNA turning negative and hospitalization.


As Figure 3 shown, among all genotypes in this study, the patients with lineage B.1.470 had the longest median time of SARS-CoV-2 RNA turning negative, and the shortest were B.3 and B.1.400. And among the major genotypes from PANGOLIN B cluster (n ≥ 5) in the study, patients with lineage B.1.36.16 had the minimum median time of SARS-CoV-2 RNA turning negative.

As Figure 4 shown, when compared to the total, the patients with lineage B, B.1.1, B.1.1.7, B.1.351, B.1.36.1, B.1.524 had longer median time of SARS-CoV-2 RNA turning negative and hospitalization, and patients with lineage B.1.1.63, B.1.36.16, B.1.5 and B.6 had a shorter median time of SARS-CoV-2 RNA turning negative and hospitalization. Whereas, the median time of SARS-CoV-2 RNA turning negative of patients with lineage B.1.36 was equal to the total, the median time of hospitalization was shorter to the total.




DISCUSSION

Asymptomatic cases of COVID-19 are more often been reported over countries and regions, the proportion of asymptomatic cases out of positive SARS-CoV-2 RNA infectors could range from 4 to 91.7% quoted from related studies (1, 9, 19). These studies reported that asymptomatic cases were younger and had a higher proportion of women (see previous), lower in monocytes and alanine aminotransferase compared to symptomatic cases. The prevalence of asymptomatic case reported from those studies varies a lot, also lack of clinical outcome and message of virus subtype. To verify the prevalence and characteristics of asymptomatic cases, this study was conducted and to further explore the impact of different virus subtype could do to clinical manifestation of COVID-19 patients.

The proportion of asymptomatic cases in this study was 35.6%. Previous reports had suggested that asymptomatic cases can also be communicable (20–23) and more easily to cause popular transmission in community than symptomatic cases since the public are much alert to people who have symptoms like cough, fever or etc. that rather attract attention and have been detected earlier. But patients with no symptom manifested could relax the guard instead. Thus, recognizing asymptomatic patient at an early stage and taking action to it plays an important role in prevention and control of COVID-19 nowadays.

Our data revealed that asymptomatic patients comprised majorly of Mongolian, and were younger, had lower rate in comorbidities such as hypertension and chronic liver disease. As for laboratory test, we discovered that asymptomatic patients were higher in WBC count and lymphocyte, but lower in pct, ALT and DDI compared to symptomatic patients. The results indicated that younger patients with less comorbidities prone to be asymptomatic when infected with novel coronavirus, due to their stronger immune function, they had milder inflammation response and less damage to organ function.

Qin, Wang, Qu et al. (24–26) suggested that decreased lymphocyte account indicated a severe phenotype of inflammation or disease which leads to longer hospitalization time. And there are studies noticed that higher D-Dimer level has a positive relationship to severity of COVID-19 disease and hospitalization (26–28). Laboratory tests in our study recommend that inflammatory response was milder in asymptomatic patients and less in liver damage that consist with lower comorbidity especially chronic liver disease mentioned before, which could explain the slight clinical symptoms.

Though some studies reported higher proportion of female in asymptomatic cases (1, 4), no significant differences in gender between symptomatic and asymptomatic group were observed in this study, further study of larger sample size was needed for verification.

Nevertheless, no significant difference shown in time of positive SARS-CoV-2 RNA turn negative between asymptomatic and symptomatic patients, this reminds a similar viral shedding between the two groups, and there is report suggested viral load between symptomatic and asymptomatic patients had no difference neither (29). But what makes this significant difference in clinical features between symptomatic and asymptomatic patients left in a mystery, and we wonder whether different viral subtype could be relevant.

SARS-CoV-2 RNA is easily getting mutate during its duplication, and patients infected with different variants of coronavirus could be various in pattern of clinical manifestation, course of disease and prognosis, which brings huge difficulty to diagnosis, therapy and prevention in clinics.

We managed to gain the 233 patient's nasopharyngeal or oral swab, those specimens went through rt-PCR test to clear its variants that got infected, and clarified with PANGOLIN lineage, among which, only 10 patients were infected with PANGOLIN A cluster, 1 patient was infected with PANGOLIN C cluster, and the other 222 patients were infected with PANGOLIN B cluster. Most of the patients enrolled in this study were infected with variants from PANGOLIN B cluster, and based on the difference of spike mutation of SRAS-CoV-2, PANGOLIN B cluster was further divided into different variants.

From our data, the variants patients got infected majorly concentrated on lineage B, B.1, B.1.1, B.1.1.63, B.1.1.7, B.1.351, B.1.36, B.1.36.1, B.1.36.16, B.1.5, B.1.524 and B.6. Among them, patients infected with lineage B.1.1, B.1.351 and lineage B.1.524 were dominate by asymptomatic infectors. Due to the few amounts of patients infected with other lineages, the 12 lineages above were chosen separately as subgroup for further analysis, comparison between every single lineage subgroup and other subgroups were performed.

Among 12 variants above, B.1.1.7 and B.1.351 were cataloged as VOC, and the other 10 variants neither VOC nor VOI. Time of SARS-CoV-2 RNA turning negative in VOC group was longer than in total. 83.3% of patients infected with B.1.1.7 (the Alpha variant) were symptomatic, had higher comorbidity rate and ALT level, which comply with common know. However, patients infected with B.1.351 were mainly asymptomatic (81.8%), and had higher level of lymphocyte account, ALT and DDI, spent longer time in SARS-CoV-2 RNA turning negative. The elevated ALT and DDI level could be explained by its stronger toxicity, but the high asymptomatic ratio, which disobeyed its characteristics, bring us confusion. With the increasing number of COVID-19 patients, the public's alert to this pandemic is growing, and detection of COVID-19 is more intensive and rigorous. For example, people who take public transportations shall go through examinations by local staff from Centers for Disease Control (CDC), and those had clinical symptoms such as fever, cough or etc. are much more difficult to pass these examinations, infected people with milder symptoms or even lack of them are more possible to escape and travel to other country or region, and this may explain why patients infected with B.1.351 enrolled in this study are majorly asymptomatic.

When compared to the total, we observed that 60% patients infected with lineage B.1.524 were asymptomatic, they hada longer time in SARS-CoV-2 RNA turning negative and hospitalization, even longer than VOC group (B.1.1.7 + B.1.351), prompted B.1.524 has longer viral shedding period. There is a study reported that SARS-CoV-2 from third wave clusters in Malaysia was dominant by local lineage B.1.524 (30). The long viral shedding time in lineage B.1.524 madeit longer to turn SARS-CoV-2 RNA negative, indicated a wilder time range to cause transmission especially from asymptomatic patients. Asymptomatic infection would decrease our alertness and more easily to spread in public, difficulties in epidemic prevention would increase and more medical resource would be consumed. For symptomatic patients infected with B.1.524, the long time in SARS-CoV-2 RNA turning negative and hospitalization indicate greater viral load that could be much burden to patient's organ function and aggravate poor prognosis.

Lineage B.1.524 shall attract more concentration, nonetheless that this study was lack of enough sample and data to analyze the transmissibility and toxicity of lineage B.1.524, thus further multi-center study was expected to be conducted.

There are limitations in our study. We collected data of SARS-CoV-2 RNA turn negative time and speculate its similar viral shedding time among different variants, but no specimens had been tested for viral load at patients got admission, and samples of variants are in deficiency. We expect to collect data of viral load, virus subtype and information of spread, analysis could be made to compare the toxicity of different variants.

In conclusion, asymptomatic cases are prone to develop in patients with younger age, comparatively good immune and organ function and less comorbidities, especially those who infected with lineage B.1.1 and B.1.524. More attention should be paid to lineage B.1.524 for it can cause poor prognosis and significantly prolong the SARS-CoV-2 RNA negative conversion time and hospitalization.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) transmission has resulted in a significant burden among nursing home facilities globally. This prospective observational cohort study aims to define the potential sources of introduction and characteristics of SARS-CoV-2 transmission of the first nursing home facility in Singapore. An epidemiological serial point-prevalence survey of SARS-CoV-2 was conducted among 108 residents and 56 healthcare staff (HCS). In the current study, 14 (13%) residents and two (3.6%) HCS were diagnosed with coronavirus disease 2019 (COVID-19), with a case fatality rate (CFR) of 28.6% (4/14) among the residents. The median age of the infected residents was 86.5 [interquartile range (IQR) 78.5–88] and 85.7% were women. Five residents were symptomatic (35.7%) and the others were asymptomatic (64.3%). A higher proportion of residents who succumbed to COVID-19 had hypertension than those who recovered. The SARS-CoV-2 whole-genome sequencing showed lineage B.6 which is rare globally but common regionally during the early phase of the pandemic. Household transmission is a potential source of introduction into the nursing home, with at least six epidemiologically linked secondary cases. Male residents were less implicated due to the staff segregation plan by block. Among residents, a higher proportion of the non-survivors were asymptomatic and had hypertension compared with survivors.

Keywords: public health, epidemiology, genomic epidemiology, nursing home, infection prevention and control


SIGNIFICANCE OF THIS STUDY

What is already known about this subject?

• Nursing homes have been associated with high mortality and morbidity due to COVID-19 disease.

• A high level of infection prevention and control is important to reduce the risk of transmission.

• The source of introduction is usually challenging to determine.

What are the new findings?

• Infected residents were largely asymptomatic.

• Residents who succumbed to COVID-19 were largely asymptomatic and had hypertension.

• Healthcare staff has a lower risk of infection as compared with residents.

• Phylogenetic analyses of the viral genetic material from infected staff suggested staff who stayed outside the nursing home facility as a potential source of introduction.

How might these results change the focus of research or clinical practice?

• Active surveillance for SARS-CoV-2 infection among residents and nursing staff in a nursing home is critical to reducing the risk of an introduction and transmission.

• Reducing the number of residents per ward and per HCS would reduce the risk of transmission.



INTRODUCTION

Enhanced surveillance was activated across the whole public health system in Singapore since the reported cluster in Wuhan, China in December 2019. The first imported and locally transmitted coronavirus disease 2019 (COVID-19) cases detected in Singapore were on January 23 and February 1, 2020, respectively. Although a slew of public health measures, such as active contact tracing, quarantine of close contacts, and travel restrictions were implemented, the number of community cases started to increase significantly toward the end of March. To reduce transmission of the virus in the community, Singapore introduced a modified lockdown known as “circuit breaker,” which was enforced from April 7 to June 1, 2020. Post-lockdown on June 9, 2020, there were about 39,000 cases and 25 deaths reported in Singapore.

Nursing homes have been associated with high mortality and morbidity in many countries due to the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus, which resulted in the COVID-19 (1–4). Nursing homes are communal living facilities with a vulnerable population that requires rendered care, tends to be older, and has multiple comorbidities, cognitive and physical disabilities. They are a hotbed for large outbreaks because of difficulties in the detection and implementation of safe distancing and infection control measures (5, 6).

Nursing homes in Singapore are long-term care facilities catering to those who require skilled nursing care, medical care, and rehabilitative services. There are 77 nursing homes (40% privately run, remaining publicly owned or not for profit) with a total of 16,221 beds (24% of beds are in private nursing homes, remaining in publicly owned or not-for-profit nursing homes). The average nursing home size is about 250 beds but ranges from 16 to 624 beds (in 2020). Very few residents have private rooms; almost all residents stay in shared rooms with 4 or more beds. There are always nursing and care staff on hand, with regular consultations provided by general practitioners, specialists, and allied health professionals. Although the incidences of COVID-19 from nursing homes are very low during the early phase of the pandemic in Singapore (7, 8), it is still important to learn from every nursing home cluster that had occurred. In this study, we aim to identify the potential source of infection and characteristics of SARS-CoV-2 transmission through a combination of clinical, epidemiological, laboratory, and phylogenetic approaches.



METHODS


Serial Point-Prevalence Survey (PPS)

A serial point-prevalence survey (PPS) among the residents was performed to assess the extent of transmission. For the initial PPS, nasopharyngeal swabs were performed on all residents of the facility and healthcare workers (HCWs) who were symptomatic. During any other time, residents and HCWs who were symptomatic were conveyed to an acute hospital for further evaluation to rule out COVID-19. Individuals who had positive swab PCR results were immediately admitted to the hospital for isolation and further management.



Coronavirus Disease 2019 Laboratory Diagnosis, Sequencing, and Phylogenetic Investigation

All primary samples tested PCR positive for SARS-CoV-2 by reverse transcription PCR (RT-PCR) at diagnostic laboratories were forwarded to the National Public Health Laboratory, under the provisions of the Infectious Diseases Act in Singapore for testing and validation using an in-house method as previously described (9). Briefly, three specific real-time RT-PCR methods targeting the N, S, and ORF1ab genes were designed to detect the presence of SARS-CoV-2 in clinical samples. The primer sequences for the N gene are: forward primer 5′ CTC AGT CCA AGA TGG TAT TTC T; and reverse primer 5′ AGC ACC ATA GGG AAG TCC. The probe sequence is 5′ FAM-ACC TAG GAA CTG GCC CAG AAG CT-BHQ1. The sequences for the ORFlab real-time RT-PCR are: forward primer 5′ TCA TTG TTA AYG CCT ATA TTA ACC; reverse primer: 5′ CAC TTA ATG TAA GGC TTT GTT AAG; and probe: 5′ FAM-AAC TGC AGA GTC ACA TGT TGA CA-BHQ1. The sequences for the S gene real-time RT-PCR are: forward primer 5′ TAT ACA TGT CTC TGG GAC CA; reverse primer 5′ ATC CAG CCT CTT ATT ATG TTA GAC; Probe: 5′ FAM-CTA AGA GGT TTG ATA ACC CTG TCC TAC C-BHQ1. Thermal cycling for N gene real-time RT-PCR assays was performed at 50°C for 20 min for reverse transcription, 95°C for 15 min, 50 cycles of 94°C for 5 s, 55°C for 1 min. Thermal cycling for both ORF1ab and S gene real-time RT-PCR assays were performed at 50°C for 20 min for reverse transcription, 95°C for 15 min, 50 cycles of 94°C for 5 s, 50°C for 20 s, and 72°C for 20 s.

Residual RNA was subjected to tiled amplicon PCR using ARTIC nCoV-2019 version 3 panel (10), where One-Step RT-PCR was performed using the SuperScript™ III One-Step RT-PCR System with Platinum™ Taq DNA Polymerase (Thermo Fisher Scientific, MA, USA). Sequencing libraries were prepared using the Nextera XT and sequenced on MiSeq (Illumina, CA, USA) to generate 300 bp paired-end reads. The reads were subjected to a hard-trim of 50 bp on each side to remove primer artifacts using BBMap prior to consensus sequence generation by Burrows-Wheeler Aligner-MEM v0.7.17, with default settings (11). The generated consensus sequences were shared via a global initiative on sharing avian flu data (GISAID) (12). Closely related representative strains from other countries (99.99% identity and matching the time window) were identified in the GISAID database using BLASTN (13). Due to the epidemiological context of travel from Sri Lanka for one case, the three phylogenetically closest sequences in GISAID from Sri Lanka were included. All sequences were aligned using MAFFT (v7.427) (14), with hCoV-19/Wuhan/WIV04/2019 (accession: EPI_ISL_402124) as a reference together with CoV-19/Singapore/1/2020 (EPI_ISL_406973) to root the tree. The alignment was manually inspected and trimmed using Jalview (15). IQ-TREE v1.6.1 (16) was used with ModelFinder (17) and 1,000 step ultrafast bootstrapping (18) to create a maximum likelihood phylogenetic tree with zero length branches collapsed. A total of 41 sequences were reannotated with the latest Pango versions (updated regularly on GISAID) and it shows the majority fall into lineage B.6.6 (which became more detailed from B.6 previously after the Pango update) and the GISAID clades remain the same. The CoVsurver was used to calculate all amino acid mutations and if they occur in relevant sites with known phenotypes. None of them appear relevant from a possible functional perspective (Supplementary Material).



Statistical Analysis

Descriptive analysis was conducted using median and interquartile range (IQR) for continuous data, the percentage for categorical data. Chi-square and t-tests were performed for categorical and continuous data, respectively. The value of p = 0.05 was used as the cut-off for statistical significance using STATA software (Stata Corp LLC, TX, USA).



Ethics Declaration

This study was conducted in response to a national public health emergency. All above-mentioned activities and measures were performed in accordance with the guidelines and guidance of the laboratory safety, infection prevention and control, and clinical management circulars approved by the Ministry of Health (MoH) for the management of the COVID-19 outbreak as well as the Infectious Diseases Act enacted by Parliament in Singapore to safeguard the public health in Singapore. Informed consent was obtained from all subjects under the Infectious Diseases Act.




RESULTS


Epidemiological Investigation and Responses

The nursing facility had a 111-bed capacity with 55 female residents, 53 male residents, and 56 HCWs at the time of the outbreak. The facility is housed across 3 single-level blocks—block A housed both men and women in two separate wings, block B housed only male residents, and block C had only female residents (Figure 1). Each block consists of 3–5 cubicles with 4–18 beds in each cubicle and the residential areas had natural ventilation with fans. Approximately 20% of the residents were ambulant. The remainder were non-ambulant or required assistance. All residents were of Chinese ethnicity.


[image: Figure 1]
FIGURE 1. Spot map of the facility. Schematic diagram of the facility (not drawn to scale) showing the spot map of infected cases and date of diagnosis; residents who were moved out of the facility on day 8 (April 7) of the outbreak.


On March 30, 2020, a female resident had developed a fever. The woman was conveyed to an acute hospital after the condition deteriorated despite having received treatment for presumed aspiration pneumonia. The woman was diagnosed with COVID-19 on March 31. Active surveillance at the facility and enhanced infection prevention and control practices (IPC) were implemented. The activities and contact tracing of each case in the last 14 days were performed to obtain information on the nature and duration of all possible exposure to the index case during the infectious period among the staff, visitors, and female residents using a standardized institutional contact tracing template. Possible epidemiological links between cases and their household members were derived and analyzed from interviews with nursing home staff and affected household members. An imported case was defined as a laboratory-confirmed case identified in Singapore with travel history from COVID-19 affected countries in the last 14 days before the onset of symptoms. The swabs for residents were performed on-site by a mobile team for PCR testing for SARS-CoV-2, which were completed by April 1, 2020. Thereafter, weekly point-prevalence surveys for asymptomatic residents were performed on April 6, 13, 20, and 24, 2020. All epidemiological investigations were implemented under the Infectious Diseases Act, and this included the use of data for analysis to guide public health interventions to control outbreaks.

The accommodation arrangements for the HCWs were reviewed to assess the risk of staff cross-infection. In accordance with the national policy enacted in February 2020, HCWs in the facility were segregated into different care teams based on the different blocks. The remaining residents of some of the affected wards were isolated in a vacant nursing home temporarily, after the second round of tests to minimize the ongoing transmission. Other residents chosen to be isolated were ambulant individuals with cognitive impairment who could not comply with movement restrictions (Figure 1). New admission or transfer of returning residents was suspended, except for returning residents who recovered from COVID-19 infection and were non-infectious.

With the identification of the index case, personal protective equipment (PPE) was stepped-up in patient care areas to add gloves and gowns, in addition to the pre-existing requirement for surgical masks. The N95 masks and eye protection were used when performing aerosol-generating procedures (such as suctioning and nasopharyngeal swabs) and when caring for residents with symptoms of acute respiratory infection. Alcohol-based hand sanitizers were strategically placed, and PPE donning and doffing locations were identified. The frequency of environmental cleaning of high-touch areas was increased. Nursing practice was changed to minimize the risk of cross-contamination from commonly used items, equipment, and supplies.



Demographic and Clinical Characteristics of SARS-CoV-2 Infected Cases

Among the 108 residents and 56 HCWs in the nursing home, 14 (13%) residents and two (3.6%) HCWs were diagnosed with COVID-19, corresponding to an overall attack rate of 9.8% (16/164). A higher proportion of residents who succumbed to COVID-19 had hypertension than those who recovered. The median age of the infected residents was 86.5 years (IQR 78.5–88) and 85.7% were women. Table 1 shows the characteristics of the infected residents and HCW. Nine residents and two HCWs (S1 and S2), excluding the index case, were diagnosed within the first 2 days of the outbreak. The two HCWs (S1 and S2) were women, of Indian nationality, in their early 40s and 30s years of age, respectively, and were taking care of the female wards. Three other residents were diagnosed on April 6 and 1 resident, R14, was diagnosed on April 20 (Figure 2). The last diagnosed resident was transferred to an acute hospital on Day 10 (April 9) of the outbreak for non-respiratory symptoms and was isolated throughout the whole hospitalization. The resident was asymptomatic prior to being diagnosed on April 20. Other than the index case, four other residents were symptomatic (35.7%) and the rest were asymptomatic (64.3%) before the time of the tests (Figure 2). However, four residents were found to be febrile on the day of admission (range 37.6–38.2°C) and 2 others developed a fever after the admission. Two infected residents had poor oral intake and hypoactive delirium with no respiratory symptoms. Eight of the infected residents were non-ambulant.


Table 1. Characteristics of nursing home residents and healthcare workers (HCWs) with coronavirus disease 2019 (COVID-19).
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FIGURE 2. Epicurve and characteristics of coronavirus disease 2019 (COVID-19) cases. Epicurve was charted based on the onset of symptoms and swab positive notification from the serial point-prevalence survey. Gender, age, ethnicity (C, Chinese; M, Malay; and I, Indian), symptomatic status, date of PCR test, admission, and fatality were highlighted. The index and primary cases of the nursing home outbreak are R1 and S1, respectively. H1 is the household member of S1.


The cubicle with the highest number of cases was in block C (Figure 1). This cubicle had residents who were ambulant and had shouting behavior. Four residents, including the index case, died from COVID-19, resulting in a case-fatality rate of 28.6%. They were 80, 85, 86, and 96 years old, and died between 9 and 25 days from the date of diagnosis. All the others only had a mild illness. The outbreak was declared closed on April 24, 14 days after the last affected case had been transferred out of the facility.

Among the staff, 18 lived in the on-site dormitory while 38 of them lived outside the facility in their own homes. As there was free social interaction among staff, all staff were regarded as potential contacts and were placed on 14 days quarantine from the start of the outbreak. No visitors were found to be in close contact with the index case in the last 14 days before the onset of symptoms.



Epidemiological and Phylogenetic Characteristics of SARS-CoV-2 Transmission

The primary case of the nursing home is likely to be one of the infected HCW, Nurse S1, who had onset of symptom (headache) on March 17 while at work and had fever (38.2°C) on March 18 (Figure 4). Nurse S1 was on sick leave between March 18 and 24. In addition, the nurse did not have any recent travel history nor any known exposure to positive cases in the last 14 days before the first symptom onset. Notably, the husband (H1) of the nurse had traveled to Sri Lanka on February 26 and had arrived back in Singapore on March 14. As the 14-day stay home quarantine measure was only implemented for all inbound travelers as of 21 March 2020, the husband was not implicated with the home quarantine measure. However, a health advisory was provided to monitor their health and to seek medical attention if they display any respiratory symptoms. Therefore, the husband (H1) recalled that his first symptom onset was only on March 30. Both Nurse S1 and husband (H1) were diagnosed with COVID-19 on April 1 (Figure 2). All other nine household contacts of the two infected HCW were quarantined and were not COVID-19 positive.

With the exception of R14, phylogenetic analysis of SARS-CoV-2 genome sequences obtained from all cases, including H1, was grouped into a single cluster (Figure 3, labeled in blue). This cluster was supported by a single mutation (T27588A) not found in other sequences in the database before the nursing home outbreak. In contrast, R14 bore a C23185T mutation which was absent as compared with other cases but was common among B.6 lineage sequences circulating in Singapore. This suggests that there might be more than one introduction of different strains of SARS-CoV-2 in this nursing home outbreak. However, definitive evidence was not available from this investigation, as only the symptomatic HCWs were screened and the full genomic sequences of R3, who was residing beside R14 in the same ward (Figure 1), was not successfully sequenced for comparison.


[image: Figure 3]
FIGURE 3. Phylogenetic tree of nursing home and the associated household member. The whole genome sequences of the cases from the nursing home (highlighted in blue) were closely clustered together, except for R14 (highlighted in orange). H1, the whole genome sequence of the husband of nursing staff S1 was genetically similar to the cases of the nursing home cluster and the India sequence. Viral quantity and quality were not high enough to conduct the whole genome sequencing for R3, R10, S1, and S2 successfully.


The nursing home outbreak sequences belonged to pangolin B.6 lineage (part of other GISAID clades not common globally), which predominantly circulated in Asia (primarily in India with 41% of all submitted strains between March and April 2020 classified as B.6, Malaysia 74% and Singapore 61% compared with only 1% globally). The extent of B.6 viruses circulating in Sri Lanka is unknown due to limited Sri Lanka sequences submitted into GISAID (14 as of September 7, 2020), even though the outbreak in Sri Lanka was identified on March 9, 2020. The phylogenetically closest strains from Sri Lanka in the database are classified as lineage B.4 and share a common ancestor with lineage B.6 characterized by variant G11083T. It is possible but not genetically proven that B.6 lineage strains circulated in Sri Lanka during the relevant time period.

As such, there are two possibilities of transmission in the household. First, Nurse S1 had acquired the infection from her husband H1 pre-symptomatically, albeit less likely as the symptom onset was 13 days earlier than the husband and in view of the lack of other epidemiological exposure or contact with other confirmed cases (Figure 4). Second, Nurse S1 might have transmitted the virus to the husband (H1) after the onset of symptoms on April 17, 2020, with at least six epidemiologically linked secondary cases (Figures 3, 4).


[image: Figure 4]
FIGURE 4. Epidemiological transmission and linkages between a household cluster and nursing home cluster. Pre-symptomatic household transmission occurred from H1 (husband of S1; travel history to Sri Lanka and returned on March 14) to S1 (wife of H1; staff nurse of a nursing home). This led to the introduction of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) transmission within the nursing home.





DISCUSSION

The first COVID-19 outbreak in a nursing home in Singapore had an attack rate of 13% (14/108) and a CFR of 28.6% (4/14) among its residents. The CFR is significantly higher than the national rate of 0.1%, as of August 2020, and this is similar to nursing home outbreaks in Canada (19) and the United States (4). Residents residing in the nursing home tend to be elderly, frail, have multiple comorbidities, and impairment in function and cognition, which would have limited their ability to report symptoms accurately or they tend to have atypical presentation (20). The transmission rate may also increase if cognitively impaired residents continue to wander around the facility. By pre-emptively transferring these residents out of the facility for isolation, the further transmission was effectively curtailed.

Studies of other clusters have established pre-symptomatic and asymptomatic transmission of SARS-CoV-2 (2, 21, 22) and this is biologically plausible (23). Such transmissions pose challenges to the early detection and containment of outbreaks. Serial PPS, if resources permit, may allow for early detection of asymptomatic and pre-symptomatic patients to suppress transmission (2, 3, 24–26). Undetected infections have been shown to cause larger outbreaks in some clusters and mass screening rather than symptom-based testing is now widely accepted as the preferred strategy for the management of nursing home outbreaks (26–28). Strict compliance to IPC is critical as it may minimize the risk of pre-symptomatic transmission from HCWs to residents.

This outbreak only had two infected male residents compared with 12 female residents. The relative protection among the male wards was likely attributable to two infected HCWs who were managing the female wards, and the strategy of team segregation and cohorting which has been shown to be effective in limiting spread (29). However, this staff segregation needs to be maintained not only at work but also during mealtimes and social activities, and among the residential living arrangement of staff. Otherwise, inherent risks for cross infection will be present. Reducing the risk of infection among staff members has been associated with decreasing the risk of mortality among the residents (19).

Based on the epidemiological analysis, the HCW is potentially the source of transmission in this nursing home outbreak, despite adhering to PPE guidelines and taking sick leave. HCW who mingle in the community and engage in social interactions outside of work are a potential weak link in the prevention of outbreaks in a nursing home, especially when community spread is prevalent in the population. From May 2 to June 1, 2020, when community transmissions were evident in Singapore, the MoH implemented additional supportive measures to lodge most HCWs who were providing direct care to nursing home residents in hotels or dormitories on-site to minimize their exposure to infections in the community. HCWs underwent stringent health status checks and were required to declare family travel history as part of active surveillance. In addition, with effect from May 8, all healthcare staff (HCS) and residents at the nursing homes who developed acute respiratory symptoms were required to undergo testing for COVID-19. Strict implementation of infection prevention and control practices (30), improving air flow (31), active case finding through contact tracing with early detection, and isolation of close contacts and positive cases (32) as well as staff and associated households segregation plans can significantly reduce the morbidity and mortality of residents in a nursing home outbreak. On another perspective, household-based nursing care may not be the best alternative approach to reduce the risk of spread among these vulnerable older adults, especially when residing with working-age adults who have a high risk of exposure from their social, workplace, and community contacts (33). Furthermore, a safe and effective vaccine against SARS-CoV-2 should be prioritized among the HCS and residents in nursing homes whenever earliest possible.

There are some limitations to this investigation. The activities in the last 14 days and onset of symptoms of the detected cases were based on recall and hence, there was potential recall bias. However, the shift work of nursing staff and activities of residents as well as travel history were well-documented. As only symptomatic HCWs were screened, the possibility of more than one introduction of SARS-CoV-2 cannot be completely excluded. However, the likelihood is low as infection prevention and control measures were further strengthened after the index case was identified. Point prevalence survey was only done on all residents and only among symptomatic HCW. Moreover, seroprevalence was not performed, due to the lack of a validated serology platform, to assess the overall COVID-19 positivity rate of the nursing home during the early phase of a pandemic. Hence, there is a potential underestimation of attack rate and overestimation of CFR. Although the availability of whole genomic sequencing provides additional evidence to strengthen the epidemiological linkages, the incomplete whole genome sequences of the two HCW cases and the limited submission of genetic sequences from Sri Lanka potentially underestimate the likelihood of the phylogenetic linkages between Sri Lanka and the nursing home outbreak.



CONCLUSION

The nursing home is vulnerable to SARS-CoV-2 introduction and transmission among the infected nursing staff who have direct household and community contacts. There is potentially high case fatality and secondary attack rates in nursing homes without a regular serial screening of SARS-CoV-2 among residents and HCS.
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The worldwide spread of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused an unprecedented public health crisis in the 21st century. As the pandemic evolves, the emergence of SARS-CoV-2 has been characterized by the emergence of new variants of concern (VOCs), which resulted in a catastrophic impact on SARS-CoV-2 infection. In light of this, research groups around the world are unraveling key aspects of the associated illness, coronavirus disease 2019 (COVID-19). A cumulative body of data has indicated that the SARS-CoV-2 viral load may be a determinant of the COVID-19 severity. Here we summarize the main characteristics of the emerging variants of SARS-CoV-2, discussing their impact on viral transmissibility, viral load, disease severity, vaccine breakthrough, and lethality among COVID-19 patients. We also provide a rundown of the rapidly expanding scientific evidence from clinical studies and animal models that indicate how viral load could be linked to COVID-19 prognosis and vaccine efficacy among vaccinated individuals, highlighting the differences compared to unvaccinated individuals.
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INTRODUCTION

The emergence of coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has resulted in a worldwide emergency through rapid expansion of the virus (1). Clinically, most COVID-19 patients present mild or moderate symptoms, but ~15% of infected patients progress to pneumonia and 5% eventually develop more critical manifestations including acute respiratory distress syndrome (ARDS), and multiple organ dysfunction or failure (2, 3). Many studies have sought to elucidate predictors for COVID-19 severity in order to guide clinical management and prognosis of the disease and shed light into new therapeutic strategies (4). With this in mind, a growing body of evidence suggests that severe forms COVID-19 are associated with pronounced lymphopenia, lymphocyte dysfunction and activation, monocyte and granulocyte abnormalities, cytokine storm (increased levels of IL-1β, IL-6, IL-2, IL-8, IL-17, IP10, MCP1, MIP1α, G-CSF, GM-CSF, and TNF-α), high levels of C-reactive protein (CRP), D-dimer, immunoglobulin G (IgG), and total antibodies (4–7). Additionally, a number of reports have investigated the correlation between high viral loads and COVID-19 severity, where the results demonstrated high, little, or no statistical correlation with COVID-19 disease severity (6, 8–19).

As of December 28, 2021, SARS-CoV-2 accounted for more than 281.6 million infections and over 5.4 million deaths across the world-wide human population (1). Approximately 2 years have passed since the emergence of the virus, SARS-CoV-2 genomes are being routinely monitored through epidemiological investigations, virus genetic sequence-based surveillance, and shared at an unprecedented rate, with more than 6.5 million SARS-CoV-2 sequences available via the Global Initiative on Sharing All Influenza Data (GISAID), permitting near real-time surveillance and track the emergence of SARS-COV-2 mutations and new variants (20). Although most mutations in the SARS-CoV-2 genome are expected to be either neutral or deleterious, a proportion of these mutations will affect functional and viral properties in a way that confers a fitness advantage, which may alter infectivity, tropism, virulence, transmissibility, and/or interactions with host immunity (21). Beneficial mutations tend to occur in the minority of cases, when compared to negative effect or no effect “neutral” mutations (21). Notably, many of these beneficial mutations are due to non-synonymous nucleotide substitutions in key areas of the immunodominant spike protein of SARS-CoV-2, resulting in a change in amino acid. Five main variants of concern (VOCs) have emerged since the beginning of the pandemic and have attracted the most widespread attention: alpha (B.1.1.7) in the United Kingdom, beta (B.1.351) in South Africa, gamma (P.1) in Brazil, delta (B.1.617.2) in India, and omicron (B.1.1.529) in Botswana and South Africa (22–27). These variants have been associated with increased transmissibility, viral load, disease severity, evasion of immunity from infection and vaccinations, and reduced susceptibility to monoclonal antibody therapies (22, 23, 28–30), resulting in a catastrophic impact on SARS-COV-2 infection.

Based on the scientific knowledge published so far, we summarize the main characteristics of the emerging variants of SARS-CoV-2, including their impact on viral transmissibility, viral load, disease severity, vaccine breakthrough, and lethality among COVID-19 patients. We also discuss the rapidly expanding scientific evidence from clinical studies and animal models that indicate how viral load could be linked to COVID-19 prognosis and vaccine efficacy among vaccinated individuals, shedding light the differences compared to unvaccinated individuals (Figure 1).


[image: Figure 1]
FIGURE 1. SARS-CoV-2 variants of concern and their impact on viral load, disease severity and vaccine efficacy. All approved COVID-19 vaccines are effective against the variants in circulation. However, in general the effectiveness is slightly lower against them and new variants may have mutations capable of breaking the protective immune barrier generated by existing vaccines. Vaccines together with mitigating measures such as social distance, mask wearing, ventilation and hygiene are important to counter the spread of these variants. Evidence from clinical studies and animal models has indicated that SARS-CoV-2 infectious dose is one likely determinant of ultimate COVID-19 severity and prognosis. However, reduction in hygiene care, mask wearing and social isolation further greater viral transmissibility. In summary, most studies have concluded that vaccination reduces the risk of infection by VOC infection and accelerated viral clearance. Figure 1 was created with Biorender.com under academic license.




EMERGING SARS-CoV-2 VARIANTS OF CONCERN

During replication of SARS-CoV-2, the RNA-dependent RNA polymerase introduces mutations in the viral genome which may be subjected to selection pressures and then fixed in the population. It has been estimated that an average of 0.5 mutations are accumulated in every person during infection cycle (31). Given the high transmission rates of SARS-CoV-2 around the world, virtually every single base mutation is being generated de novo and transmitted daily to a new human host (31). To give rise to new variants, a SARS-CoV-2 mutant must overcome selection pressures and successfully establish a transmission chain among humans (31), which is the major bottleneck for SARS-CoV-2 inter-host dynamics, in which most mutated viruses do not transmit from their original host to another person (32). But despite this, several SARS-CoV-2 variants have been emerging and circulating widely since the beginning of the COVID-19 pandemic (Table 1).


Table 1. Characterization of SARS-CoV-2 variants of concern.
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Given the evolution of SARS-CoV-2 as the pandemic continues, a US government interagency group has developed a variant classification scheme to categorize mutant viruses that have arisen in the human population. The variants of concern (VOC) are the most relevant. According to their definition, a VOC is “a variant for which there is evidence of an increase in transmissibility, more severe disease (for example, increased hospitalizations or deaths), significant reduction in neutralization by antibodies generated during previous infection or vaccination, reduced effectiveness of treatments or vaccines, or diagnostic detection failures” (27).

The first SARS-CoV-2 VOC was the alpha variant, which emerged in September 2020 in the UK and rapidly become the dominant circulating variant spreading for 169 countries, presenting a cumulative world prevalence of 21% (https://outbreak.info/situation-reports). This variant belongs to Pango lineage B1.1.7, derived from clade 20I (V1) (91). The spike protein harbors several most mutations (Δ69–70 deletion, Δ144 deletion, N501Y, A570D, D614G, P681H, T716I, S982A, D1118H) (33, 92). Phylogenetic analyses indicate that the alpha variant was associated with a growth rate estimated to be 40–70% higher than that of other SARS-CoV-2 variants (38). The N501Y and A570D mutations, located in the region binding domain (RBD), have been related to increase of viral binding affinity to ACE2 host receptor, contributing to transmissibility (33, 57, 93). Others such as P681H, exclusive of alpha VOC and localized adjacent to the furin cleavage site, may be involved in membrane fusion and immune escape (66). The Δ69–70 and Δ144 deletions may to affect the viral recognition, by neutralizing antibodies (Nabs), the testing kit failures (94, 95) and antibody escape (96). Previous studies in hamsters infected by SARS-CoV-2 and human for N501Y, Δ69 deletion and Δ70 deletion, observed a relation between these mutations with high viral load levels in nasal secretions and upper airway (in hamsters), and human airway epithelial cells (97). As well as the ancestor B.1 strain, the alpha variant could produce a high viral load, leading to a low Ct value in RT-qPCR-based diagnosis (47) while being ~50% more transmissible (33, 38, 39, 98). Previous analysis by Public Health England suggested an increase of death risk in patients infected by alpha VOC (99–101). The reinfection risk is very low (39). Mutations in alpha VOC have been related to reduce the neutralizing activity of monoclonal antibody-based therapies. Alpha VOC is refractory to neutralization by most monoclonal antibodies (mAbs) targeting the N-terminal domain (NTD) and is relatively resistant to mAbs against the RBD (102, 103). It is susceptible to neutralizing mAbs as well as by most plasma samples from previously infected and vaccinated individuals (29, 47, 63, 104–107). The sera from individuals who received the BNT162b2 (Pfizer) vaccine or convalescent sera of individuals who recovered from COVID-19 reduced neutralizing activities (47). Some studies have shown a 3-fold to 10-fold reduced susceptibility to 15% of plasma samples from recipients of an authorized mRNA vaccine (47, 104–106, 108, 109). Individuals vaccinated with mRNA vaccines [BNT162b2 (Pfizer) and mRNA-1273 (Moderna)] and adenovirus-vector (Ad26.COV2.S – Johnson & Johnson) may significantly neutralized the alpha VOC compared to the D614G variant (110). The BNT162b2 (Pfizer) vaccine demonstrated an effectiveness of 48.7% (CI, 45.5–51.7%) after one dose, while it was 93.7 (91.6–95.3%) after two doses among infected individuals with the alpha VOC (51). With the AZD1222 (AstraZeneca) vaccine, the effectiveness after one dose was similar to the results found with the BNT162b2 (Pfizer) vaccine, while it was 74.5% (95% CI, 68.4–79.4) after two doses among infected persons with the alpha VOC (51). For mRNA-1273 (Moderna) vaccine against RT-qPCR positive infections, the effectiveness was 88.1% (CI, 83.7–91.5%) and 100% (CI, 91.8–100%) after the first and second doses, respectively (64). Other clinical trials with the BNT162b2 (Pfizer) vaccine, conducted in Israel and Qatar, showed an efficacy > 90% against alpha variant (52, 111). When compared to NVX-CoV2373 clinical trial, the vaccine efficacy was 86.3% against alpha variant compared with 96.4% against non-alpha variants (53).

In October 2020, in South Africa, researchers found a new SARS-COV-2 B.1.351 variant, derived from the 20H (V2) clade and named beta variant by WHO (92, 93). Currently, this variant is present in more than 117 countries and has an accumulated worldwide prevalence of around 1% (https://outbreak.info/situation-reports). The beta variant has ten mutations (D80A, D215G, L241del, L242del, A243del, K417N, E484K, N501Y, D614G, and A701V) in the spike protein. Two new mutations (E484K and K417N) were identified in RBD region (25). The alpha and beta VOCs share two mutations (N501Y and D614G). Notably, these mutations in RBD region (N501Y, E484K, and K417N) may to enhance the binding affinity to human ACE2 receptor (33, 57), which can contribute as a critical role in the SARS-COV-2 transmission (58, 112). Mathematical modeling studies indicated that the beta variant is around 50% more transmissible than pre-existing SARS-CoV-2 variants (113). Reinfections have been reported, indicating immune evasion (114). Little is known whether the beta variant is associated with higher viral levels or disease severity, because once detected it was no longer co-circulating with other SARS-CoV-2 variants. In many Sub-Sahara Africa countries, the beta variant was responsible for more than 50% of infections (https://nextstrain.org/sars-cov-2/). In K18-hACE2 transgenic mice, alpha and beta VOCs induced pathogenic patterns and were 100-fold more lethal than early SARS-CoV-2 lineages (115). The European Centre for Disease Prevention and Control (ECDC), compared the COVID-19 severity cases between VOCs and non-VOCs, and observed that the beta variant was associated with a higher ratio for hospitalization (3.6) (60). The intensive care unit (ICU) and death risk data showed no difference in relation SARS-CoV-2 variants (60). The beta variant has been associated with reduced susceptibility to many mAbs and neutralizing Abs even in vaccinated or previously infected individuals, due to the E484K and K417N mutations (59, 60, 62). A differential susceptibility to neutralizing activities in beta VOC convalescent individuals has been observed. Indeed 46% of convalescent plasma samples displayed 3-fold to 10-fold reduced susceptibility, and 22% of these, >10-fold reduced susceptibility in comparison to early SARS-CoV-2 variants (29, 48, 59, 62, 106, 107, 109, 116–120). Vaccine neutralizing activities also have been evaluated. Individuals that received one of the mRNA vaccines [BNT162b2 (Pfizer) or mRNA-1273 (Moderna)] showed 3-fold to 10-fold (45% of plasma samples) and >10-fold (30% of plasma samples) reduced beta variant neutralizing activity (29, 46, 63, 69, 102, 107, 120–122). In relation to the adenovirus-based AZD1222 (AstraZeneca) vaccine, 42% of plasma samples had 3-fold to 10-fold, and 54% had >10-fold reduced beta variant neutralizing activity (81, 120, 123). With regard the efficacy of vaccines, a study carried out in Qatar-based individuals, revealed that the mRNA-1273 (Moderna) had an efficacy of 61.3 and 96.4% after the first and second doses against the beta variant, respectively (64). On the other hand, the NVX-CoV2373 (Novavax) vaccine showed an efficacy of 60% against the beta variant (54).

The gamma variant was first detected in four travelers returning to Japan from Amazonas state of Brazil in January 2021, but its emergence occurred in November 2020 (24, 28, 124). Currently, the gamma VOC is spread across 86 countries, with an accumulated worldwide prevalence of 2% (https://outbreak.info/situation-reports). The gamma variant has 12 missense mutations (L18F, T20N, P26S, D138Y, R190S, D614G, H655Y, T1027I, V1176F, K417T, E484K, and N501Y) in the spike protein, three of these (N501Y K417N and E484K) are located in the receptor-binding domain (RBD) (28). The triplet of K417T, E484K, and N501Y have been associated to increase virus binding affinity to human ACE2 receptor, which may contribute to increased transmissibility (28, 125). The gamma variant may be 1.7- to 2.4-fold more transmissible that previous SARS-CoV-2 variants (28). The emergence of this variant was associated with a resurgence of COVID-19 in Manaus, Brazil, resulting in an abrupt increase in the number of cases and deaths in this part of the world in January 2021 (22, 24, 28, 126). At the same time, the gamma variant was estimated to result in virus levels 3–4 times higher than earlier SARS-CoV-2 variants, being responsible for an estimated 1.1-fold to 1.8-fold higher mortality (28). Other studies reported a high proportion of COVID-19 infections in several South American and Caribbean countries and about 10% of USA infection rates in June 2021 (127). Additionally, a related study showed an increased risk for hospitalizations and ICU admission, comparing the disease severities among VOCs (B.1.1.7/SGTF, B.1.351 and P.1) and non-VOCs (60). Some mutations, such as L18F, may interfere in the binding of the NTD of spike-targeting neutralizing Abs (128). The resistance profile to the gamma to FDA EUA-approved mAbs is comparable to that of the beta variant (43, 129–131). Antibodies produced by natural infection or vaccines may be less likely to neutralize the gamma (69, 132). SARS-CoV-2 with the E484K might escape neutralization by Abs from convalescent plasma of recovered individual infected with earlier SARS-CoV-2 strains (74). A nationwide case-control study evaluating the protection at 7 days after the second dose of mRNA vaccine against the VOCs (alpha, beta, and gamma) and other non-SARS-CoV-2 variants in France estimated an effectiveness of 88% (alpha), 86% (beta) and 77% (gamma) against COVID-19 (70).

The fourth VOC, called delta by WHO, emerged in October 2020 in India (133) and it has spread to over 171 countries, becoming dominant with an accumulated worldwide prevalence of 54% (https://outbreak.info/situation-reports). Belonging to B.1.617.2 Pango lineage, derived from the 21A clade, the delta variant has 14 mutations (T19R, V70F, G142D, E156del, F157del, R158G, A222V, W258L, K417N, L452R, T478K, D614G, P681R, D950N) in the spike protein, among which only D614G is common to previous circulating SARS-CoV-2 variants (92). The spike RBD region carries 2 new non-synonymous mutations (L452R and T478K) and a deletion (del157). The L452R mutation may stabilize the interaction between the spike and the ACE2 receptor, increasing infectivity (74, 76, 134). P681, located near the furin cleavage site, may to optimize spike cleavage, which in turn may impact on transmissibility. Some studies have revealed that this variant has about 50% higher transmissibility compared to alpha variant (75, 92, 135). Despite differences between countries, Campbell et al. estimated a change in effective reproduction number of SARS-CoV-2 variants in 64 countries (data until 3 June 2021) (30). That study estimated the increase in transmissibility of VOC relative to non-VOC: alpha-29% (95% CI: 24–33), beta-25% (95% CI: 20–30), gamma-38% (95% CI: 29–48), and delta-97% (95% CI: 76–117) (30). In addition to enhanced transmissibility, individuals infected with the delta variant have higher viral load and sheds virus for longer periods (73), impacting the severity disease. The comparison between the virulence of the delta VOC and the non-VOC revealed a remarkable risk for disease severity associated to delta variant, with the increased hospitalizations, higher oxygen requirement, ICU admissions, and deaths (80). An in vitro study revealed that the delta variant (containing the mutations G124D) was 6-fold and 8-fold less sensitive to serum neutralizing Abs from recovered persons and vaccine-elicited Abs, respectively, compared to wild type D614G containing SARS-CoV-2 (77, 136). The delta variant may be resistant to neutralization by some anti-N-terminal domains and anti-RBD mAbs, including bamlanivimab (81). The presence of L452R in RBD decreased recognition by mAbs (76, 82, 137). The convalescent sera of individuals up to 12 months after the onset of symptoms were 4-fold less potent against the delta variant compared to alpha variant (81). Similarly, plasma samples obtained from recipients of BNT162b2 (Pfizer) and AZD1222 (AstraZeneca) vaccines displayed a reduction of neutralizing activity against the delta variant (65, 81, 121, 138). Even in the absence of the spike mutations, N501Y and E484K, the delta VOC was found to spread faster in the body and in vitro studies reveal lesser sensitivity to the BNT162b2 (Pfizer) vaccine (47, 121). Other studies have demonstrated that the BNT162b2 (Pfizer) and AZD1222 (AstraZeneca) vaccines were 85 and 60% effective against delta variant in the UK (83, 139). In the UK, previous studies have demonstrated that the effectiveness after the first dose of BNT162b2 (Pfizer) and AZD1222 (AstraZeneca) vaccines was 35.6 and 30.0% against symptomatic disease by delta variant. Following the second dose, the effectiveness was 88 and 67% for BNT162b2 (Pfizer) and AZD1222 (AstraZeneca) vaccines, respectively (51). In relation to COVID-19 hospitalization by alpha and delta VOCs vaccinated (mRNA-1273 or AZD1222), a Scottish study cohort observed among delta VOC individuals a strong vaccine effect in reducing the risk of hospital admission compared to unvaccinated individuals (83). The BNT162b2 (Pfizer) vaccine, at least 14 days after the second dose, offered 92 and 79% of protection against alpha and delta VOC infections, respectively (83), while the AZD1222 (AstraZeneca) vaccine offered 73 and 60% of protection against alpha and delta VOCs, respectively (83).

The fifth SARS-CoV-2 variant that has emerged so far is the omicron (B.1.1.529), which was first reported in Botswana and South Africa, November 2021 (26). This variant was detected on 6 continents within a month of its initial discovery and has raised concerns around the world. The omicron VOC is a heavily mutated SARS-CoV-2, with 30 amino acid substitutions, deletion of six residues, and insertion of three residues in the spike protein, mostly concentrated around the receptor binding motif (88). Among the mutations, an insertion (ins214EPE) in spike that was not been previously observed in other SARS-CoV-2 variants (140). It has been hypothesized that this insertion could have been acquired by template switching involving the genome of a low pathogenic coronavirus which can cause the common cold: HCoV-229R (140). A recent study has been estimated that the omicron variant is least ten times more infectious than the wild-SARS-CoV-2 and about twice as infectious as the delta variant (87). Analyzing the replication competence and cellular tropism of the wild-type virus, D614G, alpha, beta, delta and omicron variants in ex vivo explant cultures of human bronchus and lung, it was found that the omicron variant replicated faster than all other SARS-CoV-2 variants in the bronchus but less efficiently in the lung parenchyma (141). Based on in silico studies, it has been estimated that omicron may be twice more likely to escape immunity generated by current vaccines in comparison to the delta variant (87). It has been demonstrated that the omicron variant was associated with a substantial decrease in neutralization titer of vaccinated individuals with two doses [BNT162b2 (Pfizer) and AZD1222 (AstraZeneca)] (89). Similarly, by using the sera from 25 BNT162b2 (Pfizer) and 25 Coronavac (Sinovac) vaccine recipients, it was found that only 20% of BNT162b2 recipients had detectable neutralizing antibody against the omicron variant, while none of the Coronavac recipients had detectable neutralizing antibody titer against the Omicron VOC (90). These findings suggest that the omicron variant may be associated with lower COVID-19 vaccine effectiveness. Regarding the effect of neutralizing activity against monoclonal antibody-based therapies, recent findings showed that the omicron VOC substantially reduces neutralization by most of a large panel of potent monoclonal antibodies and antibodies under commercial development (88). The impact of omicron on disease severity, death and hospitalization is yet to be answered.



VIRAL LOAD AS A PREDICTOR OF COVID-19 SEVERITY

A cumulative body of data has indicated that the viral load is one likely factor of COVID-19 severity, as it is the case of other viral diseases. The relationship between SARS-CoV-2 viral load and risk of disease progression in COVID-19 patients remains undefined. In this section, we summarize the scientific evidence and the major findings from clinical studies, highlighting how viral load could be linked to a disease severity in COVID-19 patients.

In one of the first studies assessing the link between viral load and COVID-19 disease severity, Liu et al. analyzed the viral RNA shedding patterns by RT-qPCR in COVID-19 patients classified with mild and severe disease using samples from 76 patients (8). They found that viral load in nasopharyngeal specimens of severe cases was around 60 times higher than mild cases, and this positive correlation was maintained during the first 12 days of infection (8). In a further study, SARS-CoV-2 RNA viral shedding was evaluated in 3,497 samples (serum, respiratory, stool, and urine) from 96 consecutively admitted patients in a hospital in Zhejiang province, China (15). Viral load in respiratory samples, but not in stool and serum samples, of patients with severe disease was higher than in patients with mild disease. In severe ill patients, male gender and old age were associated with longer duration of virus shedding (15).

In a retrospective cohort study, the predictive power of several reported previously identified prognosis marker [circulating lymphocytes, IL-6, lactic acid, procalcitonin, CRP (C-reactive protein), and viral load] of 142 COVID-19 patients (6) were assessed. In this cohort, non-survivors had higher SARS-CoV-2 load in oropharyngeal swabs when compared to survivors. They authors of the study suggested that circulating lymphocytes, CRP, procalcitonin, IL-6, and viral load could serve as predictors for disease typing and guide classification of COVID-19 patients, and that circulating lymphocytes was the most reliable and sensitive predictor biomarker (6).

We analyzed the viral shedding patterns in nasopharyngeal specimens of 388 Brazilian patients with different forms of COVID-19 (10). Our results revealed that severe patients had higher viral load when compared to patients with mild disease, after 14 days of symptom onset. On the other hand, there was no statistically significant difference in viral load according to severity of COVID-19 in patients at early stage of infection (up to 14 days of symptoms onset) (10).

Pajudas et al. investigated the viral load of SARS-CoV-2 in nasopharyngeal swabs at time of diagnosis in a large cohort (n = 1,145) of hospitalized patients and found that survivors showed lower viral loads (n = 807; mean log10 viral load 5.2 copies per mL) than non-survivors (n = 338; 6.4 copies per mL) (142). Westblade et al. examined the SARS-CoV-2 viral load in 100 patients with cancer and 2,914 without cancer who were admitted to three New York City hospitals. In the overall cohort, the in-hospital mortality rate was 38.8% among patients with a high viral load, 24.1% among patients with a medium viral load, and 15.3% among patients with a low viral load (p < 0.001); and importantly, this association was also observed in patients with cancer (143). Fajnzylber et al. quantified SARS-CoV-2 viral load from the respiratory tract, plasma and urine of 231 patients with a diverse range of COVID-19 severity. They concluded that SARS-CoV-2 viral loads, especially in plasma, were associated with increased risk of mortality (144). In Spain, Calle et al. assessed the influence of viral load on the development of respiratory failure during admission in 455 sequential patients. They found that Ct value < 25 in nasopharyngeal samples was associated with increased risk of respiratory failure during admission (OR: 2.99, 95% IC: 1.57–5.69) and suggested that SARS-CoV-2 viral load at time of admission is a valuable predictor for COVID-19 severity (145).

However, the association between SARS-CoV-2 viral load and COVID-19 severity and outcome has not been consistently demonstrated in humans. A study in South Korea did not find any difference in viral load between asymptomatic vs. symptomatic patients (146). This was corroborated by a study in Turkish patients in which the viral load was not a critical factor for hospitalization and mortality among COVID-19 patients (147). The possibility of a type 2 error should be considered. However, it should be noted that not finding a statistical significance does not mean that no difference exists. Another factor that should be taken into account is that most studies that assess the viral load among COVID-19 patients just considered the Ct value for analysis, instead of the number of RNA copies/per milliliter (mL). In fact, Ct values are correlated with the amount of viral RNA in a patient sample (148). However, Ct values cannot be directly compared across RT-qPCR tests and, therefore, they must be interpreted with caution (148). Since many technical issues (differences in protocols, threshold values, viral target, enzymes and research kits, primers, calibration of RT-qPCR machine, period of sample collection, and type of biological specimens) that might impact and alter the Ct value during RT-qPCR reactions, this can represent a bias during the statistical analysis. We suggest that further studies consider using the RNA copies/per mL for viral load analysis among COVID-19 patients. A better comparative standard, combined with the evaluation of host-related factors (e.g., age, sex, comorbidities, etc.) (149) will be crucial to elucidate the real impact of SARS-CoV-2 viral load on COVID-19 disease severity.



VIRAL LOAD AND EXPOSURE DOSE AS A PREDICTOR OF COVID-19 TRANSMISSION AND SEVERITY IN ANIMAL MODELS

Because it would be unethical to assess how viral exposure dose would impact COVID-19 outcome in human controlled experiments, studies using animal models are being used to answer this question. Evidence from animal-based experiments has supported the notion that viral dose could impact disease outcome. The pathogenicity and replication of SARS-CoV-2 in hamsters infected with a low and high viral dose has given clues in that direction. No difference in viral replication titers in several organs were found. However, animals infected with high dose of SARS-CoV-2 had worse outcomes compared to those infected with the low dose (150). Similar results were obtained in mice, in which SARS-CoV-2 resulted in a dose-dependent lethal disease course of infection (151). A recent publication demonstrated that ferrets infected with a high (5 × 106 PFU) and medium (5 × 104 PFU) dose of SARS-CoV-2 had a more consistent upper respiratory tract viral RNA shedding and more severe lung pathology than animals infected with low viral dose (5 × 102 PFU) (152). Intranasal inoculation of ferrets with a high (5 × 106 PFU) or medium (5 × 104 PFU) doses of SARS-CoV-2 resulted in RNA viral shedding in nasal secretions of 100% of the animals; however, only 16.7% of the ferrets in the low challenge dose group (5 × 102 PFU) had detectable viral RNA in the nasal wash. In addition, live SARS-CoV-2 was not detected only in the nasal wash of the medium and low dose groups (152). Overall, a dose-dependent effect was observed in the clinical disease and histopathology (152). In non-human primates, aerosol exposure of cynomolgus macaques (Macaca fascicularis) with different doses of SARS-CoV-2 (5–906 TCID50) showed that the probability of infection and subsequent disease presentation were dose-dependent. The median infectious dose was 52 TCID50 (95% CI: 23–363 TCID50) for seroconversion and 256 TCID50 (95% CI: 102–603 TCID50) for fever development (153). The very low infectious dose of SARS-CoV-2 in this model supports the high transmissibility of the virus in humans.

The relative contribution of different transmission routes (intranasal, aerosol and fomite exposure) was evaluated in hamsters. Intranasal and aerosol exposure resulted in higher viral shedding and more severe disease compared to fomite exposure. Of the three routes studied, aerosol exposure resulted in more rapid virus replication in the lung and weight loss compared to intranasal inoculation and fomite exposure (154). The effects of mask wearing in reducing virus exposure dose and disease severity have been assessed in the hamster model. Hamsters placed in cages separated by a surgical mask partition were shown to be less likely to get infected by SARS-CoV-2 and if they did acquire the illness, it was milder than in animals not protected by a mask. Suggesting that the exposure dose is associated with disease severity (155).



ASSOCIATION BETWEEN VIRAL LOAD AND DISEASE SEVERITY IN THE CONTEXT OF SARS-CoV-2 VARIANTS

In the context of emerging variants of SARS-CoV-2, recent studies have investigated the impact of SARS-CoV-2 variants on disease severity. In a retrospective study, Ong et al. compared the outcomes of patients infected with alpha, beta, and delta with wild-type SARS-CoV-2 lineages from early 2020 (73). A total of 829 patients infected with these three VOCs in Singapore were enrolled in the study. After adjusting for age and sex, infection by the delta variant was linked with higher odds of oxygen requirement, ICU admission, or death [adjusted odds ratio (aOR), 4.90; 95% confidence interval (CI): 1.43–30.78], while these differences were not seen with alpha and beta variants. Vaccination status was associated with decreased severity. The delta variant was associated with significantly lower Ct values (≤30) and longer viral shedding (median duration 18 days for delta variant, while 13 days for wild type) (73). Taken together, these results suggest that infections with the delta variant feature higher peak viral loads than those in other SARS-CoV-2 variants. This finding also corroborates with outcomes obtained by other research groups, which showed that the delta SARS-CoV-2 variant has a higher viral load than beta and alpha variants in respiratory specimens obtained from COVID-19 patients (56). Within the same perspective, Teyssou et al. compared the relative viral load of the beta variant with alpha variant (156). Using a total of 643 RT-qPCR SARS-CoV-2 positive nasopharyngeal samples, they showed that the beta variant presented an intermediate relative viral load between the alpha other SARS-CoV-2 lineages in nasopharyngeal samples at diagnosis (156).

With regards to the relationship between disease severity and the emerging variants of SARS-CoV-2, a recent meta-analysis study investigated the relationship between SARS-CoV-2 variants and COVID-19 severity (157). Analyzing 26 studies from June 1, 2020, to October 15, 2021, they observed that alpha, beta, gamma, and delta SARS-CoV-2 variants were all more concerning than the wild-type virus in terms of hospitalization, ICU admission, and mortality (157). Interestingly, COVID-19 patients with beta and delta variants have a higher risk to develop severe clinical outcomes even death, when compared to patients with alpha and gamma variants (157).

In South Africa, a recent study investigated the breakthrough infections during periods of circulating beta, delta and omicron VOCs, among healthcare workers participating in the Sisonke phase 3B Ad26.COV2.S vaccine trial (158). Analyzing the data collected between 17 February and 15 December 2021, a total of 40,538 breakthrough infections were observed, resulting in 609 with beta, 22,279 with delta, and 17,650 with omicron. These findings revealed that the omicron variant was associated with a high number of breakthrough infections during the first 30-days of the omicron period in South Africa, while it was linked to less severe disease among COVID-19 patients (158). Interestingly, this finding also corroborate with recent insights achieved about the replication competence of the omicron variant in ex vivo explant cultures of human bronchus and lung, suggesting that the lower replication competence of omicron in human lung may be compatible with reduced severity in COVID-19 patients (141). However, further studies are required to confirm this hypothesis since the determinants of severe disease are multifactorial.



VIRAL LOAD IN VACCINATED AND UNVACCINATED INDIVIDUALS

The primary aim of COVID-19 vaccination is to protect individuals against clinical disease and death, ideally also reducing SARS-CoV-2 transmission in the human population. Although the approved COVID-19 vaccines are safe and effective, they do not provide sterilizing immunity, i.e., viral shedding can occur in vaccinated persons upon exposure to SARS-CoV-2. In addition, breakthrough infections have been reported in vaccinated individuals, although these cases tend to be much milder than in naïve individuals (34, 159, 160). Overall, real world data from several countries have unequivocally shown that vaccine deployment has dramatically reduced the number of COVID-19 associated infections, hospitalizations, and deaths (161, 162).

Some studies have analyzed breakthrough infections mRNA-based (BNT162b2—Pfizer) vaccine recipients, which is being used in many countries around the world. In Israel, its efficiency was 90% in preventing asymptomatic infection, suggesting a potential for halting virus spread (162). Previous studies done in Tel Aviv and Pittsburgh have ratified the role of BNT162b2 (Pfizer) vaccine in the control of the COVID-19 pandemic. In both studies, it was observed a lower viral load in nasal secretions vaccinated compared to non-vaccinated individuals was observed (163, 164). Evaluation of viral shedding after the first dose of the BNT162b2 (Pfizer) vaccine demonstrated that the viral load in nasal secretions was substantially reduced in vaccinated individuals (n = 1,888) compared to demographically matched unvaccinated controls (n = 1,888) (165).

On the other hand, SARS-CoV-2 shedding did not differ between vaccinated (BNT162b2 vaccine) and non-vaccinated healthcare workers infected with the alpha variant, suggesting potentially reduced efficacy of BNT162b2 in preventing transmission of this variant (166). Similar findings were reported in studies conducted in California (167), Wisconsin (168), Massachusetts (80), and Singapore (169) against the delta variant.

A study done with 3720 Italian healthcare workers fully vaccinated with the BNT162b2 vaccine showed that the 100-day cumulative incidence of vaccine breakthrough infections by the alpha variant was 0.93% in vaccinated vs. 5.78% in non-vaccinated individuals (170). Furthermore, antibody and T-cell responses are not reduced in subjects with breakthrough infection (170). Other studies have been characterized SARS-CoV-2 breakthrough infections in individuals fully vaccinated with mRNA vaccines (BNT162b2 and mRNA-1273). More recently, 14 breakthrough infections have been reported among vaccinated individuals by Deng et al. (159). In that study, half of the cases were immunosuppressed subjects who developed severe disease and required hospitalization (159). Sequencing analysis of infecting virus revealed four distinct SARS-CoV-2 variants, including the alpha and gamma (159). High viral load was detected in symptomatic and asymptomatic patients regardless of disease severity, highlighting the vulnerability of immunosuppressed individuals to post-vaccination infections by diverse variants of SARS-CoV-2 (159).

SARS-CoV-2 viral dynamics were investigated in a prospective, longitudinal study with 173 participants (37 vaccinated and 136 unvaccinated) in the USA using 19,941 patient samples (171). Among them, 36 participants were infected with the alpha variant, 36 participants with the delta variant, and 41 participants with a non-VOC SARS-CoV-2 (171). They found no meaningful difference in the mean peak viral load, shedding duration, clearance duration, or duration of acute infection of either the variants as compared with non VOC (171). Breakthrough infections in vaccinated individuals showed a faster clearance time (5.5 days) compared to non-vaccinated individuals (7.5 days), demonstrating a shorter overall shedding duration among vaccine recipients (171).

A similar prospective and longitudinal study was conducted in the UK in order to investigate the delta variant viral load kinetics in vaccinated [BNT162b2 (Pfizer), AZD1222 (AstraZeneca) and CoronaVac (Sinovac)] and unvaccinated individuals (172). The results revealed that the fully vaccinated individuals with delta variant had a faster mean rate of viral load decline when compared to non-vaccinated individuals with pre-alpha, alpha, or delta variant infections (172). Moreover, it was found that the faster viral load growth was correlated with higher peak viral load and slower decline among individuals (172). In summary, the authors suggested that vaccination reduced the risk of delta variant infection and accelerated viral clearance (172).

A retrospective multicenter cohort study of 17 hospitals in Israel detailed 152 breakthrough infections in fully vaccinated with the BNT162b2 vaccine who developed COVID-19 disease more than 7 days after the second vaccine dose and required hospitalization (173). The cohort was characterized by a large proportion of patients with comorbidities (96%) and immunodepression (40%) (173). They found that higher SARS-CoV-2 load was associated with a significant risk for poor outcome (173). By sequencing analysis, SARS-CoV-2 sequences indicated that most breakthrough infections were caused by the alpha variant (89%) followed by the wild-type virus (7%), and the beta variant (4%) (173).

More recently, another study conducted in Israel analyzed the viral load of 16,000 infections during delta-VOC after vaccination and booster with BNT162b2 vaccine (174). The breakthrough infections in recently fully vaccinated individuals by delta variant showed a lower viral load in comparison to non-vaccinated individuals, but this effect started to decline 2 months after vaccination and vanished 6 months or longer after vaccination (174). In addition, it was found that the effect of the BNT162b2 vaccine on reducing breakthrough infections viral loads is restored after a booster dose (174). Taken together, these findings suggest that BNT162b2 vaccine might decrease the infectiousness of breakthrough infections even with the delta variant (174). However, this protective effect declines over time, but it can be restored with a third vaccine dose (174).



FINAL CONSIDERATIONS AND PUBLIC HEALTH PERSPECTIVES

In conclusion, a cumulative body of evidence from animal models and clinical studies has indicated that the SARS-CoV-2 viral load is one likely determinant of ultimate COVID-19 severity and prognosis. The viral exposure dose is also a key determinant to a vaccine protective efficacy (175) and should be kept in mind as vaccine coverage of COVID-19 expands around the world. Despite the current approved COVID-19 vaccines are effective against severe forms of COVID-19, but they are not 100% effective in preventing infection. With is mind, breakthrough infections have been reported in vaccinated individuals, although these cases tend to be much milder than in naïve individuals, especially by the delta variant, which is more transmissible when compared to other SARS-CoV-2 variants. Overall, real world findings from several countries have unequivocally shown that vaccine deployment has dramatically reduced the number of COVID-19 cases, ICU admissions, and deaths. Thus, strategies to reduce viral exposure dose such as masking, frequent hand washing, avoid close contact, mouth and nose covering when coughing, frequently cleaning and disinfecting touched surfaces are crucial to prevent new cases of COVID-19 in the human population. These measures, combined with high coverage vaccination and booster shots, will be crucial to control the COVID-19 and prevent the emergence and spread of new SARS-CoV-2 variants.

In the context of emerging SARS-CoV-2 variants, the recent findings suggest that alpha, beta, gamma, and delta SARS-CoV-2 variants are more serious than the wild-type virus in terms of hospitalization, ICU admission, mortality, and are associated with higher viral loads. Within the SARS-CoV-2 VOCs, patients with beta and delta variants have a higher risk to develop severe clinical outcomes even death, when compared to infected patients with alpha and gamma variants.
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SARS-CoV-2 is the causative agent of a new type of coronavirus infection, COVID-19, which has rapidly spread worldwide. The overall genome sequence homology between SARS-CoV-2 and SARS-CoV is 79%. However, the homology of the ORF8 protein between these two coronaviruses is low, at ~26%. Previously, it has been suggested that infection by the ORF8-deleted variant of SARS-CoV-2 results in less severe symptoms than in the case of wild-type SARS-CoV-2. Although we found that ORF8 is involved in the proteasome autoimmunity system, the precise role of ORF8 in infection and pathology has not been fully clarified. In this study, we determined a new network of ORF8-interacting proteins by performing in silico analysis of the binding proteins against the previously described 47 ORF8-binding proteins. We used as a dataset 431 human protein candidates from Uniprot that physically interacted with 47 ORF8-binding proteins, as identified using STRING. Homology and phylogenetic profile analyses of the protein dataset were performed on 446 eukaryotic species whose genome sequences were available in KEGG OC. Based on the phylogenetic profile results, clustering analysis was performed using Ward's method. Our phylogenetic profiling showed that the interactors of the ORF8-interacting proteins were clustered into three classes that were conserved across chordates (Class 1: 152 proteins), metazoans (Class 2: 163 proteins), and eukaryotes (Class 3: 114 proteins). Following the KEGG pathway analysis, classification of cellular localization, tissue-specific expression analysis, and a literature study on each class of the phylogenetic profiling cluster tree, we predicted that the following: protein members in Class 1 could contribute to COVID-19 pathogenesis via complement and coagulation cascades and could promote sarcoidosis; the members of Class 1 and 2, together, may contribute to the downregulation of Interferon-β; and Class 3 proteins are associated with endoplasmic reticulum stress and the degradation of human leukocyte antigen.

Keywords: SARS-CoV-2, phylogenetic profiling, immune evasion, COVID-19 pathogenesis, ORF8 accessory gene


INTRODUCTION

The first case of COVID-19 caused by SARS-CoV-2 was reported in late December 2019 in Wuhan, China (1). The virus quickly spread, resulting in a devastating worldwide pandemic that, 2 years later, continues to be a global crisis. Accordingly, a more complete understanding of the pathology of COVID-19 is a top research goal. It is known that SARS-CoV-2 encodes several structural and accessory proteins that support the proliferation and infective properties of the virus. In 2020, we reported that the SARS-CoV-2 accessory gene open reading frame 8 (ORF8) is a SARS-CoV-2-specific gene with low homology between SARS-CoV-2 and SARS-CoV (2).

ORF8 is encoded in the most variable region of the SARS-CoV-2 genome. Therefore, the open reading frame of ORF8 has been identified as a hotspot region for mutations and deletions during the early onset of human-to-human transmission (2–4). In the early stages of the pandemic, a mutant SARS-CoV-2 without the ORF8 protein was identified, evidenced by the deletion of 382 nucleotides (Δ382) in this hotspot region (5, 6). The patients that were infected with this ORF8 deletion mutant did not develop hypoxia (requiring oxygen supplementation), which is a typical symptom of COVID-19, and their clinical symptoms were milder than those of SARS-CoV-2 cases caused by the wild-type ORF8 (6). The SARS-CoV-2 delta variant, with an 872 deletion within the ORF8 coding region, also spread worldwide. There has been a higher hospital admission or emergency care risk for patients infected with the COVID-19 delta variant than for those infected with the alpha variant (7). Thus, understanding the ORF8 function is important for both clinical and anti-outbreak purposes. One target protein that affects the symptoms of ORF8-defective SARS-CoV-2-infected patients is the human leukocyte antigen (HLA) class I protein, which plays a significant role in the immune system and is a proteolytic target in ORF8-dependent mechanisms. Consequently, SARS-CoV-2-infected cells do not properly activate cytotoxic T cells, resulting in insufficient virus elimination (8).

Although the ORF8 protein is likely to be involved in the progression of COVID-19 pathology, the precise function of ORF8 and its pathogenic mechanism remain elusive. Previously, we explored the function of ORF8 using bioinformatics and found that it is localized in the endoplasmic reticulum and the secretory/intercellular compartments, which affect the endoplasmic reticulum and immunity systems, respectively (9). It has been shown in laboratory experiments that SARS-CoV-2 ORF8 induces endoplasmic reticulum stress by causing the divergence of activating transcription factor 6 (ATF6) and inositol-requiring enzyme 1 (IRE1) in the endoplasmic reticulum stress pathway (10). Furthermore, it has been shown that ORF8 promotes the expression of inflammatory factors by activating the IL-17 signaling pathway associated with immunity and acts as a causal factor of the cytokine storm in COVID-19 pathology (11).

We performed, in the present study, an in silico analysis of 431 proteins that bind to 47 ORF8-binding proteins to determine a new network of proteins involved in ORF8-dependent COVID-19 pathology. Our phylogenetic profiling showed that the interactors of ORF8-interacting proteins were clustered into three classes that are conserved across chordates (Class 1: 152 proteins), metazoans (Class 2: 163 proteins), and eukaryotes (Class 3: 114 proteins). Following the KEGG pathway analysis, the classification of cellular localization, tissue-specific expression analysis, and literature studies on each class of the phylogenetic profiling cluster tree, we present insight into the mechanism by which ORF8 contributes to COVID-19 pathogenesis and SARS-CoV-2 immune evasion.



MATERIALS AND METHODS


Construction of Datasets

The information on ORF8 interacting human proteins was retrieved from a report in which 47 proteins were shown to bind with SARS-CoV-2 ORF8, as evidenced by affinity purification and mass spectrometry in HEK293T cells (12). The physical interaction partners of these proteins were then identified using the STRING database (Retrieved 2021_07, version11.5) (13). The amino acid sequence, protein function, cellular localization, and KEGG-ID information were added to the dataset from UniProt KB/Swiss-Prot, which was manually annotated in UniProt (release 2021_03) (14).



Phylogenetic Profile Analysis

Phylogenetic profile analyses of the 47 human ORF8-interacting proteins and their interactors were performed on 587 genome-decoded species registered in the KEGG database (Retrieved 2021_07) (15). The KEGG Ortholog Cluster was used to determine the orthologs of the target proteins in each species (16). The KEGG Ortholog Cluster is a tool that aligns each amino acid sequence, using the Similarity Waterman algorithm, and classifies it as an ortholog when the score fulfills species criteria (score ≥ 150 and symmetric similarity measures). The generated phylogenetic profile was calculated using Euclidean distance with or without an ortholog of protein distance, and hierarchical clustering was performed using Ward's method. The clusters were characterized for tissue-specific gene expression patterns and intracellular localization in tissues and cells. Phylogenetic profile analysis, which uses a bit pattern that indicates the presence or absence of target protein orthologs in other species, is a method for predicting protein functions, interactions, and co-evolution from the perspective of phylogenetic evolution.



Gene Ontology Enrichment Analysis

To identify the potential biological function differences for each of the phylogenetically clustered classes, the R package “clusterProfiller” (version3.16.1) was used to perform gene ontology (GO) analysis using the following thresholds: a p-value cut-off of 0.01 and a q-value cut-off of 0.05. Enrichment analysis was performed for each phylogenetic class (17).



Classification of Cellular Localization

Cellular localization was classified based on GO annotation retrieved from UniProt KB/Swiss-prot. Genes were classified based on the following GO terms: “Extracellular space, GO:0005615,” “Extracellular region, GO:0005576” as localized at the extracellular, “Endoplasmic reticulum, GO:0005783” as localized at the endoplasmic reticulum. The classification was conducted for each phylogenetic class.



Tissue-Specific Expression Analysis

The tissue-specific gene expression data were retrieved from the RefEx (Reference Expression dataset). This database was used to construct gene expression data for each human tissue based on the microarray and RNA-seq data. Moreover, tissue-specific gene expression data from 40 human tissues and organs were calculated using the ROKU algorithm, and tissue-specific patterns were assigned as follows: 1 for over-expressed outliers, −1 for under-expressed outliers, and 0 for non-outliers. The over-expressed information by RNA-seq was retrieved and visualized using a heatmap with the phylogenetic profile (18).



Metabolic Pathway Analysis

Metabolic pathway data from the KEGG PATHWAY database were extracted using KEGG Mapper (19). The hierarchical clustering classified molecules were then mapped to metabolic pathways, followed by the evolutionary analysis of the metabolic pathways of proteins that interact with ORF8 and their interactors.




RESULTS


Phylogenetic Profiling

We developed a binary matrix based on the presence (1) and absence (0) of ORF8-binding partners and their interactors in 453 eukaryotic species for phylogenetic profiling; cluster analyses were performed to determine the degree of co-evolution among the ORF8-interacting proteins and their interactors. The dataset was divided into three clusters, which were defined as Classes 1–3. A total of 152, 163, and 114 proteins were conserved in the chordates (Class 1), metazoans (Class 2), and eukaryotes (Class 3), respectively (Figure 1; Supplementary Table 1). If multiple homologous genes were involved in the different classes, we selected the most widely and evolutionarily conserved proteins to classify the proteins into a class.
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FIGURE 1. Phylogenetic profiling of ORF8-binding proteins and their interactors. The horizontal axis shows 453 eukaryotes for which whole genome sequences are available, and the vertical axis shows 431 human proteins related to ORF8. Proteins are indicated in black if orthologs are present in each species. The proteins were classified into three groups (Class 1–3) based on clustering analysis. The classes conserved across chordates (light green), metazoans (light pink), and eukaryotes (light blue) are shown. The dashed line indicates the threshold for hierarchical clustering. See Supplementary Table 1 for the detailed information.




GO Analysis and Detection of Cellular Localization

We conducted GO enrichment analysis for each phylogenetic classification using phylogenetic profiling. The GO terms associated with cellular components related to the endoplasmic reticulum, including the “Integral component of endoplasmic reticulum membrane, GO:0030176” and “Intrinsic component of endoplasmic reticulum membrane, GO:0031227” were enriched in Class 2 and Class 3 (Figures 2B,C; Supplementary Tables 3, 4). On the other hand, the GO terms “collagen trimer, GO:0005581,” “Blood microparticle, GO:0072562,” and “Platelet alpha granule, GO:0031091,” were enriched in Class 1 (Figure 2A; Supplementary Table 2). These results imply that Class 2 and Class 3 proteins might be involved in endoplasmic function. In contrast, it appears that Class 1 proteins might be involved in collagen-mediated extracellular regulation and platelet granule regulation.


[image: Figure 2]
FIGURE 2. Gene ontology (GO) enrichment analysis of Class 1, Class 2, and Class 3 proteins. GO cellular component process terms that were significantly enriched in Class 1 (A), Class 2 (B), and Class 3 (C) are shown. The dots indicate enriched scores: red, high enrichment; blue, low enrichment. The sizes of the dots represent the number of genes in each row. The x-axis represents the percentage of genes involved in each row. See Supplementary Tables 2–4 for the detailed information.


We classified the cellular anatomical region by focusing on the extracellular region and endoplasmic reticulum using the GO cellular component (Supplementary Table 1). With respect to Class 1, the percentage of proteins that were localized in the extracellular region was higher (40.1%) than that of the proteins in the other two classes (Figure 3). In contrast, the percentage of proteins localized in the endoplasmic reticulum was lower (11.8%) in Class 1 compared to the other classes (Figure 3). These results are consistent with the previously published results (9). In contrast, proteins from Classes 2 and 3 showed a tendency for ER localization compared to extracellular proteins, with a very slight difference for Class 2. Even though the localization tendency is not as apparent as in Class 1, the role of Classes 2 and 3 proteins in ER is supported by GO enrichment analysis. To further clarify the biological processes associated with the two specified localizations, we performed GO enrichment analysis on protein members of each localization in each class. GO enrichment analysis indicated that protein maturation and endopeptidase-related extracellular proteins can be categorized according to the GO terms of Class 1 endoplasmic reticulum proteins. Protein maturation, collagen fibril formation, and protein processing were enriched in the GO terms of extracellular region proteins. Comparison of the GO terms of extracellular region proteins between Class 2 and Class 3 indicated that although p-adjust values were slightly low, the term “cartilage development” were enriched only in Class 2 (Supplementary Figure 1). In contrast, GO terms “ERAD” and “protein folding” were commonly enriched in the endoplasmic reticulum of the Class 2 and the Class 3 proteins (Supplementary Figure 2).


[image: Figure 3]
FIGURE 3. Classification of cellular localization of the three classes of the ORF8-binding proteins and their interactors. The localization of ORF8-binding proteins and their interactions is shown. The vertical axis represents the percentage of each class. The percentage of proteins localized in the endoplasmic reticulum (black) and extracellular region (silver) is shown. Proteins that had both localization terms were also included. See Supplementary Table 1 for the detailed information.




Tissue Specific Expression Analysis

We performed tissue-and organ-specific gene expression analysis of the proteins that interact with ORF8 and their interactors using data that had already been calculated based on the RefEx database. The tissue specific expression was observed in the following tissues: cerebrum, lymph node, adipose, prostate, ovary, testis, heart, muscle, colon, liver/hepato, lung, kidney, thyroid/parathyroid, adrenal gland, breast (Figure 4). The highest number of proteins in terms of tissue specific expression was found in testis (57). The second and third highest values were cerebrum (50), lung (40), and lymph node (40). We confirmed the evolutionary trends of the proteins localized in specific tissues. The tissue terms liver hepato, lung, and kidney were enriched in the genes involved in Class 1 (conserved in chordates). In contrast, these terms were not enriched in the proteins involved in Classes 2 and 3 (Supplementary Table 5). It should be noted that the profile of proteins in this study was extended from the STRING database based on ORF8-interacting proteins from HEK 293T cells alone. Hence, the tissue-specific expression analysis here might produce a bias toward specific tissues.


[image: Figure 4]
FIGURE 4. Tissue and organ specific expression analysis of ORF8-binding proteins and their interactors. The vertical axis shows 431 human proteins related to ORF8 proteins, and the background color indicates the phylogenetic cluster, as shown in Figure 1. The horizontal axis shows the 40 tissues and organs. Proteins are shown in black if tissue-specific gene expression is detected. The bar graph in the plot area shows the total number of genes with specific expression in each tissue. See Supplementary Table 5 for raw data.




KEGG Pathway Analysis

We performed KEGG pathway analysis against the proteins in each class and indicated these with different colors when mapping them to the specific biological pathways in order to analyze the functions of the ORF8-binding proteins and their interactors during evolutionary classification. The following pathways were found to be enriched: “Protein processing in endoplasmic reticulum” (50 proteins), “Human papillomavirus infection” (41 proteins), “Pathways in cancer” (27 proteins), “Focal adhesion” (23 proteins), “PI3K-Akt signaling pathway” (22 proteins), and “ECM-receptor interaction” (18 proteins).

The KEGG PATHWAY “Protein processing in endoplasmic reticulum” includes 7 ORF8-binding proteins conserved in Class 3 and 29 of their interactors (Figure 5). By focusing on their interaction factors, the proteins that form the ubiquitin ligase complex could be identified. Most of these proteins are conserved in animals (Class 2 and Class 3). Focusing on the second most mapped pathway, human papillomavirus infection (Figure 6; Supplementary Figure 3), the identified proteins included those that are associated with signaling from toll-like receptor 3 (TLR3) that recognize the dsRNA received from endosomes to interferon beta (INF-β) that suppress viral infection. In this pathway, TIR-domain-containing adapter-inducing interferon-β (TRIF) is conserved in Class 1 and interacts with the poliovirus receptor (PVR), which binds directly to ORF8, and TRIF downstream of it is conserved in Class 2 and interacts with interleukin 17 receptor A (IL17RA), which binds directly to ORF8. This pathway is negatively regulated by ECM (Class 1 and Class 2) and integrin (Class 2)-mediated integrin signaling. There are two independent pathways in the complement and coagulation cascades (Figure 7; Supplementary Figure 4). One is blood clotting through the plasmin via tissue-type plasminogen activator (PLAT), which binds directly to ORF8, plasminogen, and plasminogen activator inhibitor. The other is the complement, which activates cell lysis and vitronectin, which inhibits it. CHPF- and GDF15-interacting proteins, C6, C7, C8, and C9 (all of which are involved in Class 1)-mediated promotion of membrane attack complex formation triggering the cell lysis process. In contrast, both MFGE8-interacting protein, clusterin (Class 1) and PVR-interacting protein, vitronectin (Class 1), are negative regulators of the membrane attack complex formation.


[image: Figure 5]
FIGURE 5. ORF8-binding proteins and their interactors expressed in the “Protein Processing in Endoplasmic Reticulum” pathway. The proteins in the dataset that interact with ORF8 and its binding proteins are shown in the KEGG PATHWAY map. Squares represent proteins or genes. The solid arrows represent direct interactions, and dashed lines represent indirect interactions. The background color indicates the class of phylogenetic clusters: yellow, Class 1; light blue, Class 2; light pink, Class 3. If multiple homologous genes were involved in a different class, we selected the most widely and evolutionarily conserved proteins to classify the proteins into a class. The proteins that interact directly with ORF8 are depicted in bold black frames. Other text colors, including orange, yellow, red, ocher, pink, dark red, purple, sky blue, blue, dark blue, green, or brown indicate interactions with HYOU1, PLD3, NGLY1, ERLEC1, EMC1, ERO1LB, UGGT2, SIL1, EDEM3, ERP44, FBXL12, and POFUT1, respectively. See Supplementary Table 6 for detailed information on mapped colors.
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FIGURE 6. ORF8-binding proteins and their interactors in the “Human Papillomavirus Infection” pathway. Within the endosome of the host cells, dsRNA from the infected RNA virus, SARS-CoV-2 triggers the “toll-like receptor signaling pathway”. PVR-interacting protein: TRIF (Class 1) and IL17RA-interacting protein TRAF3 (Class 2) are involved in this pathway. The host cells respond and produce IFN-β to activate the “inhibition of antiviral infection”. Integrin signaling acts as a negative regulator of the “toll-like receptor signaling pathway” to regulate the IFN-β-mediate innate immune response. PLOD2, COL6A1, LOX, and PVR-interacting proteins: ECM (Class1 and Class 2), ITGB-1, and PVR-interacting proteins: ITGA (Class 2) and ITGB (Class 2) are involved in this integrin pathway. See Supplementary Figure 3 for a depiction of the entire pathway. The background color indicates the class of the phylogenetic cluster, as shown in Figure 5. The proteins that interact with PLOD2, PVR, ITGB1, or IL17RA are indicated with gold, light purple, smoke blue, or brilliant blue text color, respectively. See Supplementary Table 7 for detailed information on mapped colors.



[image: Figure 7]
FIGURE 7. ORF8-binding proteins and their interactors in the “Complement and Coagulation Cascades” pathway. Plasmin-mediated fibrin degradation, called “fibrinolytic system” is the main process of coagulation. The PLAT-interacting protein, PAI and ORF8-binding protein, tPA, are involved in this “fibrinolytic system”. PAI is a negative regulator of tPA-dependent activation of the “fibrinolytic system” to remove fibrin clots. Membrane attack complex-mediated cell lysis occurs in the complement-mediated immune lysis cascade. See Supplementary Figure 4 for a depiction of the pathways. The background colors indicate the class of phylogenetic clusters, as shown in Figure 5. The text color indicates the interactors as follows: POFUT1 interactors are colored brown, PLAT interactors are colored blue, MFGE8 interactors are colored yellow green, PVR interactors are colored light purple, and CHPF interactors are colored by prism pink. C6,7,8,9 interacts with the ORF8-binding proteins CHPF and GDF15. See Supplementary Table 8 for detailed information on mapped colors.





DISCUSSION

Next-generation sequencing has resulted in the proliferation of genomic data from diverse species. This enormous quantity of genomic data has made possible, through comparative genomics, a number of advances in the elucidation of gene function and crosstalk. One such approach is phylogenetic profiling, an independent technique to infer functionally related genes and protein-protein interactions via the correlation of the occurrence across a set of genomes or so-called profiles that show the degree of co-evolution between genes (9). Phylogenetic profiling relies on the hypothesis that genes that function together are associated with similar evolutionary pressures and are thus lost and gained together throughout evolution (20). Genes with close relationships in the cluster tree developed from phylogenetic profiling are considered to share common functionality and pathways.

The ORF8 accessory protein is a SARS-CoV-2 viral protein that displays numerous fascinating features. The genomic region that encodes this protein has been recognized as one of the most variable regions of SARS-CoV-2, as well as a recombination hotspot and a region highly susceptible to deletions and nucleotide substitutions (2, 21). Consequently, among all SARS-CoV-2 viral proteins, ORF8 shares the least homology with other known coronaviruses. Previously, we performed phylogenetic profiling and clustering analyses of proteins that are physically associated with SARS-CoV-2 ORF8, as determined by affinity purification mass spectrometry assays (7). We reported that ORF8-interacting proteins can be classified into three classes, which are conserved in vertebrates (Class 1), metazoans (Class 2), and eukaryotes (Class 3) based on their history of evolutionary pressure. We later identified the associated function of each cluster and suggested that Class 1 might contribute to viral pathogenesis and Classes 2 and 3 might contribute to the immune evasion mechanism. Generally, we suggest that ORF8 is associated with SARS-CoV-2 immune evasion and pathogenicity (9). Experimentally, ORF8 was reported to bypass the host immune surveillance mechanism by downregulating HLA class I and inhibiting IFN-β production (8, 10). This viral protein has also been reported to induce the ER stress pathway (10). Additionally, the deleted ORF8 variant of SARS-CoV-2 is known to have milder clinical illness (6).

In the present study, we expanded our previous work on ORF8 phylogenetic profiling to identify the interactors of ORF8-interacting proteins. We found that these proteins are evolutionarily clustered into three classes that are conserved across chordates (Class 1: 152 proteins), metazoans (Class 2: 163 proteins), and eukaryotes (Class 3: 114 proteins). Subsequently, we identified the localization profile, tissue-specific expression, and KEGG pathway of the protein members in each class. Following these analyses, we found that Class 1 was enriched in extracellular proteins and proteins with tissue-specific expression in the liver, lungs, and kidneys. KEGG pathway analysis showed that proteins from Class 1 were strongly associated with the complement and coagulation cascade pathways. This mechanism covers two independent pathways, including the complement, which is part of the innate immune system and coagulation, which is essential for preventing excessive bleeding through clot formation. ORF8 binds to PLAT, a plasminogen activator that induces blood clotting, and is indirectly associated with vitronectin, a cytolytic complement inhibitor, through PVR. Although the mechanism is unclear, we postulate that ORF8 partly contributes to COVID-19 pathogenesis via this system. Moreover, some proteins in Class 1, including IL17RA, growth differentiation factor 15, FK506-binding protein 10, and PLAT, are associated with sarcoidosis pathogenesis (22). Indeed, it is known that ORF8 plays a role in COVID-19 pathogenesis, and a variant with its absence leads to milder illness (6). It would be interesting to further evaluate the contribution of protein members in Class 1 to COVID-19 pathogenesis.

GO enrichment analyses indicated that Class 1 endoplasmic reticulum proteins and extracellular proteins act as protein processing regulators in ER and protein maturation collagen fibril formation in the extracellular region, respectively. Although the percentage of the GO terms, extracellular region, are similar between Class 2 and Class 3 proteins, we found the GO term “cartilage development” was concentrated only in the Class 2 proteins. This result implies that among the ORF8-interracting proteins, cartilage-related proteins acquired during evolution in the metazoans are correlated with ORF8-mediated COVID-19 in the cartilage. Further studies are required to investigate this possibility. In the endoplasmic reticulum, both Class 2 and Class 3 proteins are correlated with the ERAD pathway via interaction with the unfolded proteins.

Some proteins from Class 1, along with some proteins from Class 2, are also associated with the human papillomavirus infection pathway, especially TLR3 induced-signaling that yields the transcription and secretion of IFN-β for the host immune response. TLR3 is an important receptor that recognizes the dsRNA of viruses received from endosomes during viral infection. Here, ORF8 interacts with PVR, which is later associated with TRIF, downstream of TLR3. The consequences of ORF8 interaction are unknown. However, it has been reported that ORF8 can decrease the nuclear translocation of interferon regulatory factor 3 (IRF3), which is downstream of the TRIF pathway, thereby suppressing the interferon-stimulated gene (ISG) ISG15 and ISG56 and antagonizing IFN-β production (10). Additionally, PVR can also be associated with the integrin signaling pathway, which can act as a negative regulator of the TLR3 signaling pathway (Figure 6). It is conceivable that the inhibition of IFN-β is induced by ORF8 interaction via PVR. This hypothesis requires further evaluation.

The protein members of Class 3 in our phylogenetic profiling were mostly localized in the ER and were associated with protein processing in the ER based on the KEGG pathway. Viral infections commonly exploit the ER for replication, assembly, morphogenesis, and egression (23). ORF8 has been reported to induce the ER stress pathway and the unfolded protein response (UPR) by activating the ATF6 and IRE1 pathways (10). This mechanism promotes persistent infection by maintaining the survivability of infected cells during apoptosis. However, UPR also regulates immune cell differentiation, activation, and cytokine production. It is unclear whether ORF8 can exploit the UPR system to maintain SARS-CoV-2 survivability and evade the resulting immune surveillance. Additionally, ORF8 can also mediate HLA 1 degradation by hijacking the Beclin 1 autophagy initiation pathway, thereby protecting the host cell against cytotoxic T lymphocytes (8). Beclin 1 is a member of Class 3 in our phylogenetic profiling. Taken together, the findings of the present study, along with previous research, elucidate the immune evasion mechanism of SARS-CoV-2 through ORF8 in the ER.

Recently, in a study of mutational changes in SARS-CoV-2, it was reported that a fraction of the Omicron variant acquired a mutation in the ORF8 encoding region (24). Because ORF8 is associated with immune evasion and pathogenicity, further studies to investigate the characteristics of this protein within the omicron variant are important.



CONCLUSION

Through phylogenetic profiling, we have classified ORF8 associated proteins based on their evolutionary history and pressures and, further, we explored the trend of mechanisms that are exploited or associated with ORF8 in evading the immune system as well as contributing to COVID-19 pathogenesis. We predict that the protein members in Class 1 could contribute to COVID-19 pathogenesis via complement and coagulation cascades and promote sarcoidosis. Additionally, proteins in Classes 1 and 2 may contribute to the downregulation of IFN-β. Finally, we postulate that the proteins in Class 3 are associated with ER stress and mediate HLA 1 degradation. Notably, the analyses performed in this study are based entirely on a bioinformatics approach; thus, the conclusions presented here are purely predictions that requires further validation.
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The successive emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants has presented a major challenge in the management of the coronavirus disease (COVID-19) pandemic. There are growing concerns regarding the emerging variants escaping vaccines or therapeutic neutralizing antibodies. In this study, we conducted an epidemiological survey to identify SARS-CoV-2 variants that are sporadically proliferating in vaccine-advanced countries. Subsequently, we created HiBiT-tagged virus-like particles displaying spike proteins derived from the variants to analyze the neutralizing efficacy of the BNT162b2 mRNA vaccine and several therapeutic antibodies. We found that the Mu variant and a derivative of the Delta strain with E484K and N501Y mutations significantly evaded vaccine-elicited neutralizing antibodies. This trend was also observed in the Beta and Gamma variants, although they are currently not prevalent. Although 95.2% of the vaccinees exhibited prominent neutralizing activity against the prototype strain, only 73.8 and 78.6% of the vaccinees exhibited neutralizing activity against the Mu and the Delta derivative variants, respectively. A long-term analysis showed that 88.8% of the vaccinees initially exhibited strong neutralizing activity against the currently circulating Delta strain; the number decreased to 31.6% for the individuals at 6 months after vaccination. Notably, these variants were shown to be resistant to several therapeutic antibodies. Our findings demonstrate the differential neutralization efficacy of the COVID-19 vaccine and monoclonal antibodies against circulating variants, suggesting the need for pandemic alerts and booster vaccinations against the currently prevalent variants.

Keywords: SARS-CoV-2, emerging variants, neutralizing antibodies, dual antibody cocktail therapy, mRNA vaccine


INTRODUCTION

The rapid and nearly unrestricted global spread of coronavirus disease (COVID-19) has resulted in the evolution of various mutants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). With vaccines being the principal effective modality to curtail the pandemic, it is crucial to use them effectively and prepare for a rise in the number of immune-escape mutants that can evolve due to the selection pressure exerted. Based on their clinical and epidemiological significance, the World Health Organization (WHO) has identified variants of concern (Alpha, Beta, Gamma, and Delta), variants of interest (Lambda and Mu), and variants under monitoring (1). Although the Delta strain is the principal mutant responsible for the majority of the infections currently, variants with a few more amino acid substitutions in the Delta spike are emerging.

Previous studies have shown that mRNA vaccines such as BNT162b2 and mRNA-1273 confer robust protection against SARS-CoV-2 (2). However, several recent reports have shown that antibody titers drop markedly after 6–8 months of vaccine administration (3–6). However, there has been no temporal and comprehensive study of neutralizing activities against the increasing number of delta derivatives.

Several human monoclonal antibodies have been used for the treatment of COVID-19, which contribute to the reduction of viral load and symptoms (7, 8). However, some mutants have been shown to be resistant to these therapeutic antibodies, and the neutralizing capacity of the antibodies is greatly reduced (9, 10).

We recently developed a rapid neutralizing test, hiVNT, which enables the detection of SARS-CoV-2 neutralizing antibodies in sera within 3 h (11, 12). Therefore, by using hiVNT, we aimed to evaluate the efficacy of vaccine-derived neutralizing antibodies (nAbs) and therapeutic antibodies against the increasingly emerging recent variants.



MATERIALS AND METHODS


Subjects and Ethics Statement

Participants were recruited from among the medical staff of Yokohama City University Hospital in March 2021. Written informed consent was obtained from all the participants. Blood samples were collected 1 week and 6 months after the administration of the second dose of Pfizer/BioNTech mRNA vaccine. Until the assessment date, we collected 126 one-week sera samples and 98 six-month sera samples, and all the samples were used. We randomly selected a set of 19 samples with blinding to demographic characteristics and designated this set as “Pvac19 sera panel.” Prior to the experiment, all samples were tested for antibodies against SARS-CoV-2 spike and nucleocapsid protein and were confirmed to be positive and negative, respectively (there was no previous/breakthrough infection). Blinding was not deemed necessary because the experiments did not involve any subjective assessment. No sample size calculation was performed. The study was conducted in accordance with the Declaration of Helsinki. This study was approved by the Yokohama City University Certified Institutional Review Board (Reference No. B210300001).



Spike Haplotype Analysis

A total of 3,302,486 full genomes extracted from human subjects were downloaded from GISAID (13, 14) and the National Center for Biotechnology Information (NCBI) up to September 23, 2021. In total, 2,400,159 genomes met a data quality criterion of a < 200 bp gap. After a pairwise sequence alignment was performed with respect to the reference genome, we checked for improper alignments which induce artifactual frameshifts and removed such sequences from further analysis. Furthermore, we eliminated the hyper-variant samples with over 500 mutations. We did not observe any recurrent stop gain mutations in our analysis. Variant annotation was performed as described in our previous report (15). Briefly, a SARS-CoV-2 genome was first aligned in a pairwise manner against the NC_045512 reference genome using the Needleman-Wunsch algorithm (16) and differences from the reference genome were extracted as genome changes and subsequently annotated for the types of variants and for amino acid changes. A set of variants associated with amino acid changes in the spike protein were extracted for each genome. Such a set of variants was called the spike haplotype. Distinct spike haplotypes were identified from the entire set of genomes. Next, spike haplotypes were assigned to each genome, including the subset spike haplotypes. Therefore, a single genome could be classified into multiple spike haplotypes. For instance, a Delta variant spike haplotype consisting of T19R, 256_258delinsG, L452R, T478K, D614G, P681R, and D950N is also assigned to another haplotype group of T19R, L452R, T478K, D614G, P681R, and D950N, which is missing a 256_258delinsG variant. After grouping, the number of immune-escape variants, as reported previously (17–20), as well as the momentum, a metric of how quickly the frequency of a haplotype is increasing, were evaluated to identify the best candidates for antibody neutralization experiments.



Rapid Neutralization Test (HiVNT)

hiVNT was performed as described previously (11, 12). Briefly, the target cells seeded in 96-well plates were inoculated with 50 μL of HiBiT-tagged virus-like particles (hiVLPs) containing diluted serum (1:20–1:43,740 dilution for the quantitative assay; 1:20 dilution for the qualitative assay). Intracellular luciferase activity was measured at 3 h after inoculation.

For the qualitative assay, the hiVNT score (percentage of luminescence signal inhibition) was calculated as follows:

[image: image]

For the quantitative assay, the dilution factor of serum that resulted in a 50% reduction in luminescence compared with that in the non-serum control was set as the hiVNT50. We calculated the hiVNT50 value using the curve-fitting tool ImageJ (NIH). When the serum exhibited no observable neutralizing activity to interpolate hiVNT50, it was assigned a hiVNT50 value of 10. Alternatively, cells were inoculated with 50 μL of hiVLPs containing diluted antibody (final concentration of 0.64–50,000 ng/mL for REGN-CoV2 and 0.32–25,000 ng/mL for LY-CoV). REGN-CoV2 and LY-CoV were research grade and were obtained from ProteoGenix and Invivogen, respectively. The concentration of the antibody that resulted in a 50% reduction in luminescence compared with that of the non-antibody control was set as EC50. The antibodies were tested individually, and the cocktail was considered effective against the viral mutant if it was neutralized by at least one antibody in the cocktail.




RESULTS


Identification of Vaccine-Escape Variants

Of the 3,302,486 SARS-CoV-2 full genomes downloaded from GISAID on September 23, 2021, we selected 2,400,159 genomes that met the data quality criteria for the spike haplotype analysis. We identified 12,248 distinct spike haplotypes (i.e., sets of variants) with over 10 recurrences from the whole genome set using previously reported methods (15, 16). Based on the number of cases, the momentum, and immune escaping codons or mutations (17–20), we evaluated the number of immune-escape variants and the momentum to identify the best candidates for neutralization tests (Figure 1A).


[image: Figure 1]
FIGURE 1. Identification of vaccine-escape variants. (A) Flow of this research. Spike haplotype analysis was used to search for mutants with specific mutations, and those with high growth rates were extracted and tested for neutralization. (B) Neutralizing activity of Pvac19 sera panel (n = 19, 1 week after the second dose) against each variant, calculated via a rapid neutralization test (qualitative hiVNT). The percentage of inhibition of viral infection by 20-fold dilution of serum is shown as the hiVNT score in the scatter plot. The mean of two independent determinations is plotted. The brown lines indicate the mean hiVNT scores, the values of which are displayed above the graph.


To comprehensively identify the vaccine-escape strains, we performed a virus-like particle (VLP)-based rapid neutralization test (hiVNT) (11, 12) on post-vaccination sera collected from individuals one week after administration of the second dose of the BNT162b2 mRNA vaccine. In this study, a hiVNT score of 40 was set as the lower threshold, which is equivalent to 50% of the neutralizing titer against SARS-CoV-2 pseudovirus (pvNT50) >50, and a hiVNT score of 70 was set as the higher threshold (equivalent to pvNT50>200) (Supplementary Figure 1). These thresholds were decided based on a recent study reporting that the pvNT50 in sera of individuals with vaccine-breakthrough infections was approximately 200 (21). Samples that fell below the lower threshold were considered to exhibit no neutralizing activity, those between the lower and higher thresholds were considered to exhibit weak neutralizing activity, and those above the higher threshold were considered to exhibit strong neutralizing activity.

A “Pvac19 sera” panel (sera from 19 individuals collected one week after the second dose of Pfizer/BioNTech mRNA vaccine was administered) were used to determine the hiVNT score for each variant. The mean hiVNT score for most variants was approximately 80, indicating that the vaccine could induce sufficient levels of neutralizing antibodies against these mutants as well. However, four variants, namely Beta and Delta derivatives (Delta+E484Q, Delta+E484K+N501Y), Mu, and C.1.2, showed relatively low hiVNT scores (Figure 1B), suggesting that the neutralizing activity of post-vaccination sera against these variants might be weak.



Neutralization of SARS-CoV-2 Variants by Vaccine Sera and Therapeutic Antibodies

Next, we quantitatively evaluated the neutralizing activity against these variants. The serum dilution factor that inhibits VLP entry by half (hiVNT50) was assessed to demonstrate the neutralizing activity of the sera against these variants. The geometric mean titers (GMTs) were 225 for D614G, 38 for Beta, and 37 for Delta + E484K + N501Y (Figure 2A), suggesting that the sera had 6-fold reduced neutralization efficacy against the Beta and Delta variants. However, the GMTs for all variants were above the effective threshold, suggesting that the vaccine-derived nAbs can neutralize the majority of variants tested.


[image: Figure 2]
FIGURE 2. Neutralization of SARS-CoV-2 variants by mRNA vaccine sera and therapeutic antibodies. (A) Neutralizing activity of Pvac19 sera panel (n = 19, 1 week after the second dose) against each variant. Serum dilutions showing 50% inhibition of infection (hiVNT50) were determined via a quantitative hiVNT. The dotted line indicates the cut-off threshold of this assay (hiVNT50 = 20). The mean of two independent determinations is plotted. The brown lines indicate the geometric mean titers (GMT) ± 95% confidence intervals, the values of which are displayed above the graph. (B) Neutralization of each mutant strain by two dual antibody cocktails [REGN-CoV2; REGN10933 (Casirivimab) and REGN10987 (Imdevimab), and LY-COV; LY-CoV555 (Bamlanivimab) and LY-CoV016 (Etesevimab)]. The numbers indicate the 50% effective concentration (EC50, ng/mL), determined by two independent experiments. Since these nAbs are treated as a cocktail, they are considered effective if the EC50 of either antibody is equivalent to or lower than that of the D614G control.


We then evaluated the efficacy of the therapeutic antibodies (10, 22), REGN10933 (casirivimab), REGN10987 (imdevimab), LY-CoV555 (bamlanivimab), and LY-CoV016 (etesevimab), against these mutants. In the casirivimab/imdevimab combination, all tested mutants were found to be neutralized by at least one of the two antibodies in the cocktail (Figure 2B). In contrast, bamlanivimab and etesevimab were less effective, especially against the Beta and Gamma strains (Figure 2B). Etesevimab was still effective against Delta, but the effect was reduced in Delta + E484K + N501Y. We further demonstrated that the Mu variant can also cause cell–cell fusion, similar to the Delta variant (Supplementary Figure 2), which is highly likely to promote viral resistance to nAbs (23).



Long-Term Analysis for Vaccine-Elicited Antibodies Against the Variants

We recently reported that neutralizing antibody titers drop to 20% at 6 months after vaccination (24). To examine the vaccine-elicited neutralizing antibody retention on a larger scale and over a longer period of time, we further increased the number of serum samples and compared the hiVNT scores of the variants at both 1 week (n = 126) and 6 months (n = 98) post-vaccination.

At 1 week after vaccination, strong neutralization (hiVNT score > 70) of all variants was observed in most of the sera samples, ranging from the highest (95.2%) in D614G to the lowest in the Beta variant (70.6 %) (Figure 3). Delta + E484K + N501Y and Mu showed a pattern similar to that of Beta, with 73.8% and 78.6% of the samples strongly neutralized, respectively. The proportion of sera samples that did not exhibit neutralizing activity was notably lower than that of those exhibiting neutralizing activity for each variant. The highest occurrence of nAb escape (including weak and non-neutralizing activity, i.e., hiVNT score < 70) was noted with Beta (29.4%), followed by Delta + E484K + N501Y (26.2%) and Mu (21.4%). This indicates that even immediately after two doses of mRNA vaccine, ~20–30% of vaccinees may be at a risk of breakthrough infection of these variants.


[image: Figure 3]
FIGURE 3. Long-term analysis for vaccine-elicited antibodies against the indicated strains. Positive rates for neutralizing antibodies determined via a qualitative hiVNT (n = 126 for 1 week and n = 98 for 6 months after the second dose) against the indicated variants. The mean of two independent determinations is plotted. The brown lines indicate the mean ± 95% confidence intervals. The percentage of neutralization potency based on the hiVNT score of each serum sample against the indicated variants is shown in the pie chart. An hiVNT score below 40 (equivalent to pvNT50 < 50) indicates non-neutralizing serum, a score of 40–70 (equivalent to pvNT50 > 50 but < 200) indicates weakly neutralizing serum, and a score above 70 (equivalent to pvNT50 > 200) indicates strongly neutralizing serum. See also Supplementary Figure 1 for a description of this definition. The mean of two independent determinations is plotted. ****P < 0.0001 (unpaired t test).


Our results indicated that, at 6 months after vaccination, 82.7% of the vaccinees exhibited strong neutralizing activity against the conventional strain. However, at 6 months after vaccination, strong neutralizing activity was significantly reduced against all mutant strains, ranging from the highest (60.2%) in the Lambda to the lowest in the Delta + E484K + N501Y variant (15.3 %) (Figure 3). This result suggests that the strong neutralizing activity against SARS-CoV-2 variants wane in 6 months after vaccination, yet a weak neutralization is present.



Epidemiological Characterization of Vaccine-Escape Variants

Finally, we examined the regions in which these strains of concern were mainly detected. Our epidemiological analysis demonstrated that the frequency of Delta + E484Q increased since week 24 of 2021 and the strain is still detected worldwide. Delta + E484K + N501Y was detected only in Turkey from week 26, Mu was prevalent in South America from week 14, and C.1.2 was prevalent in South Africa from week 26 (Figure 4). The vaccination status in these countries is shown in Supplementary Figure 4. We noticed that many of these haplotypes emerged before widespread vaccination, suggesting that vaccination might not be the likely cause of this emergence. Since vaccine-induced humoral immunity is less effective against these variants, their spread needs to be monitored carefully.


[image: Figure 4]
FIGURE 4. Epidemiological characterization of vaccine-escape variants. The upper graph shows the number of variants detected from week 1 to week 32 in 2021, and the lower pie chart shows the countries where the variants were detected. The numbers in the pie chart represent the number of detections.





DISCUSSION

In this study, by combining haplotype analysis and hiVNT, we identified immune evasion variants that showed an increasing local trend. In addition, we tested the long-term efficacy of the Pfizer/BioNTech mRNA vaccine against these variants.

With the rise in emerging variants such as Delta derivatives, Mu, and C.1.2, concerns regarding the efficacy of the currently available vaccines and antibody cocktail therapy have emerged. Our results show that the vaccine-derived nAbs and the antibody cocktail exhibit neutralization efficacy against these variants. We observed this effect in the sera of vaccine recipients shortly after the administration of the second dose when the nAbs were considered to be at peak levels.

As vaccine-derived nAbs wane over time, follow-up studies are necessary to assess the persistence of nAbs against these variants. In fact, our analysis using sera 6 months after vaccination showed that the positive rate of nAb against the conventional strain was relatively maintained, while that against the mutant strains was markedly decreased. In particular, only about 15–30% of vaccinees showed potent neutralizing activity against Delta, Delta + E484K + N501Y, and Mu strains. A comprehensive depiction of antibody prevalence by a hiVNT mutant panel not only allows for a rapid assessment of vaccine-elicited humoral immunity, but also highlights the need for booster vaccinations in areas where the mutant strains are prevalent.

Several reports have shown that after 2–3 months of vaccination, the neutralizing activity on variants such as Delta strains is significantly lower than that of WT (25). We have also shown a faster time-bound deterioration in neutralizing activity against the Delta strain (38% negative for neutralizing activity) than the WT strain (7% negative for neutralizing activity) in 6 months after vaccination, and this may be a major factor in breakthrough infections caused by Delta.

Analysis of the therapeutic antibodies against the variants showed that imdevimab had high neutralizing activity against all the mutants tested, but casirivimab had reduced activity against Beta, Gamma, and Mu. These strains commonly include the E484K mutation, and this mutation is considered to be a limitation associated with casirivimab, as previously indicated (10). Unfortunately, bamlanivimab showed no neutralizing activity against the variants except Alpha, suggesting that it is ineffective against the current prevalent strains. Etesevimab showed absolutely no neutralizing activity against Beta and Gamma, consistent with a previous report (9), and we found that this mAb was less effective against other mutant strains besides Delta and Lambda. The N501Y mutation was common in the strains with reduced efficacy, suggesting that this mutation is a limitation of etesevimab.

Our results show that the Delta derivatives possess a higher vaccine escape than their parent Delta strain. Likewise, the Mu variant possesses a higher vaccine-escape ability than the Delta variant and also exhibits cell–cell fusion property like the latter. In general, an increased cell-cell fusion capacity indicates a high concentration of virus (or spike) in the fusion zone, and a relatively high concentration of nAbs is required to prevent the infection of neighboring cells (26). Therefore, such viral strains are more likely to evade humoral immunity. Hence, these variants could present a major challenge if either or both, or other immune escape mutants progresses to replace the Delta variant as the most predominantly transmitted variant. In the future, vaccines and therapeutic antibodies should be designed to address this problem.
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Coronavirus disease-2019 (COVID-19) is an infectious disease caused by SARS-CoV-2 virus. The microbes inhabiting the oral cavity and gut might play crucial roles in maintaining a favorable gut environment, and their relationship with SARS-CoV-2 infection susceptibility and severity is yet to be fully explored. This study investigates the diversity and species richness of gut and oral microbiota of patients with COVID-19, and their possible implications toward the severity of the patient's illness and clinical outcomes. Seventy-four (n = 74) clinical samples (gut and oral) were collected from 22 hospitalized patients with COVID-19 with various clinical conditions and 15 apparently healthy people (served as controls). This amplicon-based metagenomic sequencing study yielded 1,866,306 paired-end reads that were mapped to 21 phyla and 231 classified genera of bacteria. Alpha and beta diversity analyses revealed a distinct dysbiosis of the gut and oral microbial communities in patients with COVID-19, compared to healthy controls. We report that SARS-CoV-2 infection significantly reduced richness and evenness in the gut and oral microbiomes despite showing higher unique operational taxonomic units in the gut. The gut samples of the patients with COVID-19 included 46 opportunistic bacterial genera. Escherichia, Shigella, and Bacteroides were detected as the signature genera in the gut of patients with COVID-19 with diarrhea, whereas a relatively higher abundance of Streptococcus was found in patients with COVID-19 having breathing difficulties and sore throat (BDST). The patients with COVID-19 had a significantly lower abundance of Prevotella in the oral cavity, compared to healthy controls and patients with COVID-19 without diabetes, respectively. The altered metabolic pathways, including a reduction in biosynthesis capabilities of the gut and oral microbial consortia after SARS-CoV-2 infection, were also observed. The present study may, therefore, shed light on interactions of SARS-CoV-2 with resilient oral and gut microbes which might contribute toward developing microbiome-based diagnostics and therapeutics for this deadly pandemic disease.
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INTRODUCTION

Coronavirus disease-2019 (COVID-19) is a contagious disease of the respiratory system, caused by a highly pathogenic and virulent virus known now as SARS-CoV-2. COVID-19 was declared a pandemic after its rapid global spread and the disease to date has accounted for about 4.7 million deaths and more than 232 million confirmed cases (1). SARS-CoV-2 is a zoonotic virus and its reservoir, as studies suggest, is bats. Hence, COVID-19 can be considered as a case of zoonosis. The virus spreads in humans through aerosols, direct contact, respiratory droplets, and fecal-oral contaminations (2). Although COVID-19 is a respiratory disease, it has the potential to affect the human microbiome in both infected and uninfected individuals imposing severe health complications. The inhaled SARS-CoV-2 virus particle binds to the human angiotensin-converting enzyme 2 (hACE2) receptor on epithelial cells lining the respiratory and digestive tracts of the patients, starts replicating, migrates down the respiratory tract along the conducting airways, and a more robust innate immune response is triggered (3, 4). It is assumed that during this propagation, migration, and immune response, the microbiomes throughout the respiratory airways and digestive systems might be altered or changed, and some of them may contribute to further complicating the disease progression (5, 6). The most common clinical features of COVID-19 include fever, dry cough, fatigue, sore throat, diarrhea, difficulty in breathing or shortness of breath, chest pain or pressure, and loss of speech or movement (5–7). The coinfection of the SARS-CoV-2 with other microorganisms is a very important factor in COVID-19 pathogenesis that may complicate the accurate diagnosis, treatment, prognosis of COVID-19, and even increase the mortality rates. Recent evidence from clinical trials and metagenomic investigations have indicated the coexistence of other viruses, bacteria, archaea, and fungi with SARS-CoV-2 in patients with COVID-19 (5, 6, 8). A number of reports have shown that nearly half of the patients who died of COVID-19 apparently had secondary bacterial infections, which further intensified the pathophysiological progression of COVID-19 (9, 10). So far, several risk factors have been identified to be linked with the severity of COVID-19 problems, including genetics, comorbidities, age, and gender (11, 12).

Dysbiosis is defined as a disruption to the microbiome homeostasis caused by an imbalance in the microflora, changes in their functional composition and metabolic activities, or a shift in their local distribution (13). The human microbiome is crucial for the development and maintenance of immunological homeostasis, and it is well-recognized that microbiota imbalance or dysbiosis is strongly linked to a variety of disorders (6, 14). The intestinal tract and oral cavity, which contain the largest and second-largest microbiotas in the human body, respectively, play key roles in the development of infectious diseases (15). The microbiomes of the oral-gut axis have been shown to influence the outcome of numerous infectious diseases by manipulating the host's mucosal immunity in previous investigations (16, 17). Recently, Balmant et al. reported that the microbial populations in the gut microbiome have been associated with COVID-19 disease severity (18). As bacterial coinfections and secondary bacterial infections are noticeable in patients infected with SARS-CoV-2, studies suggest that oral antibiotics can reduce the mortality of patients with COVID-19. Microbiome dysbiosis apparently influences SARS-CoV-2 progression and the severity level in the clinical condition of a patient (18).

The SARS-CoV-2 infection course is critical for dysbiosis in the ecology and dynamics of the human gut microbiome, in both the short term and long term, which in turn influences the human host's health (19, 20). Previous studies suggest that hospitalized patients with COVID-19 exhibit a significant reduction in gut microbiome diversity with depletion of beneficial bacterial symbionts and enrichment of opportunistic pathogens, including Actinomyces, Rothia, and Streptococcus (20, 21). Another research group showed that decreased gut microbiome diversity could be useful as a COVID-19 severity indicator (13).

Dysbiosis caused by an imbalance in the microflora in the oral cavity has been linked to many other systemic inflammatory or infectious diseases (13). Previous studies on the microbiome of patients with COVID-19 are based on the gut microbiome in general where the oral microbiome has not been explored yet. The present study was focused on analyzing the gut–lung axis based on the oral and gut microbiome of patients with COVID-19. Given the emerging association between the human microbiomes (oral-gut) and SARS-CoV-2, and the unknown driver for patients with COVID-19 suffering from long-lasting symptoms, this study aimed to explore if oral and gut microbiome dysbiosis are associated with clinical symptoms of patients with COVID-19. It is hypothesized that the oral and gut microbiomes are involved in the development of COVID-19, and could serve as a potential diagnostic tool. To test this hypothesis, 16S rRNA MiSeq sequencing using the stool and saliva specimens from 22 patients with COVID-19 (with 15 healthy people as control) were employed to analyze gut and oral microbiome dysbiosis and also related genomic functional perturbations. Characterizing dysbiosis in the context of COVID-19 will allow the assessment of the magnitude of gut flora impairment and relate it with the clinical complications that are observed in different individuals, which often vary from one individual to another. Analyzing microbiome and their dysbiosis can also give an overview of the dominant microbial communities in an individual's microbiome and whether these are pathogenic or beneficial. Individuals can be suggested with personalized therapeutics to restore their microbiome for preventing complicated diseases in the future.



MATERIALS AND METHODS


Ethical Approval

The protocol was approved by the Institutional Review Board (IRB#00981) of 250 Bedded General Hospital, Chattogram, Bangladesh.



Design of the Study

A cross-sectional study was performed to characterize the oral and gut microbiome and local response in patients with COVID-19 compared to healthy subjects. All participants were recruited from the COVID-19 isolation unit, 250 Bedded General Hospital, Chattogram. Study participants were recruited between June 2020 and September 2020. Verbal and written consent was taken from all the study participants.



Subject Recruitment and Sample Collection

All study subjects were recruited from the 250 Bedded General Hospital, Chattogram. For this study, patients with COVID-19 (n = 22) and healthy people (n = 15) >18 years old were selected. From the subjects, stool and saliva samples were collected for further analysis. Pregnant women, breastfeeding mothers, and patients not willing to participate were excluded from the research work. Demographic data, symptoms, history of comorbidities, food habits, medication history, biochemical reports, contact history, hygiene practice, and COVID-19 clinical history were collected from the study population. After two consecutive positive real-time RT-PCR results between 7 and 10 days of symptoms onset, patients with suspected SARS-CoV-2 infection were confirmed as patients with COVID-19 and were recruited as study participants. Within 8 weeks of infection, 50% of the patients were given medication and 50% were not, whereas healthy controls were given no medication before their recruitment in this study.



DNA Extraction and 16S rRNA Sequencing

Genomic DNA from 74 specimens (gut n = 44 and oral n = 30) of patients with COVID-19 and healthy controls were extracted using the microbiome DNA purification kit (Thermo Fisher Scientific, USA) following the manufacturer's instructions. The concentration and purity of DNA samples were checked by NanoDrop spectrophotometer 2000c (Thermo Fisher Scientific, USA), Qubit 3.0 fluorometer (Invitrogen, Life Sciences, USA), and agarose gel (1%, w/v) electrophoresis. The extracted DNA was amplified by targeting the V3–V4 regions of the 16S rRNA gene with 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GACTACHVGGGTATCTAATCC-3′) primers (22). The PCR amplification was performed in 50 μl of a final volume containing 25 μl 2′ Hot Start Taq Master Mix (2′; New England BioLabs Inc., USA), 2 μl of DNA, 1 μl (0.2 μM) of each primer, and 21 μl of nuclease-free water. Thirty-five cycles of amplification were performed in an EP Gradient Thermal Cycler (Eppendorf, Germany) according to the conditions recommended for Hot Start Taq Mix with an annealing temperature of 50°C for 40 s. Beads clean-up of PCR products, amplicon barcoding, and pair-end (2 × 300 bp, 600 cycles, v3 chemistry) sequencing of the amplicons were performed under Illumina MiSeq platform (San Diego, CA, USA) according to Illumina standard protocol for 16S metagenomic sequencing.



Bioinformatics Analysis

The generated paired-end raw reads were assessed for initial quality checking using the FastQC tool (23). The sequence reads were filtered through BBDuk (24) with the following parameters: qtrim = r; trimq = 20; ktrim = r; k = 23; mink = 11; hdist = 1; minlen = 200; tpe; tbo to remove Illumina adapters, known Illumina artifacts; and phiX. Merging of overlapping paired-end reads was performed using NGmerge with default parameters (25). The filtering of chimeric sequences and picking of operational taxonomic units (OTUs) at 0.99 sequence identity threshold was performed using MICCA pipeline (v1.7.0) (26). High-quality reads resulting from this pipeline were further analyzed under two different approaches: taxonomic classification and functional classification. Phylogenetic assignment of each OTU at different taxa levels was performed using the Bayesian LCA-based classification method with a 1e-100 cut-off e-value and 100 bootstrap replications, against NCBI 16S microbial database (27, 28). Multiple sequence alignment (MSA) was performed using clustal omega (ClustalO) (29). Each sample was set to an even depth of 8,465 bp for the analysis of alpha-beta diversity and microbial composition in quantitative insights into microbial ecology (QIIME) software (v1.9.1) (30) and R programming language (v4.1.1) (31). Alpha diversity (observed species richness, Shannon, and Simpson-estimated) was performed in “microbiomeSeq” (https://github.com/umerijaz/microbiomeSeq) and “phyloseq” (32) R packages. Beta-diversity (weighted and unweighted UniFrac distance metrices) was measured through “phyloseq,” “microbiome,” and “ape” (33) R packages. In addition, the metagenomic function of 16S rRNA data set in healthy control and COVID-19 community was predicted following PICRUSt2 pipeline (https://github.com/picrust/picrust2) (34) in support of KEGG database.



Statistical Analysis

The statistical analysis of beta-ordination was calculated as permutational analysis of variance (PERMANOVA) in the vegan (35) R package. The rarefied data was converted into log1p fold-changes to identify statistically significant bacteria at the genus level in different groups. Genera with Kruskal–Wallis p < 0.05 were subjected to Wilcoxon rank-text (unpaired) for multiple comparisons with Bonferroni correction to avoid false discovery rate (FDR) from rarefied data (36). Linear discriminant analysis (LDA) with an LDA cut-off value of 2.0 and more was used to find differentially expressed pathways (37). A p ≤ 0.05 was considered statistically significant in all stages of data analysis.




RESULTS


Sequence Statistics

Illumina MiSeq sequencing yielded 1,866,306 paired-end reads from 74 samples, with an average of 26,286.2 ± 978.8 reads per sample. The rarefaction depth curve (Supplementary Figure 1) and good's coverage index (0.998 ± 0.001) indicated that each sample was sequenced at an adequate saturation level to capture maximum bacterial diversity at different taxa levels. After filtering and trimming of low-quality reads, and adapter removal, a total of 1,785,506 reads were retained. Subsequently, 96.8% of the reads (1,728,198) were merged, generating 4,411 OTUs, 21 phyla, 156 families, and 231 classified genera. The sequences from the gut samples (n = 44) of both COVID-19 and healthy controls were mapped to 3,029 OTUs while oral samples (n = 30) were aligned to 2,935 OTUs. Figure 1 shows the distribution of shared and unique OTUs in the gut and oral wash of patients with COVID-19 and healthy controls. Remarkably, out of these OTUs, only 239 (5.42%) were found to be shared among the gut and oral samples of patients with COVID-19 and healthy controls (Figure 1A). By comparing the distribution of these OTUs according to sample groups, we found that the gut samples of patients with COVID-19 and healthy controls possessed 2,727 and 1,955 OTUs, respectively, of which 54.57% OTUs were shared between the conditions (Figure 1B). Moreover, among these gut-associated OTUs, 1,074 (35.46%) had a sole association with SARS-CoV-2 infections (COVID-19 cases). On the other hand, oral samples from patients with COVID-19 and healthy humans possessed 1,752 and 2,411 OTUs, respectively, with 41.84% OTUs sharing between the two groups. The oral samples from patients with COVID-19, however, had a sole association of only 524 (17.85%) OTUs (Figure 1C).
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FIGURE 1. Distribution of shared and unique operational taxonomic units (OTUs) in the gut and oral wash of healthy controls and COVID-19 cases. (A) Venn diagram showing the overview of common and unique OTUs among four groups of samples. The black circle indicates the number of OTUs shared to all groups. (B,C) Represents the distribution of OTUs between healthy and COVID-gut, and healthy and COVID-oral samples, respectively.




Microbial Diversity

The alpha-beta diversity of microbiota in the gut and oral wash of COVID-19 cases and healthy controls are illustrated in Figure 2. Amplicon sequencing revealed higher microbial richness in the gut samples of patients with COVID-19 (Figure 2A) and oral samples of healthy controls (Figure 2D). However, no significant difference (P = 0.12, Kruskal-Wallis test) was observed in the evenness index between patients with COVID-19 and healthy individuals' gut and oral samples (Figures 2A–F). Infection with SARS-COV-2 significantly decreased diversity in terms of observed OTUs, along with Shannon and Simpson evenness in the gut (Figures 2A–C). Interestingly, similar to gut environments, the SARS-CoV-2 infection significantly reduced microbial diversity in the oral samples. However, the reduction of diversity was more prominent in oral microbiomes compared to gut samples (Figures 2D–F). Beta diversity analyses based on Unifrac phylogenetic-based distances showed differences in the structure of microbial communities between patients with COVID-19 and healthy controls gut and oral specimens (Figures 2G–L). Differences were observed for both unweighted and weighted Unifrac distances (PERMANOVA p < 0.005 for both distances) revealing that patients with COVID-19 and healthy controls differ in quality (i.e., presence/absence) and abundance of phylotypes. The principal coordinate analysis (PCoA) plots representing β-diversity showed significant differences (p ≤ 0.005, Kruskal–Wallis test) in bacteriome composition in the gut and oral samples of patients with COVID-19 and healthy controls. The variations were more evident in unweighted UniFrac based on the presence or absence of low-abundant and rare taxa in the community. SARS-CoV-2 significantly modulates the gut microbiota signified by the distinct clustering of bacterial OTUs as observed in both unweighted and weighted UniFrac distance metrics (Figures 2G,H). The SARS-CoV-2 infection triggers the inhibition of common and rare bacteria in the oral community as displayed by the qualitative presence-absence unweighted UniFrac distance metric (Figure 2K). The quantitative differences in microbial community structure (weighted), however, were found less significant than unweighted UniFrac (Figure 2L).
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FIGURE 2. Alpha-beta diversity of microbiota in the gut and oral wash of healthy controls and COVID-19 cases. (A–F) α-Diversity measurements of the gut and oral microbiota in terms of observed operational taxonomic units, Shannon, and Simpson index, respectively. (G) Unweighted (presence-absence) and (H) weighted (relative abundance) UniFrac metric for the gut and oral microbiota of healthy control and COVID-19 cases. (I) Unweighted and (J) weighted UniFrac metric for the gut microbiota of healthy control and COVID-19 cases. (K) Unweighted and (L) weighted UniFrac metric for the oral microbiota of healthy control and COVID-19 cases. #Significantly different at alpha-level of 0.05. ##Significantly different at alpha-level of 0.005. ###Significantly different at alpha-level of 0.001. **Significantly different at alpha-level of 0.005. ***Significantly different at alpha-level of 0.001.




COVID-19 Associated Shifts in the Gut and Oral Microbiomes

A comparative analysis between patients with COVID-19 and healthy control samples was carried out. Differences in relative abundances of phyla between patients with COVID-19 and healthy control samples were characterized using a Kruskal Wallis non-parametric test. A total of 22 bacterial phyla were detected in the gut and oral samples of patients with COVID-19 and healthy controls, and among these phyla, 50.0% were shared across the sample categories (Figure 3A, Supplementary Material 1). In addition, we successfully detected 69 orders of bacteria in the present study including 42, 54, 32, and 47 in COVID-19 gut, COVID-19 oral, healthy gut, and healthy oral samples, respectively. Notably among these groups, 26 (37.68%) orders of bacteria were found to be shared (Figure 3B, Supplementary Material 1). The oral samples of patients with COVID-19 had sole association of 13 (18.84%, highest) orders followed by the oral samples of healthy controls (6 orders), patients with COVID-19 gut, and gut samples of healthy controls (2 orders in each). The phylum- and order-levels discrepancy of taxonomic compositions was more evident at the genus-level among the four metagenome groups. In this study, 231 genera of bacteria including 160, 143, 114, and 162 in the COVID-19 gut, COVID-19 oral, healthy gut, and healthy oral samples, respectively, were detected. Among these genera, 57 (24.68%) were found to be shared across the four sample groups, and the patients with COVID-19 gut and oral samples had a sole association of 18 and 24 bacterial genera, respectively (Figure 3C, Supplementary Material 1).
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FIGURE 3. Relative abundance of bacteria at phylum, order and genus level in the gut and oral wash of healthy controls and COVID-19 cases. (A) Bacterial abundance at the phylum level. Of 22 detected phyla, 11 (50.0%; highlighted in red circle) were shared across all the sample categories. (B) Bacterial abundance at the order level. A total of 69 orders of bacteria were detected, of which 26 (37.68%) were found to be shared across all samples. (C) Bacterial abundance at the genus level. A total of 231 bacterial genera were identified in the gut and oral samples of patients with COVID-19 and healthy controls, among which 57 (24.68%) were common to all four groups of samples.


The most abundant bacterial phyla in the gut and oral samples of patients with COVID-19 and healthy controls are presented in Figure 4. Overall, the gut and oral microbiota of 74 samples were found dominated by Firmicutes, Bacteroidetes, and Proteobacteria phyla (Figure 4). Bacteroidetes (47.2%), Firmicutes (28.5%), and Proteobacteria (18.9%) phyla comprised 94.6% of the total reads in the gut of patients with COVID-19 and healthy controls (Figures 4, 5A). Oral samples, however, outweighed Firmicutes (58.8%), followed by Proteobacteria (21.2%) and Actinobacteria (10.7%). Unlike in the gut, Bacteroidetes (7.7%) richness was found lower in oral samples (Figure 5A, Supplementary Material 1). Predominantly identified bacterial orders in the gut samples of patients with COVID-19 were Bacteroidales (32.75%), Enterobacteriales (23.37%), Clostridiales (13.04%), Lactobacillales (11.47%), Selenomonadales (9.66%), and Bifidobacteriales (7.27%) whereas Lactobacillales (54.98%), Micrococcales (11.61%), Enterobacteriales (10.85%), Selenomonadales (6.99%), and Bacteroidales (5.33%) were the top abundant bacterial orders in the oral samples of patients with COVID-19 (Supplementary Material 1). Similarly, the gut samples of healthy humans harbored Bacteroidales (69.71%), Selenomonadales (9.55%), Aeromonadales (9.45%), and Clostridiales (7.40%) as the predominantly abundant bacterial orders, whereas oral samples of these healthy people possessed Lactobacillales (41.02%), Betaproteobacteriales (19.36%), Bacteroidales (10.41%), Pasteurellales (5.44%), and Selenomonadales (5.15%) as the top abundant orders of bacteria. The remaining bacterial orders detected in these sample categories had relatively lower (<5.0%) abundances (Supplementary Material 1).
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FIGURE 4. Top abundant bacterial phyla in the gut and oral samples of patients with COVID-19 and healthy controls. Firmicutes, Bacteroidetes, and Proteobacteria were found to be the most predominant phyla across the sample groups. Each sample group is represented by a different color code. Violin dots with different letters (a▲, b▼) indicate significantly different read abundance at the phylum level between the gut and oral samples with Mann–Whitney U-test.
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FIGURE 5. The taxonomic abundance of bacteria in the gut and oral wash of healthy controls and COVID-19 cases. (A) Heatmap showing top 20 bacterial genera along with their corresponding phyla in the four sample groups. The color bar represents the abundance value (%) of each genus ranging from 1 (lowest abundance; expressed in dark blue color) to 100 (highest abundance; expressed in brick red color) in the corresponding sample group. (B) Relative abundance of 39 bacterial genera in the gut and oral samples of healthy control and patients with COVID-19. The abundance is sorted from bottom to top by the decreasing pattern of bacteria with the remaining genera kept as “other genera.” Each stacked bar represents the abundance of bacterial genera in each sample of the corresponding category.


The present microbiome study demonstrated notable differences among the microbial community in patients with COVID-19 and healthy humans at the genus level. Among all the detected bacterial genera (n = 231), Prevotella (36.7%), and Streptococcus (43.3%) were predominant in the gut and oral samples, respectively. Prevotella (gut; 36.7%, oral; 5.6%), Enterococcus (gut; 6.9%, oral; 4.2%), and Escherichia, Shigella (gut; 8.4%, oral; 1.1%) were the only three bacteria that had more than 1% read abundance in both the gut and oral samples (Figure 5A). By comparing the taxonomic abundances of these bacterial genera across the sample categories, we found that Bacteroides (19.56%), Prevotella (15.74%), Escherichia and Shigella (14.01%), Enterococcus (11.31%), Bifidobacterium (8.33%), and Megamonas (7.90%) in the COVID-19 gut, and Streptococcus (46.06%), Rothia (12.11%), Klebsiella (7.35%), Veillonella (7.22%), Enterococcus (6.45%), and Prevotella (5.32%) in COVID-19 oral were the predominantly abundant genera (Figure 5B, Supplementary Material 1). Conversely, Prevotella (66.31%) and Succinivibrio (9.76%) in the healthy gut, Streptococcus (38.71%), Neisseria (19.36%), Prevotella (6.04%), and Haemophilus (5.30%) in the healthy oral samples were the top abundant bacterial genera.

The rest of the bacterial genera detected across these four sample groups had relatively lower abundances (<5.0%) (Figure 5B, Supplementary Material 1). The predominant genera in the gut and oral samples of patients with COVID-19 and healthy controls in response to various clinical conditions are documented in Tables 1, 2, respectively. Therefore, SARS-CoV-2 infections significantly (p < 0.003, Kruskal–Wallis test) increased the abundance of Escherichia, Shigella, Enterococcus, Bacteroides, and Bifidobacterium in the gut samples, whereas the richness of Prevotella was found to be decreasing (Supplementary Table 1). Among these genera, Enterococcus had a higher abundance in patients with COVID-19 who were suffering from loss of motion (LoM) before SARS-CoV-2 infection, compared to patients with motion and healthy controls (Table 1). Escherichia and Shigella were identified as a signature bacterium in patients with COVID-19 having diarrhea, and medication had a minor effect on these Gram-negative copathogens of SARS-CoV-2. While SARS-CoV-2 infection significantly decreased Prevotella growth in the gut of patients with COVID-19, further loss of abundance was observed for patients with medication i.e., general antibiotics including azithromycin, metronidazole, amoxicillin, and ciprofloxacin (Table 1). Unlike the gut samples, the relative abundance of Prevotella, Neisseria, Haemophilus, and Porphyromonas dropped significantly (p < 0.04, Kruskal–Wallis test) in the oral microbiome after SARS-CoV-2 infection (Table 2, Supplementary Table 2). In contrast, among the top abundant bacterial genera, only the relative abundance of Rothia increased significantly (p < 0.005, Kruskal–Wallis test) after SARS-CoV-2 infections. Streptococcus was detected with higher relative abundances in patients with COVID-19 suffering from BDST and LoM (Table 2).


Table 1. Major genera in the gut samples of patients with COVID-19 and healthy controls in response to various clinical conditions.
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Table 2. Major genera in the oral wash of patients with COVID-19 and healthy controls in response to various clinical conditions.
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COVID-19-Associated Changes of Metabolic Features in the Gut and Oral Microbiomes

To gain insight into the relationship between SARS-COV-2 with gut and oral microbiome functions in both patients with COVID-19 and healthy controls, PICRUSt was implemented to predict the potential metagenomes from the community profiles of the normalized 16S rRNA genes. Figure 6 illustrates the predicted differentially expressed metabolic pathways in the gut and oral wash of COVID-19 cases and healthy controls. By comparing the number of genes assigned to each KEGG pathway between the groups, a series of significant differences (p = 0.012, Kruskal–Wallis test) were found that lead to the functional divergence in patients with COVID-19- and healthy controls-associated microbiomes. As shown in Figure 6A, 23 significantly different KEGG functional pathways were predicted between the gut microbiomes of patients with COVID-19 and healthy people. Of these KEGG categories, 12 functional categories were highly enriched in the gut microbiomes of patients with COVID-19, including secondary bile acid synthesis, phosphotransferase system (PTS), lipoic acid metabolism, galactose metabolism, ATP-binding cassette (ABC) transporters, ascorbate and aldarate metabolism, pyruvate metabolism, dioxin degradation, nitrotoluene degradation, sphingolipid metabolism, two-component systems, and propanoate metabolism (Figure 6A). In contrast, the gut microbiomes of healthy people were enriched with lipopolysaccharide biosynthesis, D-glutamine and D-glutamate metabolism, folate, peptidoglycan, zeatin and aminoacyl t-RNA biosynthesis, RNA polymerase, ribosome, amino acids (e.g., alanine, aspartate, and glutamate), and vitamin B6 metabolism (Figure 6A). Similarly, the oral microbiomes of patients with COVID-19 had overexpression of gene coding for PTS, synthesis and degradation of ketone bodies, CHO (e.g., galactose, fructose, and mannose) metabolism, amino sugar and nucleotide sugar metabolism, glycolysis and gluconeogenesis, ascorbate and aldarate metabolism, and C5-branched dibasic acid metabolism. Conversely, oral microbiomes of healthy controls showed a higher abundance of metabolic genes related to lipopolysaccharide biosynthesis, biosynthesis of vancomycin groups of antibiotics, biotin, histidine, nicotinate and nicotinamide, amino acids (alanine, aspartate, and glutamate) and vitamin B6 metabolism, and streptomycin biosynthesis (Figure 6B). Therefore, the predicted overexpression of the PTS was observed in both the gut and oral samples from patients with COVID-19, and the expression was highest and second-highest, respectively.
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FIGURE 6. Predicted differentially expressed metabolic pathways in the gut (A) and oral wash (B) of healthy controls and COVID-19 cases. A total of 23 and 18 KEGG pathways were predicted in the gut and oral samples, respectively. Histogram showing linear discriminant analysis (LDA) score from 0 to 3 represents the expression pattern of pathways in each category of samples.





DISCUSSION

The pathophysiology of SARS-CoV-2 infection is characterized by the concurrent association of diverse microbial consortia that are strongly implicated in the causation of multiorgan dysfunction. Therefore, disease severity in patients with COVID-19 is more likely due to not only viral infection but also from dysbiosis of microbiomes in different systems of the human body (5, 6, 20). Coherently, the oral and gut microbiome of patients with COVID-19 in this study exhibited decreased diversities compared to the healthy controls as reported elsewhere (38). The gut and oral microbiota composition of patients with COVID-19 was found to undergo distinct changes which could modulate different clinical manifestations of COVID-19 including loss of taste, LoM, diarrhea, breathing difficulty, and sore throat. The within (alpha) and between (beta) sample diversities of the microbiomes in the gut and oral samples of both patients with COVID-19 and healthy controls differed significantly (except for evenness indices; p = 0.12, Kruskal-Wallis test). The decline in commensal bacterial diversity has been considered a key dysbacteriosis indicator in several diseases (39). This study revealed profound alterations in both oral and gut microbiomes, which were reflected in substantial and significant changes in the community structure identifying potential bacterial marker genera and elucidating the predicted functional profile.

The differences in the dominant microbial phyla (e.g., Firmicutes, Bacteroidetes, and Proteobacteria) were observed between the two study sampling groups; however, the relative abundance of Bacteroidetes remained much lower in oral samples. This trend was also similar between healthy controls and patients with COVID-19 with various clinical conditions. SARS-CoV-2 infection reduced the abundance of Bacteroidetes, a known carbohydrate producer (40), which might partially explain the reason for the low functional abundance of carbohydrate transport and metabolism in the COVID-19 groups (41). Patients with COVID-19 had enrichment of pathogenic and commensal bacteria, indicating a degree of microbial changes in clinically ill conditions. This study demonstrated that some orders of bacteria including Enterobacteriales, Clostridiales, Lactobacillales, Bifidobacteriales, and Micrococcales had higher relative abundances in the gut and oral samples of patients with COVID-19 compared to the healthy controls. The changes in the composition and relative abundances of the microbiomes were more evident at the genus level. These findings indicated that the COVID-19-associated gut and oral samples had a higher relative abundance of bacterial genera such as Bacteroides, Escherichia and Shigella, Enterococcus, Bifidobacterium, Megamonas, Streptococcus, Rothia, Klebsiella, and Veillonella. Differentially abundant levels of Bacteroides, Prevotella, Escherichia, Shigella, Enterococcus, Bifidobacterium, Megamonas, and Actinomyces were identified in the gut of patients with COVID-19, which is consistent with the findings of several previous studies (38, 42). Prevotella species have been overrepresented in patient populations with COVID-19 (43), whereas members of both the Prevotella and the Veillonella genera have been abundant in the patients with COVID-19 (44).

Members of the Prevotella genus have previously been associated with systemic infections, including low-grade systemic inflammation, and are hypothesized to produce proteins that facilitate SARS-CoV-2 infection and increase clinical severity of COVID-19 (43). The increased abundances of these two genera on the tongue have also been associated with an increased risk of death due to pneumonia in older, frail patients (45, 46). Both the Prevotella and Veillonella genera are capable of inducing inflammatory responses. Veillonella species have shown a strong capacity to induce interleukin-6 (IL-6) (47), whereas Prevotella strains primarily activate toll-like receptor-2 (TLR-2) and enhance the expression of inflammatory cytokines, including IL-23 and IL-1 (48). Rothia is a species of bacterium found in the mouth that has been linked to T-helper 17 (Th17)-induced lung inflammation and pneumonia in immunocompromised patients (48). The presence of Rothia in the gut could indicate that microorganisms migrate from the mouth and respiratory system to the intestines. Streptococcus and Rothia were associated with secondary bacterial lung infection susceptibility in patients with avian H7N9 virus infection in a previous study (49). Another study has found that Actinomyces-induced changes in the intestinal environment and immunological factors may exacerbate the harm caused by inflammatory bowel disease (50). These alterations could be induced by SARS CoV-2 infection promoting the gut microbiota's protective immunological response, but more investigation is necessary.

Recently, several studies have analyzed the bacterial infection among hospitalized patients with COVID-19 and found a positive correlation between the duration of stay in the hospital and possibilities of acquiring nosocomial infections and coinfections (51, 52). Bacterial genera such as Prevotella remained substantially lower in abundance in the gut microbiomes of patients with COVID-19 compared to healthy controls, possibly suggesting a decrease in commensal bacteria and counteraction against SARS-CoV-2 infections (53). Loss of this commensal bacteria (e.g., Prevotella) from oral microbiomes indicates that Prevotella can act as a local probiotic and counteract with SARS-CoV-2 to defend it in patients with COVID-19 (54). In addition, Neisseria, an abundant bacterial genus found in the oral sample of healthy individuals, showed a sharp lower relative abundance in oral samples of patients with COVID-19, signaling the dysbiosis of this genus in the oral microbial community (55). It is worth noticing that a higher relative abundance of Rothia in the oral flora of some patients having severe COVID-19 with several comorbidities (such as LoT, LoM, DRR, MC, and BDST) might impact the individual's susceptibility to SARS-CoV-2 through modulating the commensal microbiome composition (38). In a recent study, the genus Rothia was found in elevated levels in the gut microbiomes of SARS-CoV-2 and H1N1 influenza patients (53) corroborating our present findings. Loss of pathogenic bacterial genera such as Haemophilus and Porphyromonas from the oral and gut microbiomes of patients with COVID-19 suggest possible side effects of other cohabiting bacterial communities, such as loss and shortage of necessary dietary nutrients like minerals and micronutrients (56).

The current research also attempted to explore the association of microbiotas with different clinical conditions among patients with COVID-19. In this study, patients with COVID-19 having complications such as loss of taste (LoT) and LoM represented a lower abundance of existing oral bacteria (e.g., Prevotella, Neisseria, Haemophilus, and Porphyromonas) than patients with COVID-19 without any clinical complications, reflecting possible significant effects of these bacterial genera on the host in maintaining homeostasis. Coherently, patients with COVID-19 with or without difficulty showed similar results i.e., loss of oral Neisseria indicating a decrease in oral microbiota diversity. Compared to the gut microbiome, our analysis suggested a stronger impairment in the oral microbiome after SARS-CoV-2 infection, wherein a significant reduction of Neisseria, an essential oral microbial genus, was found, along with the suppression of several key metabolic pathways involving the TCA cycle (57). This study also indicated that patients with COVID-19 suffering from diarrhoea possessed higher microbial signature for gastrointestinal pathogens, e.g., Escherichia and Shigella, when compared to healthy subjects. Earlier reports also suggested that this gut microbiota contributes to inflammation and disease severity in COVID-19, supporting the present findings (53, 58). Similarly, Enterococcus was detected as the signature bacterium in patients with COVID-19 with LoM. Patients with SARS-CoV-2 had a higher abundance of Enterococcus, suggesting that respiratory viral pathogenesis seems to be determined also by inflammatory gut microbiomes (53).

Another hallmark of disease severity in COVID-19 is the perturbations of metabolic functions in the gut and oral microbiomes. The KEGG pathways analysis suggested that metabolic pathways differed between SARS-CoV-2 infected patients and healthy individuals. The PTS pathway is essential for ATP production which is used by gut microbiota, particularly in indicating energy-deficient human hosts (59). It was also revealed that genes coding for synthesis and degradation of ketone bodies, CHO metabolism, amino sugar and nucleotide sugar metabolism, glycolysis and gluconeogenesis, ascorbate and aldarate metabolism, and C5-branched dibasic acid metabolism were also found to be overexpressed in the oral microbiomes of patients with COVID-19 compared to healthy subjects. The oral cavity is one of the first entry points in the body and a significant reservoir of SARS-CoV-2; hence, it can be rationally inferred that dysbiosis of the microbiome induced by SARS-CoV-2 infection initially occurs in the oral cavity and subsequently impacts distant microbiomes across the connected body sites via the oral–lung or oral–gut axis (6, 60). This finding suggests that the oral microbiome of the patients with COVID-19 may have a lower genetic information processing ability. In particular, membrane transport (e.g., ABC transporters) and cell motility (e.g., bacterial chemotaxis and flagellar assembly) were strongly depleted in the oral microbiomes of the patients with COVID-19.

On the other hand, the lipopolysaccharide biosynthesis pathway was observed to be higher in the gut and the oral site of healthy individuals, reiterating the gut–lung axis relationship (61). Interestingly, bacterial genera such as Prevotella, Porphyromonas, produce SCFAs (62), which were severely reduced in abundance (Table 2) in the host due to SARS-CoV-2 infections. The potential association among diverse human microbiota communities, viral particles, and clinical conditions such as diarrhea, loss of movement in human hosts suggest possible microbiota-based treatment along with potential use as an early biomarker for various diseases. The present study, although presented multiple significant outcomes, was not devoid of limitations. First, the number of patients included in the study is low compared to other studies. Second, it was critical to follow up with the patients before and after COVID-19 because of their fear and unwillingness.

The present findings show a clear trend and correlation of microbiota dysbiosis incidence in SARS-CoV-2 infected individuals, substantiating the role of the microbiome as the indicator of disease severity. The microbiome profile of patients with COVID-19 might be impactful in modulating the gut microbiome, introducing healthy microbes inside the body and restoring adverse microbial shifts, and targeted medications. Further in-depth research on microbial functions, host-microbiome interactions during SARS-CoV-2 infection, and investigating the potential of probiotics and prebiotics are recommended to understand the pathogenesis of SARS-CoV-2.



CONCLUSION

The human gastrointestinal tract harbors a diverse microbial community that plays important roles in gastrointestinal and respiratory tract diseases, including the regulation of host immunity and preventing the colonization of microbial pathogens. Disrupted homeostasis or dysbiosis indicates a microbial imbalance or maladaptation inside the human body. Collectively, this study reported the alterations in both oral and gut microbiomes of SARS-CoV-2 infected patients with metabolic functional perturbations and made comprehensive analyses to evaluate their potential consequences and implications. The associations between microbial genera with different clinical comorbidities in patients with COVID-19 indicated the potential of microbiome-based intervention in the prevention and treatment of COVID-19. All this information provides new knowledge with innovative perspectives for tackling and managing the ongoing COVID-19 pandemic. The magnitude of the richness of non-commensal microbes can be used as an indicator of the severity of SARS-CoV-2 infection, implying the role of biomarkers. Further attention is required to examine microbial shift and the host-immune responses between patients with COVID-19 and healthy controls in order to explore the actual role of gut microbes in SARS-CoV-2 pathogenesis.
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Background: P.1 lineage (Gamma) was first described in the State of Amazonas, northern Brazil, in the end of 2020, and has emerged as a very important variant of concern (VOC) of SARS-CoV-2 worldwide. P.1 has been linked to increased infectivity, higher mortality, and immune evasion, leading to reinfections and potentially reduced efficacy of vaccines and neutralizing antibodies.

Methods: The samples of 276 patients from the State of Amazonas were sent to a central referral laboratory for sequencing by gold standard techniques, through Illumina MiSeq platform. Both global and regional phylogenetic analyses of the successfully sequenced genomes were conducted through maximum likelihood method. Multiple alignments were obtained including previously obtained unique human SARS-CoV-2 sequences. The evolutionary histories of spike and non-structural proteins from ORF1a of northern genomes were described and their molecular evolution was analyzed for detection of positive (FUBAR, FEL, and MEME) and negative (FEL and SLAC) selective pressures. To further evaluate the possible pathways of evolution leading to the emergence of P.1, we performed specific analysis for copy-choice recombination events. A global phylogenomic analysis with subsampled P.1 and B.1.1.28 genomes was applied to evaluate the relationship among samples.

Results: Forty-four samples from the State of Amazonas were successfully sequenced and confirmed as P.1 (Gamma) lineage. In addition to previously described P.1 characteristic mutations, we find evidence of continuous diversification of SARS-CoV-2, as rare and previously unseen P.1 mutations were detected in spike and non-structural protein from ORF1a. No evidence of recombination was found. Several sites were demonstrated to be under positive and negative selection, with various mutations identified mostly in P.1 lineage. According to the Pango assignment, phylogenomic analyses indicate all samples as belonging to the P.1 lineage.

Conclusion: P.1 has shown continuous evolution after its emergence. The lack of clear evidence for recombination and the positive selection demonstrated for several sites suggest that this lineage emergence resulted mainly from strong evolutionary forces and progressive accumulation of a favorable signature set of mutations.

Keywords: COVID-19, SARS-CoV-2, P.1, VOC, genomic epidemiology, phylogenomics, spike, NSP


INTRODUCTION

The Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) P.1 (Gamma) lineage has accounted for the majority of the genomes sequenced in Brazil during the second wave of the COVID-19 pandemic (1). It is considered one of the most relevant “Variants Of Concern” (VOC) worldwide. It carries 10 non-synonymous mutations in the spike protein, including three located at the Receptor Binding Domain (RBD: K417T, N501Y, and E484K). Remarkably, N501Y has demonstrated enhanced affinity for ACE-2 binding, potentially resulting in higher viral loads (2). The E484K substitution was previously demonstrated by our group to have arisen and maintained in four genetically diverse lineages in Brazil (3). It can induce immune escape with consequent reinfection and is associated with convalescent plasma therapy failure (4). We have previously shown that both substitutions are under strong positive selection (5). Since these mutations are present in other VOCs around the world, their emergence is evidence of convergent SARS-CoV-2 evolution (5, 6). K417T occurs in an important footprint for class I anti-RBD antibodies and has been associated to decrease neutralization activity for some monoclonal antibodies (mAb). Despite the mutations in spike predominate, P.1 also presents substitutions at other sites potentially relevant. Mutations in non-structural proteins may alter their function related to transcription, duplication, and immune modulation. In fact, it was suggested that at least emerging lineages might induce weaker antiviral interferon activity (7). The association of higher infectivity related to spike mutations with possible innate immune evasion could be associated with higher viral load. An earlier study describing P.1 in northern Brazil has linked this lineage to lower Cycle Threshold (Ct) values (8). This may be of major significance, since persistent higher viral loads after 1 week of symptom initiation were independently associated with worse outcomes, as demonstrated in a testing mAb study (9).

P.1 has been tied to higher case fatality rate (8) and this phenotypic trait may be related to its genetic background. The origin of the unique set of ~35 amino acid substitutions that characterize P.1 remain largely unknown. Homologous recombination of entire segments of genomes by “copy-choice” recombinations in viruses with non-segmented genomes are well-described among coronaviruses (10). Alternatively, the high seroprevalence of anti-SARS-CoV-2 antibodies in northern Brazil citizens could indicate that strong selective pressure was responsible for the new lineage origin. Accordingly, B.1.351 (Beta) has also emerged in a heavily previously exposed population at Mandela's Bay, South Africa (11). Antigenic drift “by chance” appears less likely, because intense ongoing transmission relieves evolutionary bottlenecks required for this phenomenon. Due to intense viral turnover, we expected to find signs of diversification of the original P.1 in clinical samples obtained during the highs of the second wave in north Brazil.

In this study, we describe the full-length SARS-CoV-2 genomes of 44 clinical samples from Amazonas, Brazil, sequenced and analyzed by our group, and compare them to previously described P.1 from Brazil and to worldwide. In order to better understand the evolutionary forces driving the P.1 emergence and evolution in the North region from Brazil, we conducted tests for recombination, phylogenomics, phylogenetic analyses of spike and non-structural proteins from ORF1a, and the detection of selective pressures acting on these sequences. New or uncommon Single Nucleotide Polymorphisms (SNPs) were also described and their potential relevance discussed.



MATERIALS AND METHODS

In total, 276 nasopharyngeal swab samples of patients from Manaus, Parintins, and Itacoatiara (Amazonas, Brazil) collected between February 18, and March 10, 2021, for SARS-CoV-2 Quantitative Reverse Transcription Polymerase Reaction (RT-qPCR), which would be discarded by the laboratory, were initially included in this study. Patient SARS-CoV-2 status was determined by RT-qPCR testing following the Cobas SARS-CoV-2 RT-qPCR kit test protocol (Roche, USA).


SARS-CoV-2 Genome Sequencing and Assembly

For the genome sequencing, confirmed SARS-CoV-2 patients had their clinical samples submitted to a second RT-qPCR, which was performed by BiomeHub (Florianópolis, Santa Catarina, Brazil), with a charite-berlin protocol (12). Samples with quantification cycle (Cq) up to 30 for at least one primer were selected for SARS-CoV-2 genome sequencing and assembly by the BiomeHub laboratory.

The total RNAs were prepared according to reference protocol (dx.doi.org/10.17504/protocols.io.befyjbpw), with the cDNA synthesized with SuperScript IV (Invitrogen) and the DNA amplified with Platinum Taq High Fidelity (Invitrogen). The library preparation was performed with Nextera Flex (Illumina) and quantification was performed with Picogreen and Collibri Library Quantification Kit (Invitrogen). The genome sequencing was generated on Illumina MiSeq Platform by 150 × 150 runs with 500xSARS-CoV-2 coverage (50–100 mil reads/per sample).

For the genome assembly (BiomeHub in-house script), the adapters removal and read trimming for 150 nt read sequences were performed by fastqtools.py. The alignment of the sequenced reads to the reference SARS-CoV-2 genome (GenBank ID: NC_045512.2) was performed by Bowtie v2.4.2 (13) and additional parameters as end-to-end and very-sensitive. The analysis of the sequencing coverage and depth was generated by samtools v1.11 (14) with minimum base quality per base (Q) ≥30. Finally, the consensus sequence for each SARS-CoV-2 genome was generated by a bcftools pipeline (15), including the commands mpileup (parameters: Q ≥30; depth (d) ≤1,000), filter (parameters: DP >50) and consensus.



Genomic Analyses

The assignment of the SARS-CoV-2 lineages (Pango lineages assignment for September 2021) for each assembled genome was obtained with the Pangolin v2.3.8 web server (https://github.com/cov-lineages/pangolin). The clade assignment, mutation calling, and sequence quality check were performed by the Nextclade web server (https://clades.nextstrain.org/). The Snippy variant calling and core genome alignment pipeline v4.6.0 (https://github.com/tseemann/snippy) identified Single Nucleotide Polymorphisms (SNPs) and insertions/deletions from each genome sequence. For the genome map and SNP histogram, the genome alignment was performed by the MAFFT v7.475 (16) web server followed by the running of the msastats.py script, and the plotAlignment and plotSNPHist functions in RStudio (17). The SARS-CoV-2 genome with GenBank ID NC_045512.2 was used as reference.



Recombination Analysis of Samples From Northern Brazil

Initially, 2,485 complete and high covered genomes from the northern states in Brazil (57 genomes from Acre, 298 from Amapá, 1,511 from Amazonas, 394 from Pará, 32 from Rondônia, 38 from Roraima, and 155 from Tocantins) were retrieved from the GISAID database (submission up to September 12, 2021) and added to our 44 sequenced genomes. The genome alignment was performed using the Wuhan genome NC_045512.2 as a reference sequence in the MAFFT web server (16) with 1PAM/κ = 2 scoring matrix. The resulting alignment was trimmed in 266 positions for the 5′ end and 264 positions in the 3′ end with UGENE (18) v39.0, followed by the deletion of sequence duplicates, maintaining 1,931 unique genomes in the sequence set.

For the recombination analysis, the aligned sequence set was tested by the Recombination Detection Program (RDP) software v4.101 (19). The faster methods RDP (20), GENECONV (21), Chimaera (22), MaxChi (23), and 3Seq (24) were applied for the primary scan, followed by the verification of the detected recombination signals by the lower methods BootScan (25) and SiScan (26). After the detection of genomic breakpoints and possible recombination events, the results were re-evaluated with the available methods RDP, GENECONV, BootScan, Chimaera, MaxChi, SiScan, 3Seq, LARD (27), and Phylpro (28) if the detected recombination evidence was accepted by <4 methods. Recombination events supported by at least four methods after Bonferroni correction at a p-value ≤ 0.05 were accepted (29, 30). All analyses were performed with default parameters. The genetic distance plot comparison of the 44 sequenced genomes from this study with the NC_045512.2 reference was performed with the Python package recan using a window of 200 nt and a shift of 50 nt as parameters (31).



Phylogenomic Analysis of Samples From Northern Brazil

For the phylogenetic analysis of the northern genomes, the aligned set of 1,931 unique sequences also used in the recombination analysis was selected. The best evolutionary model was inferred as GTR + R4 by ModelTest-ng (32). The phylogenetic tree was built by the Maximum Likelihood method using the IQTREE software (33) with a Shimodaira-Hasegawa-like approximate likelihood ratio test (SH-aLRT) of 1,000 replicates added to 1,000 replicated of an ultrafast bootstrap, 2,000 iterations and the optimization of the UFBoot trees by NNI on bootstrap alignment. The tree visualization and editing were generated by the FigTree software (http://tree.bio.ed.ac.uk/software/figtree/).



Phylogenetic Analyses of Spike and Non-structural Proteins From ORF1a of Samples From Northern Brazil

Considering that spike and ORF1a were the genomic regions in the northern Brazilian samples with higher number of mutations identified in our genomic analyses, we performed phylogenetic analyses of those regions to better understand the specific patterns of molecular evolution. The nucleotide sequence alignments for the spike and non-structural proteins from the ORF1a sequence were recovered from the alignment of 1,931 northern Brazilian genome samples, according to the CDS coordinates of the reference genome (NC_045512.2). In total, eleven alignment sets (spike, NSP1, NSP2, NSP3, NSP4, NSP5, NSP6, NSP7, NSP8, NSP9, and NSP10) had their duplicated sequences removed and followed the same Modeltest-ng/IQTREE/FigTree workflow method previously described.



Molecular Evolution of Spike and Non-structural Proteins From ORF1a of Samples From Northern Brazil

Selection tests were performed with HyPhy v2.5.32 (34) using the nucleotide sequence alignment and the maximum likelihood tree (previously described) for spike and non-structural proteins from ORF1a. The FUBAR (35), FEL (36), and MEME (37) methods were applied with default parameters for the analysis of positive selection, while FEL (36) and SLAC (36) methods were used with default parameters to evaluate if those regions were submitted to negative selection.



Global Phylogenomic Analyses

A set of 54,214 P.1 and 2,081 B.1.1.28 completed, dated and high-covered genomes, available on GISAID, with collection date from January 01, 2020 and submission date until September 12, 2021, were date-ordered and had their duplicated sequences removed, keeping the first occurrence of each sequence. Subsequently, the software Augur (38), implemented a probabilistic subsampling based on the sample location (country) in order to select 5,000 P.1 and 100 B.1.1.28 genomes. The multiple sequence alignment with the P.1, B.1.1.28, the 44 sequenced genomes from this study, and the SARS-CoV-2 reference genome NC_045512.2 was generated by the MAFFT (16) web server (1PAM/κ = 2 scoring matrix), while the alignment trimming (deletion of 265 and 259 nucleotides at 5' and 3' ends, respectively) was performed with UGENE (18). A second round of sequence duplicates exclusion was applied to keep the first occurrence of each unique sequence. In case of sequence identity between a genome from this study and genomes downloaded from GISAID, the date was disregarded, and our genomes were kept as representative sequences.

The global phylogenetic analysis was then performed with the forty-four genomes sequenced in this study added to 4,953 GISAID data, totalizing 4,997 unique genomes. The 4,953 GISAID genomes were assigned to the B (SARS-CoV-2 reference genome), P.1 (4,856 genomes), and B.1.1.28 (96 genomes) lineages. The best evolutionary model was inferred as GTR + R4 by ModelTest-ng (32). The phylogenetic tree was built by the Maximum Likelihood method using the IQTREE software (33) with Shimodaira-Hasegawa-like approximate likelihood ratio test of 1,000 replicates added to 1,000 replicated of an ultrafast bootstrap, 2,000 iterations and the optimization of the UFBoot trees by NNI on bootstrap alignment. The FigTree software (http://tree.bio.ed.ac.uk/software/figtree/) generated the tree visualization and editing.

In all phylogenetic analyses, including the genome samples from northern Brazil, spike, non-structural proteins from ORF1a and the global phylogenomics, a group was considered monophyletic when satisfied the criteria of ≥80% for SH-aLRT (39) and ≥95% for ultrafast bootstrap branch support values (40). However, we also always described all cases whose branch support values for both statistical tests were ≥80%, considering the previously cited criteria seem too conservative.




RESULTS

The flowchart of SARS-CoV-2 genome sequencing is presented in Figure 1. The nasopharyngeal swab samples (n = 276) were firstly analyzed to detect SARS-CoV-2 using RT-qPCR in a private lab and, subsequently, sent to the reference sequencing center. Twenty-five of them were excluded from this study due to their poor conditions, such as low volume. After the first RT-qPCR, 120 samples that tested positive for SARS-CoV-2 were submitted to a second RT-qPCR for Cq values verification. Only 45 samples that had Cq below 30 for at least one primer were submitted to sequencing. In total, 44 patients had their SARS-CoV-2 positive samples successfully genotyped.
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FIGURE 1. Flowchart of SARS-CoV-2 RT-qPCR and genome sequencing.



Genomic Analysis

Forty-four successfully sequenced SARS-CoV-2 genomes were obtained from samples taken from February, 18 to March, 10, 2021, representing patients from three different cities: Manaus (n = 42), Parintins (n = 1), and Itatiacoara (n = 1). The sequence coverage for the forty-four assemblies ranged between 95.26 up and 99.79% of the 29,903 bp of NC_045512.2 reference genome (average mean of 99.50%). The mean sequencing depth was calculated to 771.79x, with a range variation between 499 and 1,060x (Supplementary File 1). At least 83.21% of the sequence positions achieved a coverage depth ≥51x (max = 99.64%, mean = 96.04%). According to the Pango Lineages assignment, the forty-four samples were characterized as belonging to the P.1 lineage (subclade 20J, Gamma, V3). Figure 2 shows the frequency of SNPs per SARS-CoV-2 genome position along the 44 sequenced genomes. In summary, in this study, the sequenced genomes from Amazonas showed between 21 and 26 amino acid mutations and two up to five deletions. A set of 12 genomes present a four nucleotides insertion (AACA) after the genomic position 28,269.
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FIGURE 2. Mutations of the SARS-CoV-2 genomes from the Amazonas state, Northern Brazil sampled in February and March 2021. (A) Genome map for the 44 genomes sequenced. Nucleotide substitutions are colored in red and blank regions represent low sequencing coverage. (B) Frequency of SNPs per SARS-CoV-2 genome position along the 44 genomes. These mutations are corresponding to the red lines in (A) and only missense substitutions represented by >10 sequences have their respective amino acid changes indicated above the bars. Main Open Reading Frames (ORFs) and SARS-CoV-2 proteins are indicated at the bottom to allow a rapid visualization of the viral proteins affected.


Beyond the constellation of mutations expected from the P.1 lineage, we have found some unusual and/or uncertain deletions and substitutions. After automatic alignment using MAFFT v7.475 and visual inspection, we identified six nucleotide deletions of amino acid residues N188 and L189 from the spike protein in three genomic sequences followed by the R190S substitution in two of them. This mutational pattern is being firstly considered since the AGT codon for serine claims for two nucleotide substitutions in N188 residue (AAT > AGT) but only one in R190 (AGG > AGT), besides the substitution R190S being already known for P.1 genomes. However, by observing the alignment data is not possible to completely discard the occurrence of a N188S substitution followed by deletion of the residues L189 and R190, since in both cases (N188S/R190S) the codons are being mutated to a serine residue, which is the pattern commonly seen on GISAID. The finding of 15 P.1 genomes from Brazil and Taiwan presenting N188S/L189-R190del does not exclude the possibility of generalized alignment errors in these positions due to the mistaken AGT codon mapping, which is probably the case. It is important to note that there is no previous evidence on the GISAID database of a coupled N188-L189 deletion with the conservation of the neighbor residues. In 22 genome sequences (P.1.10 and B.1.36, mostly) available on GISAID from Belgium, Egypt, India, Germany, Greece, Suriname, and USA, there is a deletion of the adjacent positions (e.g., 186, 187, and 190), in addition to N188-L189 deletion.

The frequency of spike mutations identified in the P.1 sequenced genomes (this study) compared with sequences from Amazonas, Brazil, and World (up to September 12, 2021) available on GISAID is shown in Table 1. Interestingly, the P209H mutation at spike NTD was not previously detected in the P.1 samples sequenced around the world. Actually, this mutation was identified in several lineages, including B.1.1.7 (Alpha; England, Italy, and USA), B.1.351 (Beta; South Africa and Sweden), and B.1.617.2 (Delta; England and Indonesia). The deletions S: A243 and S: L244 in the spike protein were simultaneously found in 43 P.1 genomes, excluding those sequenced in our study, from Brazil (Amazonas, Distrito Federal, Rio de Janeiro, Sergipe, and São Paulo), Belgium, Canada, Chile, French Guiana, Malta, Peru, and USA. Another example is the substitution S: T1066A, which was only found in genomes from the lineages AY.4, AY.7.1, B.1.1.7, and B.1.258.10 in USA and European countries. This substitution has been identified for the first time in a P.1 genome sequenced in this study. The S: D215G mutation was described in other eight P.1 Amazonas genomes after our sample collection, as well as in P.1 samples from the states of Goiás (first occurrence in Brazil), Paraná, Santa Catarina, São Paulo and also in Chile, Mexico, Netherlands, and USA. Therefore, one genome sequenced in this study and one additional genome were the first sequences identified carrying this mutation in P.1 lineage in Amazonas. The spike mutations L18F, P26S, E484K, N501Y, D614G, and V1176 were identified in all 44 genomes sequenced in this study, followed by the recognition of T20N, D138Y, H655Y, K417T, and T1027I in 43 of them. Eight spike mutations were observed in three sequences or less (N188-L189del, P209H, D215G, A243-L244del, A688V, and T1066A).


Table 1. Frequency of spike mutations identified in the P.1 sequenced genomes (this study) compared with sequences from Amazonas, Brazil and World (up to September 12, 2021) available on GISAID.
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The frequency of mutations in N, non-structural proteins (NSPs) and accessory proteins identified in the P.1 sequenced genomes (this study) compared with sequences from Amazonas, Brazil and World (up to September 12, 2021) available on GISAID is shown in Table 2 (ORF1a) and Supplementary File 2 (complete table of mutations). The N protein sequence exhibited the substitutions P80R, R203K, and G204R in all 44 genomes, which are highly frequent mutations in the genomes sequenced in Brazil and World, and two of them also presented—separately—the mutations P199L and T135I. A high number of mutations was identified for ORF1a, totalizing 29 possible amino acid substitutions and three deletions. The most frequent ones include NSP3:K977Q, NSP3:T133I, NSP5:A70V, NSP5:V86I, NSP6:A51V, NSP6:G107S, NSP6:F108L, and NSP6:S106/G107/F108del. The NSP3:S370L substitution was identified in 43 genomes, exception for one sequence presenting the combination NSP2:K456R, NSP3:T186P, NSP3:K977Q, NSP3:T1189I, and NSP6:V149A. The NSP2:N9S and NSP4:V30A mutations were identified for the first time in P.1 genomes sequenced in this study. ORF1b is majoritarily represented by the substitutions NSP12:P323L and NSP13:E341D, which were described in 43 genomes each. Other nine amino acid substitutions were also found. The NS3:S253P mutation in ORF3a occurred in 44 sequences, occasionally followed by other substitutions such as P25L, P1045S, S117I, W131C, and E181V. Finally, the mutations NS8:E92K and ORF9b:Q77E (accessory protein, alternative ORF from nucleocapsid—N—gene) were assigned to 43 and 44 genome sequences, respectively. Other substitutions include E59D in ORF8, as well as NS7a:E22D and NS7b:S31L.


Table 2. Frequency of ORF1a mutations identified in the P.1 sequenced genomes (this study) compared with sequences from Amazonas, Brazil and World (up to September 12, 2021) available on GISAID.
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According to the collection date registered on GISAID, the first occurrence for each spike mutation identified in all sequenced genomes in this study is shown in Table 3. Five mutations have their first occurrence in Brazilian P.1 genomes sequenced in this study: A243/L244del, N188del, P209H, and T1066A. Specifically, the A243/L244 double deletion identified in our samples is the first occurrence of this combination in P.1 genomes worldwide. Before February 22, 2021, these deletions were mostly found in B.1.351 genomes (n = 6,461 of 8,009). The case of N188del is not clear, since several genomes may contain alignment errors and, consequently, not being possible to identify this mutation on the GISAID data. The P209H and T1066A substitutions, which are present in lineages such as B.1.1.7 and AY.4 (B.1.617.2 derivative), are only represented by our Amazonas genomes in P.1 data. Moreover, the genome sequences in this study represent the first occurrence of mutations A688V, D215G, and L189 del in P.1 genomes from Amazonas.


Table 3. First occurrence (by collection date) registered on GISAID for spike mutations identified in the sequenced genomes from this study.
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Following the collection dates on Supplementary File 3, it is possible to observe that the first occurrence for the mutations N:P199L, NSP3:T1365A, NSP3:S1437F, NSP3:S1670F, NSP4:S481L, NSP5:A70V, NSP6:A51V, NSP8:E155G, NSP13:M274I, NSP15:D39Y, NSP16:K160R, and NS3:P104S in P.1 sequences from Brazil is related to the sequenced genomes from this study. Except for N:P199L and NSP16:K160R, previously reported in the USA and Italy, all others have their first appearance for P.1 genomes in the world with the genomes from this study. Before February 22, 2021, N:P199L is found in more than 100,000 genomes worldwide, mostly in lineages such as B.1.2, B.1.221, and B.1.596, despite being present in several other lineages. Other substitutions, such as NSP1:T170I, NSP14:P158H, NSP15:E170D, have their only P.1 occurrence in Brazil identified in the genomes from this study, despite other countries posteriorly reporting their presence. A third group was formed by the mutations NSP2:N9S, NSP4:V30A, and NS3:E181V, which were not found in any other place from Brazil or the World. For 28 mutations, our genomes represent their first occurrence in P.1 Amazonas samples.



Recombination Analysis of Samples From Northern Brazil

The analysis performed by the RDP software did not find any statistically supported recombination event in the set of 1,931 northern genomes from Brazil. Despite the 3Seq method detected the P.2 genome EPI_ISL_2245087 (from Pará) as potential recombinant (begin breakpoint: 25,729, end breakpoint: 27,459, p-value = 0.007) in the first scan, no other method supports this evidence, suggesting a possible false-positive. Similarly, the genetic distance plot inferred by the recan package did not suggest any potential breakpoints in the evaluated sequences. The indicated peaks of genetic distance are related to the presence of undefined genomic regions in the sequenced samples (Figure 3).
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FIGURE 3. Genetic distance plot of the 44 sequenced genomes in comparison with the NC_045512.2 reference genome (Wuhan). (A) Genomic sequence identity. (B) Sequence identity for the spike gene region.




Phylogenomic Analysis of Samples From Northern Brazil

The phylogenetic analysis of the 1,931 genomes obtained by the maximum likelihood method showed the formation of statistically supported clades for the lineages P.1 and P.2 as derivatives of the B.1.1.28 lineage (Figure 4). All samples from this study were included in the P.1 monophyletic group. Inside the P.1 clade was identified a group of P.1.7 genomes. Both P.1.4 and P.1.6 groups did not reach the minimal branch support cutoff of 80% in both statistical tests. Two P.1.7 genomes were found outside the P.1.7 group, clustering with P.1 sequences. The analysis of these two genomes showed the absence of the P.1.7 lineage defining mutation P681H for the spike sequence.
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FIGURE 4. Maximum Likelihood tree of 1,887 unique genomes from the North region—Brazil, added to the 44 sequenced samples of this study. Pangolin lineages represented by <five genomes are labeled as “Other.”


As expected, B.1.1.33 and N.9 sequences were clustered, despite the absence of statistical validation when considering both methods together. The N.9 subgroup achieved branch support to be validated as a clade. Sequences from the lineages B.1.195, B.1.212, B.1.617.2, and B.1.111 formed their own groups in the B.1 related most external branch (>75% of statistical support by all tests). Two B.1 sequences were found inside the B.1.195 and B.1.212 groups (one in each cluster).



Phylogeny of Spike and Non-structural Proteins of Samples From Northern Brazil

Since the spike and ORF1a regions accumulated a higher number of mutations in the sequenced genomes, phylogenetic analyses were performed for these sequences, allowing to compare the clusterization of the North samples according to specific protein profiles. The best evolutionary model was predicted for each sequence alignment, as follows: spike – GTR + G4, NSP1 - TrNef, NSP2 - TIM1, NSP3 – GTR + G4, NSP4 - TrN, NSP5 - TrN, NSP6 - TIM1 + G4, NSP7 - HKY, NSP8 - TrN, NSP9 – TrN + I, and NSP10 - TIM1. In fact, the exclusion of sequence duplicates reduced the sample data set, reflecting the lack of sequence variability for some ORF1a regions. The evident difference in sequence conservation among NSPs as well as the inference of different evolutionary models denote the various selective pressures possible acting on these non-structural proteins.

Interestingly, in the spike phylogeny, the sequences are clustered according to the assigned genome lineages (Figure 5A; Supplementary File 4A). According to the spike mutational pattern, which is reflected in the phylogenetic tree of 584 unique sequences, P.1, P.1.4, P.1.6, and P.1.7 formed a monophyletic group inside the P.2 cluster. The group including P.1, P.2, and B.1.1.28 genomes showed no branch support by SH-aLRT and ultrafast bootstrap tests, which indicates it does not form a clade.
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FIGURE 5. Phylogenetic analyses of spike and non-structural proteins from ORF1a including northern Brazilian SARS-CoV-2 genomes. (A) spike, (B) NSP1, (C) NSP3, (D) NSP5, (E) NSP6, and (F) NSP9.


For the non-structural protein 1 (NSP1 - 86 unique sequences), the P.1 sequences and their derivatives (P.1.4, P.1.6, and P.1.7) were clustered together, without statistical validation. A few random samples from different lineages such as B.1.1.28, B.1.1.33, P.2, N.9, and B.1.195 were found in this cluster (Figure 5B; Supplementary File 4B). In NSP3 phylogeny (747 unique sequences), P.1, P.1.4, P.1.5, P.1.6, and P.1.7 sequences also formed a statistically non-validated group (Figure 5C; Supplementary File 4D). B.1.195 formed a cluster not statistically well-supported. NSP5 (116 unique sequences) presented two non-statistically supported groups of P.1.6 and P.2 sequences (Figure 5D; Supplementary File 4F). For NSP6 phylogeny (140 unique sequences), P.1 sequences (and their derivatives) are mostly clustered together. However, the cluster is not statistically supported (Figure 5E; Supplementary File 4G). The same pattern was observed for P.2 sequences. A similar model was obtained for NSP9 (58 unique sequences), where most of all P.1 sequences and P.2 sequences clustered without statistical support (Figure 5F; Supplementary File 4J).

In all these phylogenies, it was observed the dispersion of lineages along the tree by the formation of some statistically well-supported groups including different lineages, which may suggest a low genetic divergence among them in the ORF1a. In this way, it was not possible to identify a sequence clustering based on the expected similarity intralineage for the non-structural proteins 2 (329 unique sequences), 4 (172 unique sequences), 7 (29 unique sequences), 8 (58 unique sequences), and 10 (38 unique sequences) (Supplementary File 4). Considering the SH-aLRT and ultrafast bootstrap cutoff values (≥80% for SH-aLRT and ≥95% for ultrafast bootstrap), the formation of a monophyletic group was only supported for P.1 lineage and their derivatives (P.1.4, P.1.6, and P.1.7) in the spike phylogenetic tree.



Molecular Evolution of Spike and Non-structural Proteins of Samples From Northern Brazil

The selection tests performed by the FUBAR method using the spike sequence alignment detected 23 sites potentially under pervasive diversifying selective pressure (Table 4). Of these, five (5, 138, 417, 681, and 1,264) were also indicated by the FEL method. Interestingly, the sites 138 and 417 were observed in MEME results for episodic diversifying selection. A number of 78 sites were found to be under purifying selective pressure by FEL, of which 18 were also predicted by SLAC. The full set of results, including FEL, MEME, and SLAC methods, is available on the Supplementary File 5.


Table 4. Fast Unbiased AppRoximate Bayesian (FUBAR) analysis of pervasive diversifying selection on spike protein.
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About the FUBAR identified sites, seven are largely found in P.1 genomes (as lineage-defining mutations), including in those 44 sequenced in this study. This mutation set, which comprised substitutions in sites 20, 138, 417, 484, 501, 655, and 1,176, is found in more than 90% of the P.1 genomes in the world (n = 62,863), as well in other 9,282 genomes currently assigned in lineages such as B.1, B.1.1, B.1.628, N.9, and P.1-derivatives (e.g., P.1.2, P.1.1.6, P.1.10). Mutations such as L5F are mostly found in the lineages B.1.526 and B.1.1.7 worldwide. In Brazil, its presence is majoritarily identified in P.1 lineage. Substitutions such as T29I, H49Y/L, A67S/T, T95I, E96D/G, A222V/S, G257D/S, Q613H/E, A653S/V, Q677H, S689I, G769V/R, A1174V/S, and V1264L were found in a wide range of Brazilian lineages (average mean of seven lineages per mutation, 50% with at least five lineages), despite their low frequency (average mean of 68 sequences per mutation, 50% of them with at least 13 sequences), including VOC and VOI lineages. However, the amino acid substitutions P681H/R/T present a higher frequency. The P681R mutation is found in more than 2,800 genomes and 35 lineages. The variation P681H exceeds 2,000 genomes in 21 different lineages.

In the constellation of possible substitutions occurring in the selected sites, it was observed that the mutation H49L is only found in one P.1 genome from Amazonas. About 40.30% of sequences with the prevalent mutation H49Y were identified in genomes from Amazonas and Tocantins, comprising the P.1, B.1.1.28, and B.1.195 lineages. Similarly, P681T has its unique appearance in a P.1.4 genome from Amazonas. Of the eight genomes presenting the A1174V substitution, seven are from the North region (Amapá and Pará) including P.1 and P.1.7 lineages.

In relation to the mutations identified in ORF1a by the selection methods applied, NSP1 (three sites), NSP3 (six sites), and NSP9 (two sites) achieved the higher number of sites suggested to be under adaptive pressure (Table 5). For NSP1, the sites V5A/I, R43C/H, and R77Q/L presented evidence of pervasive diversifying selection by the FUBAR analysis. Specifically, site 5 was also identified by the FEL method. Interestingly, 136 genomes from 16 lineages in the world, including P.1 and B.1.617.2, carry the V5A mutation. In Brazil, this substitution was previously detected in only one genome (in Amazonas) from the P.1.4 lineage. The V5I substitution, identified in 224 sequences in the world (two in Brazil), was detected in a set of 27 lineages; the Amapá sample, specifically, belongs to P.1. In turn, R43C is part of 348 genomes from 53 lineages. In Brazil, three genomes (two of them from Amazonas) belonging to the lineages P.1, B.1.1, and B.1.1.33 present this mutation. The variant R43H is found in 279 sequences in the world, comprising 34 lineages, of which P.1 is represented by a sample from Pará. Finally, R77Q, which was found in 280 genomes in the world and 29 lineages, has in Pará its Brazilian representative for the P.1.7 lineage. The least prevalent of the NSP1 substitutions is R77L, with 33 sequences belonging to 15 lineages. The sample from Amapá (P.1) is the only one in Brazilian territory. No sites in NSP1 were found to be under episodic selection by MEME analysis. By FEL method, additional four sites in NSP1 were also detected with evidence of purifying selection: 36, 42, 74, and 156. Of these, site 156 was identified by SLAC as well.


Table 5. Fast Unbiased AppRoximate Bayesian (FUBAR) analysis of pervasive diversifying selection on non-structural proteins (NSPs) from ORF1a.
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The codon 339 in the NSP2 CDS, presented two possible amino acid substitutions in our analyzed data. G339S was found in 4.0% (13 of 329 unique NSP2 sequences) of our aligned data, while G339D was identified in only one genome. Similarly, the GISAID database shows that 25,389 genomes in the world present the G339S mutation, including several lineages. In Brazil, a total of 247 sequences carry the G339S substitution in 13 lineages. By the FEL method, other three sites were suggested to be under pervasive adaptive pressure in NSP2: 136, 165, and 447. Moreover, MEME has detected episodic diversifying selection in the 165, 339, 447, and 458. All sites identified as purifying selection targets are described in the Supplementary File 5.

A total of six sites were identified to be under positive selection in NSP3. About 5.9% (44 of 746 unique sequences) of the evaluated North genomes presented the amino acid substitution T133I in the NSP3 sequence alignment. In the world, 3,306 sequences are sampled with this substitution, of which 431 are from Brazil and include lineages such as B.1.1.33, P.1, P.1.5, P.1.9, and P.7. A231V corresponds to 97 Brazilian samples (of 5,281 in the world pool) from nine different lineages in GISAID, while its frequency is about 0.9% of the unique NSP2 sequences in our sequenced data. Despite the lower occurrence, a variant A231T is also present in the analyzed genomes. Another example is K1211N/E, which is mutated in 0.4% of the unique NSP3 sequences from North genomes. The K1211N substitution is found in 50 samples from Brazil, occurring in eight lineages. In the world, 3,253 sequences carry this mutation. The P1228L/S mutations are part of 2.0% of the unique NSP3 sequences (1.2 and 0.8%, respectively). Considering 2,815 deposited genomes in Brazil (and genomes in the world), the P1228L mutation comprises 27 lineages, mostly from the AY group of B.1.617.2 derivatives. Accountable for 1% of the unique sequences, the mutations N1610K/S (0.4/0.1%) and S1670F (0.5%) are found in low numbers (n = 3/3/43) in Brazil (S1670F has a higher number at world level), despite the diversified set of lineages (2, 2, and 9, respectively). In Brazil, N1610K is only found in Amapá (n = 2) and Roraima (n = 1). The sites 231, 618, 727, 1,211, 1,303, and 1,440 were also detected by FEL/MEME methods. A number of 88 sites were suggested to be under negative selection pressure by FEL, 18 of them were also suggested by SLAC inference.

The substitutions NSP5:T93I/A (1.7/0.9%), NSP6:V149F/A/I (2.1/1.4/0.7%), NSP8:E155G/D (1.7/1.7%), NSP9:D47F (1.7%), NSP9:T77I/A (3.4/1.7%), and NSP10:T49I (5.3%) are found in one up to three unique sequences of their alignment sets. The NSP5 T93 substitution to an isoleucine residue is found in 47 genomes from Brazil (one sequence from Rondônia), including six lineages. In the world, this event is found in 1,690 GISAID genomes. However, the variant T93A only occurs in one Amapá sample from P.2, besides other 54 sequences in the world, in a set of 19 lineages. By the FEL results, the NSP5 sequence presents 15 sites under purifying selection, while the SLAC method only detected site 151. The NSP6:V149F amino acid change was identified in 16,214 genomes, of which 1,090 are from Brazil (16 lineages). The variants V149A/I are associated with a lower number of sequences and lineages when compared to the others. However, this site was also detected by the FEL method. For NSP6, the MEME method also detected evidence of episodic diversifying selection in the sites 106 and 194. Six sites (118, 120, 200, 262, 270, 284, and 286) were identified in the FEL/SLAC analysis for negative selection.

NSP7:L71F (27.6% of the unique sequences from North genomes) reaches 10,569 world samples on the GISAID database; of these, 4,317 (22 lineages) are Brazilian. A low frequency pattern can be observed in the mutated site E155G/D (NSP8). The NSP8 sequence analysis by FEL indicated seven sites under negative selection: 18, 91, 111, 121, 137, 162, and 183. For NSP9, the substitution D47F is only found in one sample from Roraima (B.1.1.33). The substitution NSP9:T77I can be located in 783 genomes, 10 of them from Brazilian samples (six lineages). In NSP9, FEL detected evidence of pervasive selection in site 33, while the MEME method detected in site 47. The sites 6, 28, 31, 42, 68, 93, 103, and 112 were inferred by FEL as submitted to negative selection, while the SLAC method detected the sites 31 and 95. In relation to NSP10:T49I, it is found in 521 genomes in the world, of which 11 (in five lineages) are from Brazil. Six sites NSP10 (30, 59, 64, 65, 66, and 83) were identified to be under purifying selective pressure by FEL.

It is important to notice that nearly all substitutions potentially maintained by adaptive pressure are found in VOC lineages such as P.1, B.1.1.7, and B.1.617.2, besides their derivatives and other lineages of interest and/or monitoring. Despite their low prevalence, the high number of lineages carrying these mutations may also indicate a positive selective pressure acting on these sites, maintaining mutational events in ORF1a.



Global Phylogenomic Analyses

The phylogenetic analysis of 4,952 worldwide P.1 and B.1.1.28 genomes with the 44 genome sequences of this study (and the NC_045512.2 SARS-CoV-2 reference genome) showed the formation of a P.1 group with the B.1.1.28 sequences in the basal branches. One additional B.1.1.28 sequence from Turkey was found inside the P.1 group. However, the analysis of the genomic mutations suggest that this sequence probably belongs to the P.1 lineage due to the presence of substitutions such as L18F, T20N, P26S, E484K, N501Y, and H655Y. Interestingly, this genome is one of the two B.1.1.28 genomes from GISAID presenting the mutation N440K in the spike protein. The other one, also from Turkey, presents this same mutation set and is located at the basis of the P.1 group, separately clustering with a P.1 genome from South Korea also presenting this mutation (Figure 6).


[image: Figure 6]
FIGURE 6. Collapsed tree representing the assigned lineages of the 4,997 subsampled genomes from global phylogeny.


Despite only P.1 and B.1.1.28 sequences have been selected on GISAID (at September 12, 2021), six genomes from Turkey were posteriorly reassigned (at September 28, 2021) as B.1, corroborating the formation of a basal clade (Figure 6). The large monophyletic group formed by B.1.1.28 and P.1 genomes is validated in both tests, evidencing the ancestor-descendent relationship between B.1.1.28 (ancestor) and P.1 (descendant) lineages. As expected, the 44 sequenced genomes from the Amazonas were in the P.1 cluster (Figure 7), despite their location in different subgroups along the tree.
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FIGURE 7. Global phylogeny of 4,997 subsampled genomes from P.1 and B.1.1.28 lineages.


Eighteen sequences (38,966, 39,448, 39,454, 39,432, 39,443, 39,438, 39,428, 39,436, 39,452, 39,440, 39,465, 39,437, 38,967, 39,444, 39,456, 39,433, 39,449, and 39,450) grouped with Brazilian genomes. Eight of them (39,432, 39,443, 39,436, 39,452, 39,431, 39,433, 39,449, and 39,450) only with Amazonas genomes (Figure 8). Only four sequences (39,431, 39,433, 39,449, and 39,450) were found in statistically validated clades with the subsampled genomes. The genome 39,431 (presenting the double deletion of the spike A243–L244 residues and the absence of the lineage-defining mutations ORF1a:S1188L, ORF1b:E1264D, S:T20N, R190S, S:H655Y, and S:T1027I) formed a fully supported clade with a genome from Amazonas. The monophyletic group with the sequences 39,433, 39,449, and 39,450 (that share mutations such as ORF1a:T951I, A3333V, V3349I, and A3620V) and Brazilian genomes from Amazonas was supported by the SH-aLRT and ultrafast bootstrap tests. The sequences 38,969 and 39,459 (sharing two ORF1b substitutions: I539V and E2221D) form their own clade.


[image: Figure 8]
FIGURE 8. Representative subtree of the 44 sequenced samples of this study and their nearest grouped neighbors inside the P.1 clade. The branch support values are represented by the SH-aLRT and ultrafast bootstrap percentages ≥70.


Other clusters were also found despite the absence of statistical evidence as monophyletic groups by both tests (only the SH-aLRT test achieved values above the cutoff of 80%). The closest neighbors of the genomes 38,969 and 39,459 are Brazilian genomes from Rondônia and Santa Catarina, as well as a genome from Ireland. A group between the genomes 39,448, 39,454 (that share a L1504F substitution in ORF1b) and a Brazilian sequence from Rio de Janeiro is found. The sequence 39,443 was in a group with two Amazonas genomes. The genome 39,438 clustered with a Brazilian sequence from Rio Grande do Sul. The sequence 39,436 formed a group with a Brazilian genome from Amazonas. The sequence 39,452 was also grouped with an Amazonas genome. The sequence 39,447 (presenting the substitutions T2183I, H3076Y, G3676S, and F3677L in ORF1a) grouped with genomes from Brazil (Pará, Pernambuco, and Amazonas), Argentina, Chile, and Germany. Inside the P.1 group, the sequence 39,442 formed a separate cluster in relation to the previously described sequences, clustering with genomes from Brazil (Amazonas, Acre, Rio de Janeiro, Minas Gerais, and Pará), Switzerland, Scotland, and Philippines.

The genomes 39,457, 39,446, 39,435, 39,441, 39,430, 39,464, 39,439, 39,467, and 39,462 grouped as external branches, unrelated to other subsampled genomes. The genomes 39,451, 39,432, 39,463, 39,445 (including the residue alterations ORF1a:F3677L and ORF1b:P1682H), 39,434, 39,458, and 39,460 (carrying the mutations S:A688V and ORF3a:P104S), 39,440 (presenting all the P.1 lineage-defining mutations added to the substitutions ORF1a:S2255F and F3677L), 39,465, 38,968 and 39,461 (sharing the mutations ORF1a:T951I and ORF3a:P25L), 39,437, 39,466, 39,429 and 39,453 formed clusters with branch support values below 80% for both tests.




DISCUSSION

P.1 (Gamma) lineage is arguably the most concerning VOC emerged thus far. Originally described on January 6, Japan, from four returning travelers from Manaus, the lineage exhibited accelerated dissemination from December 2020. Thirty-five SNPs, including ten located at the spike, were initially characterized (41). We have demonstrated signs of diversification from the original P1. More specifically, we have found mutations that were either rare in this lineage (such as deletions at sites 188 and 189 coupled with substitutions at site 190 and deletions at 243 and 244) or previously not described at all (P209H), all located at the spike NTD. Despite this site has not been the target of much attention as RBD, it is in fact a hotspot for mutations, including “indels” and other missense substitutions, which may affect the activity of neutralizing antibodies and/or lead fitness recovery activity (42, 43). Deletions at amino acids 243 and 244 are common in B.1.351 (Beta), but are infrequent in worldwide P.1 (0.06%). These mutations occur at the exposed antigenic supersite from NTD and abolish the activity of some anti-NTD neutralizing antibodies (e.g., 4A8) (44). Besides being rare to date, to our knowledge, our sequences are the first to describe the presence of 243–244 del in P.1 lineage. The P209H substitution replaces a proline, which has a rigid impact on peptide structure, for a positively charged, imidazole-containing, histidine. We project that this could have an effect on the resulting NTD structure as well. Since ~10–50% of neutralizing antibodies are directed toward NTD, it is noteworthy that we have found additional mutations at this site (44). We hypothesized that they could have had a critical role in allowing the emergence of a new lineage (P.1) despite a populational background of 75% previous seroprevalence. Similarly, S: T1066A is a low frequent mutation between the heptad repeat (HR1 and HR2) regions of the spike subunit 2, which was previously found in lineages such as B.1.258.10 and B.1.1.7, being firstly detected in the Brazilian territory in our P.1 genome. However, we were not able to demonstrate that any of these newly described mutations were being actively selected at this moment. On the other hand, canonical substitutions present in the P.1 lineage, such as E484K, K417T, N501Y, and H655Y were shown to be positively selected. E484K is important in immune evasion, particularly against class II anti-RBD antibodies, while K417T may be strongly related to immune evasion against class I anti-RBD antibodies (44). N501Y has minimal impact on antigenic evasion but results in an important increase in binding affinity to hACE-2 (4, 45). Substitutions near the Furin Binding Site (FCS), such as H655Y, may augment FCS activity, further increasing infectivity or may be involved in dynamics S1 changes through increased hydrophobicity in the Gear-like Domain (46). The combination of the known phenotypic effects of these mutations with our positive selection results strongly support the idea that P.1 emergence is the result of intense selective pressure, which also explains the appearance of mutations at these sites in different lineages (convergent evolution).

Substitutions in genome regions outside the S gene may be critical for the infection severity, with potential impact on the modulation of innate immune response. For example, ORF9b, which is an alternative open reading frame within the nucleocapsid (N) gene, may have a important role in SARS-CoV-2-human interactions and has been demonstrated to significantly inhibit the IFN-I production as a result of targeting mitochondria. Moreover, the analyses of the sera of convalescent SARS-CoV or SARS-CoV-2 patients showed antibodies against ORF9b (47, 48). It is interesting to note that mutations at this site were found in most of our sequences.

In relation to the non-structural proteins from ORF1a, only NSP4 did not present evidence of sites under diversifying selection pressure. In NSP1, none of the sites involved in the translation inhibition (first and second C-terminal helix residues 153–160/166–178) (49) or host mRNA cleavage (R124 and K125) (50) were detected by the positive selection tests. However, site 156 was found to be under purifying selection pressure by FEL and SLAC methods. The NSP3 residue 1,031, belonging to the canonical cysteine protease catalytic triad (related to the Papain-like viral protease site D286) on the active site (51) was also detected by FEL and SLAC, which indicates it is submitted to negative selection. Coronaviral proteases as Papain-like protease (PLpro) are essential for viral replication and modulate host immune response to viral infection (51), being known as an IFN antagonist (52). All positively selected sites identified by the FUBAR method are associated with NSP3 interdomain regions. Site 618, detected as positively selected by FEL and MEME, belongs to the Single-stranded poly (A) binding domain (SUD-M), and is involved in the recognition of Guanine-rich non-canonical nucleic acid structures (G-quadruplexes or G4), being essential for SARS-CoV replication (53); whereas site 727, also positively selected, is part of the Coronavirus polyprotein cleavage domain (Nsp3_PL2pro). At NSP5 C-terminal autocleavage sequence (S301–Q306) (54), the residue T304 is under purifying selection. Both NSP7 and NSP8 have essential functions for the RNA synthesis machinery orchestrated by the NSP12 RNA-dependent RNA polymerase. In NSP7, evidence of positive selection was found for site 71, located at the interface between helix α1 and α4 in the NSP7–NSP8 complex (55). The NSP12 residues contact the NSP8 N-terminal region (77–126) where the primase activity lies. Of these, sites 91, 111, and 121 were identified to be under purifying selection. Specifically, site 91 from NSP8 helix α1 is involved in the NSP7–NSP8 complex formation (54, 56). NSP9 sites 6, 31, 103 detected under negative selection interact with peptides by hydrogen and Van der Waals bonds at the hydrophobic cavity in a region close to the dimer interface, with potential impact on the juxtapositioning of the monomers within the homodimer (57). In NSP10, site 83 in the zinc binding site located between the helices α2 and α3 (58) is under purifying selection, possibly due to its importance to stabilize the structural conformation.

All sites indicated as negatively selected in our study probably have an important role for the viral infection mechanisms, consequently being conserved among SARS-CoV-2 genomes. However, our results also indicated that positive selection is leading to an increase in amino acid variability in some viral sites, which results in an amplified potential to viral adaptation and evolutionary success. While a first and important mechanism for viral evolution is the action of positive selection, another possible mechanism for rapid acquisition of new substitutions would be the occurrence of “copy choice recombinations,” a well-described mechanism of recombination for coronavirus, which displays discontinuous replication process, favoring frame shifting. In fact, recombination between B.1.1.7 (Alpha) and other lineages have been characterized (59), but the evidence of the process of selecting new lineages is scarce. However, we were not able to find consistent evidence for copy choice recombination between full genomes from northern Brazil. This process could have explained the fast acquisition of a plethora of distinctive mutations and the apparent lack of recombination in our study strengthens the hypothesis of intense and continuous evolution under strong selective forces. Alternatively, additional substitutions found in our P.1 sequences may be simply the consequence of a matter of chance related, for instance, to “bottlenecks” or other evolutionary constraints acting as “drifters.”

In the phylogenomic analysis of north samples, it was possible to observe the formation of monophyletic groups for P.1 and P.2 genomes (E484K-presenting lineages derivative from B.1.1.28), as well as for the N.9 lineage (E484K presenting lineage derivative from B.1.1.3). Similarly, the phylogenetic analysis of spike sequences showed that P.1 genomes formed a clade. In the global phylogenomics, B.1.1.28 and P.1 were recognized as a clade, exposing their ancestor-descendent relationship. The clade formation for P.1 genomes in the phylogenomic analysis of north samples, as well as in the spike sequences, indicates the importance of the spike protein for SARS-CoV-2 evolution and lineage definition of these genomes. Sequences of non-structural proteins from ORF1a accumulated multiple substitutions without evidence of diversifying selection pressure in these sites. Considering the limitations related to a subsampled global phylogeny analysis, it is not possible to know if the absence of well-supported monophyletic groups is due to the missing branches and nodes representing the most related sequences and their ancestors or some technical limitation inherent to the application of the branch support statistical tests to the SARS-CoV-2 genomic sequences, since bootstrapping approaches require multiple sites supporting a clade to infer strong support value in near-perfect trees (60). In fact, SARS-CoV-2 genomes present a low number of informative sites, which may generate topology with low statistical support and ambiguous clustering of large data sets (61). Additionally, both SH-aLRT and ultrafast bootstrap methods rely on bootstrap resampling (60). Considering all aspects discussed above and the divergence among sequences, it is expected that the P.1 genomes (especially in the spike sequence analysis) cluster together and phylogenetic trees including multiple lineages present better statistical support values inter-lineages in comparison with intra-lineages.

In summary, the association of diversification of P.1 sequences, the known phenotypic consequences of some signature mutations, the confirmation of positive selection acting on some sites and the absence of evidence for recombinations, all suggest that the main driving force in the evolution of P.1 viruses was selective pressure.
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Introduction: The ARTIC Network's primer set and amplicon-based protocol is one of the most widely used SARS-CoV-2 sequencing protocol. An update to the V3 primer set was released on 18th June 2021 to address amplicon drop-off observed among the Delta variant of concern. Here, we report on an in-house optimization of a modified version of the ARTIC Network V4 protocol that improves SARS-CoV-2 genome recovery in instances where the original V4 pooling strategy was characterized by amplicon drop-offs.

Methods: We utilized a matched set of 43 clinical samples and serially diluted positive controls that were amplified by ARTIC V3, V4 and optimized V4 primers and sequenced using GridION from the Oxford Nanopore Technologies'.

Results: We observed a 0.5% to 46% increase in genome recovery in 67% of the samples when using the original V4 pooling strategy compared to the V3 primers. Amplicon drop-offs at primer positions 23 and 90 were observed for all variants and positive controls. When using the optimized protocol, we observed a 60% improvement in genome recovery across all samples and an increase in the average depth in amplicon 23 and 90. Consequently, ≥95% of the genome was recovered in 72% (n = 31) of the samples. However, only 60–70% of the genomes could be recovered in samples that had <28% genome coverage with the ARTIC V3 primers. There was no statistically significant (p > 0.05) correlation between Ct value and genome recovery.

Conclusion: Utilizing the ARTIC V4 primers, while increasing the primer concentrations for amplicons with drop-offs or low average read-depth, greatly improves genome recovery of Alpha, Beta, Delta, Eta and non-VOC/non-VOI SARS-CoV-2 variants.

Keywords: ARTIC V4, SARS-CoV-2, whole genome sequencing, amplicon drop-offs, protocol


INTRODUCTION

Genomic sequencing of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has been instrumental in understanding the biology, emergence and spread of the virus globally (1–3). SARS-CoV-2 genomes help explain virus evolution and transmission (4, 5), identify sites on the genome that may aid vaccine/antibody evasion and inform vaccine design (6), improve design of molecular and serological assays (7) and influence public health policy (8).

There are several approaches used for whole genome sequencing (WGS) of SARS-CoV-2 and can be broadly categorized as targeted and non-targeted i.e., metagenomic approaches (9–12). Early SARS-CoV-2 genomes were generated using a metagenomic approach given the lack of reference genome at the beginning of the pandemic (9). Amplicon based methods using SARS-CoV-2 specific primers that amplify between 400 to 2,500 base pairs were designed and implemented using multiplex RT-PCR methods followed by WGS using platforms such as Oxford Nanopore Technologies and Illumina (11–13).

The most widely adopted targeted amplicon approach for SARS-CoV-2 genomic sequencing is the ARTIC protocol. This protocol was developed based on an earlier strategy for sequencing single-stranded RNA viruses from high cycle threshold (Ct) clinical samples (14). It employed an early draft version of the SARS-CoV-2 genome and incorporated two sets of primer pools for efficient multiplexing (15, 16). The protocol had five key steps; (i) cDNA synthesis using superscript IV kit, (ii) multiplex RT-PCR using Q5 kit and ARTIC V1 primers in two pools, (iii) RT-PCR clean-up using beads, quantification and normalization, (iv) native barcode ligation and (v) sequencing on the MINION device. The first version of this protocol was released to the public on 22nd January 2020 and comprised of what became the ARTIC V1 primer-set that consisted of 98 primer pairs spanning the ~30kb except for the 3' and 5' regions. The ARTIC V1 protocol and primer-set had a number of challenges including drop-offs at amplicons 18 and 76 due to primer dimers (17). Subsequently, an improved set of ARTIC V2 primers were released. The V3 primer were released on 24th March 2020 together with an improved overall sequencing approach (13). The V3 primer set contained additional alternate primers added to the V1 primer sets and provided over 50X coverage in all amplicons compared to V1 and V2 primer-sets (13). The ARTIC V2 protocol (GunIt) was quickly replaced by the V3 protocol (LoCost) which was developed to circumvent the huge cost of sequencing during the pandemic. The reagents' cost of SARS-CoV-2 WGS using Nanopore devices has been estimated to be between $11.50 to $35.88 for one sample when calculated based on 96 samples per sequencing run (18–20).

As of 21st November 2021, there were over 5.3 million SARS-CoV-2 genomes shared on the Global Initiative on Sharing All Influenza Data (GISAID) database (21) but only 76% had high genome coverage (≥99%). In Africa, there were over 60,000 genomes but only 43% of the genomes had high coverage. The ability to generate near-complete genomes when using the ARTIC Network's V3 primers, is affected by sample quality, viral load quantity and consistent virus evolution that guarantees mutations on primer binding sites leading to amplicon drop-offs in up to twelve amplicon primer sites across the Delta, Alpha and Beta variants (22, 23). Attempts to improve genome recovery by using supplemental primers or increasing primer concentrations do not always ensure success and can be a challenge (18, 23). The ARTIC Network's V4 primers were released to address mutations in the primer binding sites that were resulting in amplicon drop-offs in the Delta variant of concern (VOC) (24).

The ARTIC V4 primers have shown considerable improvement in the genome recovery of the Delta VOC except at amplicon 90 (23). Here, we report on our in-house optimization of a modified version of the ARTIC Network V4 primers herein referred to as optimized V4, to improve on SARS-CoV-2 genome recovery where the original ARTIC V4 pooling strategy did not yield full genomes and was characterized by amplicon drop-offs.



MATERIALS AND METHODS


Ethics Statement

Samples for SARS-CoV-2 whole genome sequencing study protocol were reviewed and approved by the Scientific and Ethics Review Committee (SERU) residing at the Kenya Medical Research Institute (KEMRI) headquarters in Nairobi (SERU #4035).



Sample Selection

A total of 43 SARS-CoV-2 positive samples (collected as a combined nasopharyngeal and oropharyngeal (NP/OP) swab) previously sequenced using the ARTIC Network nCoV-2019 V3 primers (24) were selected. These samples had a real-time RT-PCR cycle threshold (Ct) value between 12.6 and 30.7 (median 21.7) based on the spike (S) gene assay from the commercially available RADI COVID-19 detection kit (KH Medical Co. Ltd, South Korea). The genome sequences recovered from these samples were classified as described in Supplementary Table 1.



RNA Extraction and cDNA Synthesis

Ribonucleic acid (RNA) was extracted from 140 μl of the NP/OP samples using the QIAamp Viral RNA Mini Kit (QIAGEN, cat 52906, Manchester, United Kingdom) according to the manufacturer's instructions. RNA was isolated from a heat-inactivated, cultured SARS-CoV-2 supernatant donated by Aix-Marseille University (Marseille, France) and its genome classified as lineage B.1, which was used as the positive control. The RNA from the positive control sample was labeled PC neat and used to create two sets of 10-fold dilution series herein referred to as PC 1:10 and PC 1:100.

These three positive controls, the 43 samples and a no reverse-transcriptase control (NRT) were used for cDNA synthesis using 2 μl of LunaScript RT Mix (NEB, E3010, MA, USA) and 8 μl of RNA. This reaction was incubated at 25°C for 2 min, 55°C for 10 min, 95°C for 10 min then held at 4°C.



Primer Reconstitution and Pooling

The lyophilized 218 V3 and 198 V4 primers (Eurofins Genomics, Germany), were resuspended in nuclease-free water according to the oligonucleotide synthesis reports to achieve a stock concentration of 100 μM. We generated two primer pools by combining 5 μl (1X volume) of each primer, where odd and even region primers constituted Pool A and Pool B, respectively. To solve the amplicon drop-offs and uneven coverage problems when deploying the V3 primers, we created a third pool, herein referred as Pool C. This pool comprised primer pairs from regions 3, 9 alternate, 17, 26, 64, 66, 67, 68, 74, 76, 88, 91, and 92 that were also present in pools A and B.

For the V4 primer scheme, a pooling guide was recommended by the developer to mitigate uneven coverage (24). Following the amplicon drop-offs and low coverage depths (<50) for regions covered by primers 5, 8, 21, 23, 76, and 90 in the V4 primers, we increased the volumes of these primers in the respective pools. The primers were added into the reaction at 5X (25 ul) volume for 8, 17, 21, 23, 27, 30, 61, 74, 76 and 90 regions, and at 2X (10 ul) volume for 5, 13, 45 and 79.



Multiplex RT-PCR

The resulting primer pools were diluted in nuclease-free water to produce 10 μM stock with each primer being utilized at a final concentration of 0.015 μM for the multiplex RT-PCR. For amplification using the V3 primer pools, there were three reactions per sample that were set up by combining 3μl of nuclease-free water, 6.25 μl of Q5® Hot Start High-Fidelity 2X Master Mix (NEB M0494, MA, USA), 2 μl of primer pool and 1.3 μl of cDNA. The V4 primer pools amplification employed two reactions per samples and the reaction components comprised 3 μl of nuclease-free water, 6.3 μl of Q5® Hot Start High-Fidelity 2X Master Mix (NEB M0494, MA, USA), 1.9 μl of primer pool and 1.3 μl of cDNA. The total reaction volume for the multiplex RT-PCR was carried out at half the recommended amount from the ARTIC LoCost protocol (15) and the thermocycling conditions were as follows: 1 cycle of 98°C for 30 s, followed by 25 cycles of 98°C for 30 s and 65°C for 5 min, 15 cycles of 62.5°C for 5 min and 98°C for 15 s, 1 cycle of 62.5°C for 5 min and held at 4°C indefinitely. In addition to the 43 samples and three positive controls from above, a single no template control (NTC) i.e., mastermix only and a single negative control (water + mastermix) were included to serve as an indicator of extraneous nucleic acid contamination.

RT-PCR products from pools A and B of V4 primers were combined to make up a total of 25 μl and cleaned up using 1X AMPure XP beads (Beckman Coulter, A63881, Indianapolis, USA) as highlighted in the amplicon clean-up protocol (15). Since the V3 primers had an additional pool with fewer primer pairs, only 3 μl of the pool C amplicons were added to the amplicons from pools A and B to make up a volume of 28 μl and cleaned using 1X AMPure XP beads (Beckman Coulter, A63881, Indianapolis, USA). The pellet was resuspended in 20 μl of nuclease-free water, and 1 μl of the eluate was quantified using the Qubit dsDNA HS Assay Kit (ThermoFisher, Q32854, California, USA) as stipulated in the manufacturer's handbook.

To reduce the number of samples with low virus abundance proceeding to library preparation we devised an ad hoc quality control strategy based on the concentration of the NTC which is usually primers and artifacts. For example, the criteria for grading the amplicons generated using the modified V4 primer pools, and an NTC with a concentration of 27.2 ng/μl were as follows: grade one, ≥ 62 ng/μl, grade two, 28–62 ng/μl and grade three, <28 ng/μl. Samples that fell within the same grade were assigned to one sequencing run, while excluding all grade 3 samples in downstream processes. However, the negative controls were added to all the runs regardless.



Library Preparation and Nanopore Sequencing

Normalization was performed by adding 7 μl nuclease-free water to 5 μl of cleaned-up RT-PCR amplicons for grade 1 samples. For grade 2 samples, we used 7 μl of the cleaned-up RT-PCR amplicons and topped up with 5 μl of nuclease-free water, whereas 9 μl of the amplicons was used for the negative controls. The end repair and A-tailing of the amplicons was carried out with the Ultra II End repair/dA-tailing Module (NEB, E7546, MA, USA) reagents. The end-prep reaction for each biological sample comprised 1.5 μl of the reaction buffer, 0.5 μl of the enzyme mix and 12 μl of the normalized RT-PCR products. Thermocycling conditions were set at 20°C for 15 min, 65°C for 15 min and 4°C for 1 min.

Barcode ligation employed 1.25 μl of a unique native barcode from EXP-NBD196 (Oxford Nanopore Technologies, Oxford, UK), 2.75 μl of nuclease-free water, 5 μl of Blunt/TA Ligase Master Mix (NEB, M0367) and 1 μl of end-prepped DNA. This mixture was incubated at 20°C for 20 min, 65°C for 10 min and 4°C for 1 min. All the barcoded samples were pooled together and cleaned using 0.4X AMPure XP beads and 250 μl Short Fragment Buffer (ONT) as described in the LoCost protocol (15). The pellet was resuspended in 34 μl of nuclease-free water (0.07X of the total volume of pooled samples), and 1 μl was used for quantification using the Qubit dsDNA HS Assay Kit.

For adapter ligation, about 50 ng of the pooled barcoded sample was utilized along with the Quick Ligation Module (NEB, E6056, MA, USA) reagents and AMII (ONT, Oxford, UK). The components volumes were halved making up a total reaction of 25 μl. This reaction was incubated at room temperature for 20 min, and then cleaned using 1X AMPure XP beads and 125 μl Short Fragment Buffer as described above. Following elution in 15 μl of Elution Buffer (ONT, Oxford, UK), the library was quantified and normalized to 15 ng. The loading library was prepared by adding 37.6 μl of the Sequencing Buffer (ONT), 25.4 μl of the Loading Beads (LB) and 12μl of the library. A SpotON flow cell (ONT, FLO-MIN106D, Oxford, UK) that had more than 800 pores was primed and loaded with 75 μl of the library. The experiment was set up on a GridION Mk1 Sequencing Device using MinKNOW (version 21.05.20). The run was stopped once we had 100,000 reads per sample.



Analysis

We adopted the ARTIC bioinformatics protocol using the applicable primer scheme to generate consensus sequences (25). Lineage assignment was done using the command-line-based Pangolin (pangolin version 3.1.16, pangoLEARN version 18/10/2021). NextClade (version 0.13.0) was used for clade assignment and overall quality control metrics are shown in Supplementary Table 1. All statistical analysis was done using R version 4.1.1 (26).




RESULTS


Effect of Modifications in ARTIC V3 Primers Pooling Strategy

The initial V3 primers were pooled into two pools (A and B) and had amplicon drop-offs at position 3, 9, 17, 23, 24, 26, 64, 67, 68, 71, 74, 76, 88, 91, and 92 (data not shown). We modified the pooling strategy by creating a third pool as described in the methods. However, drop-offs were observed more frequently in Delta VOC sequences at amplicons 3, 5, 17, 23, 39, 55, 64, 71, 72, 73, 81, and 85 (Figure 1). For the Alpha VOC, amplicon drop-offs were observed at amplicons 3, 17, 23, 64, 70 and 73 (Supplementary Figure 1). For the Beta VOC and Eta variant of interest (VOI), amplicon drop-offs were observed at amplicon 3, 7, 17, 59, and 85 (Supplementary Figure 1).
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FIGURE 1. Amplicon plots of five sequences generated using (A) V3 primers, (B) V4 primers, and (C) optimized V4 primers and classified as Delta VOC. The curves show average depth in log scale (y axis) per amplicon (x axis). The horizontal dotted lines indicate amplicon depth cut-offs at 23, 50, and 100.




Improved Genome Recovery Using ARTIC V4 Primers

No SARS-CoV-2 genomes were recovered from the negative control and non-template control. The ARTIC V4 primers improved genome recovery among the Alpha, Beta, Delta, Eta and non-VOC/VOI variants. We observed a 0.5% to 46% increase in genome recovery in 67% of the samples when using the ARTIC V4 primers compared to the V3 primers (Figure 2A). Amplicon drop-offs at primer positions 23 and 90 were observed consistently for all variants and positive controls (Supplementary Figure 2). Additionally, amplicons 5, 8, 21, 31 and 76 had amplicon depth of <50 in some samples and showed potential of becoming drop-offs especially in samples with Ct values of >25.
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FIGURE 2. (A) Comparison of genome coverage across all sequences generated by the V3, V4 and optimized V4 primers and (B) Comparison of the average amplicon depth from amplicons 23 and 90 when using V4 and optimized V4 primers. Primer version is on the x-axis and amplicon depth on the y-axis. (C) Comparison of Ct values against genome coverage for V3, V4 and optimized V4 primer sets. Each dot represents a sample whose Ct value is highlighted in the x axis.




Effect of Increased Primer Volumes in Amplicon Depth and Coverage

To avoid drop-offs in the above stated amplicons, we increased the primer concentrations in the ARTIC V4 set during pooling as described in methods. There was an improvement in 75 and 93% of the genomes after increasing the primer concentrations five times for amplicons 23 and 90, respectively (Figure 2B). However, most of the genomes (>90%) that had no read coverage for amplicons 23 and 90 did not improve despite using the optimized V4 primers.

Generally, there was an improvement of up to 60% in genome recovery across all samples. In 72% of the samples, ≥95% of the genome was recovered. However, only 60–70% of the genomes could be recovered in samples that had performed poorly (<28% genome coverage) with the ARTIC V3 primers (Supplementary Table 2).



Changes in Lineage Assignment With Increased Genome Completeness

In six sequences, there were changes in lineage assignment with improved genome recovery. Two sequences that were classified as AY.43 and AY.16 lineages were reassigned to B.1.617.2, and one sequence classified as B.1.36.35 was reassigned to B.1. Three sequences that were not assigned a lineage earlier ended up being classified as B.1, B.1.530 and B.1.160 following an increment (>50%) in genome recovery (Table 1).


Table 1. A table showing changes in lineage assignment and genome completeness among discrepant samples.
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Comparison of Ct Values and Genome Coverage

There was no observed significant correlation (p > 0.05) between the Ct values and genome coverage when using either primer version (Figure 2C). Using a serially diluted PC, genome completeness was low in the PC-neat compared to PC 1:10 and PC 1:100 with amplicon drop-offs observed toward the 3' end of the genome (Supplementary Figure 2).




DISCUSSION

Amplicon drop-offs that are caused by primer competition have been an issue when sequencing SARS-CoV-2 using the ARTIC tiling primers as previously described (17). With the dominance of the Delta VOC globally, the ARTIC V3 primers had up to 13 amplicon drop-offs when sequencing samples with the Delta VOC in our analysis. The optimized ARTIC V4 primers generated sequences with the highest genome coverage compared to the ARTIC V3 and V4 primers for samples with either VOCs, VOIs or non-VOC/non-VOI. The findings suggest improved genome coverage when using the modified ARTIC V4 primers compared to either ARTIC V3 primers or ARTIC V4 primers. The Omicron variant has up to 10 mutations that may affect the efficiency of the ARTIC V4 primers, but this can be resolved using the V4.1 primers (27).

Increasing the concentrations of primers for regions with low read depth or no amplification improved genome recovery in those regions. We speculate that these primers encountered competition from other primers, hence leading to amplicon drop-offs and increments in primer concentrations improved the read depth at these positions.

Previous studies have reported successful genome recovery in samples with low Ct values (<25) (28, 29). Our findings indicated that there was no significant correlation between genome coverage and Ct value when using either version of the ARTIC primers. Genomes with >95% coverage were recovered from samples with higher Ct values (24–29), and the differences observed could be either due to sample-to-sample variation or batch processing. Therefore, when using the optimized V4 primers, genome completeness (>95%) can be expected for samples with a wide Ct value range (14–29) regardless of the lineage.

Accurate lineage assignment using Pangolin may rely on key single nucleotide polymorphisms in the genome and if these are absent, incorrect lineage assignment is likely to occur (30). Improvements in genome recovery led to the assignation of lineages to three sequences that could not be previously assigned, hence helping identify the variants present in those samples. In three other sequences, the lineages AY.16/AY.43 and B.1.36.35 were reassigned to their parental lineages B.1.617.2 and B.1, respectively. The mutation A28299T is characteristic of lineage AY.43 suggesting that misclassification occurred due to low genome coverage. Additionally, the sequence that was reassigned to B.1.617.2 from AY.16 had a T26076A mutation that is characteristic of AY.16. The parental lineage reassignment suggests that the sequence could either belong to the B.1.617.2 or any other descendant lineage of B.1.617.2 (30). Previously, it has been reported that when using ARTIC V4 primers systematic errors might lead to a T15521A and T8835C mutations (31), but this were not observed in our analysis.

These findings have limitations. First, increasing primer concentrations may lead to a rapid depletion of some primer combinations, raising the overall sample processing cost. Currently, the per-sample cost of our method is estimated to be $18, which is within range of other short-read, amplicon-based approaches for SARS-CoV-2 sequencing. This expense could be reduced if the post RT-PCR clean-up and normalization steps are removed in favor of the RT-PCR dilution step. Secondly, elevated primer concentration by virtue of elevated volumes might have led to over representation of certain fragments over others. However, this can be mitigated by normalizing the fragments across the genome. Moreover, extracting archived samples on different days has an impact on RNA quality, particularly for samples with low viral loads, which impacts downstream sequencing outputs.

In conclusion, implementing the ARTIC V4 and increasing the primer concentrations for amplicons with drop-offs or low average read-depth greatly improved genome recovery among Alpha, Beta, Delta, Eta and non-VOC/non-VOI SARS-CoV-2 variants.
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The genome of the Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2), the pathogen that causes coronavirus disease 2019 (COVID-19), has been sequenced at an unprecedented scale leading to a tremendous amount of viral genome sequencing data. To assist in tracing infection pathways and design preventive strategies, a deep understanding of the viral genetic diversity landscape is needed. We present here a set of genomic surveillance tools from population genetics which can be used to better understand the evolution of this virus in humans. To illustrate the utility of this toolbox, we detail an in depth analysis of the genetic diversity of SARS-CoV-2 in first year of the COVID-19 pandemic. We analyzed 329,854 high-quality consensus sequences published in the GISAID database during the pre-vaccination phase. We demonstrate that, compared to standard phylogenetic approaches, haplotype networks can be computed efficiently on much larger datasets. This approach enables real-time lineage identification, a clear description of the relationship between variants of concern, and efficient detection of recurrent mutations. Furthermore, time series change of Tajima's D by haplotype provides a powerful metric of lineage expansion. Finally, principal component analysis (PCA) highlights key steps in variant emergence and facilitates the visualization of genomic variation in the context of SARS-CoV-2 diversity. The computational framework presented here is simple to implement and insightful for real-time genomic surveillance of SARS-CoV-2 and could be applied to any pathogen that threatens the health of populations of humans and other organisms.

Keywords: SARS-CoV-2, population genomics, viral surveillance, haplotype network, variant detection, principal component analysis, lineage annotation


1. INTRODUCTION

The Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) is a highly transmissible virus responsible for the current ongoing pandemic. SARS-CoV-2 is a positive-sense, single stranded RNA genome of 29,903 nucleotides. This virus is transmitted from person to person by droplet transmission. Most SARS-CoV-2 infected patients experience mild to moderate symptoms, such as high body temperature and sometimes respiratory symptoms. However, some patients may experience severe symptoms like pneumonia and acute respiratory distress syndrome. The virus' genome is accumulating mutations at a steady pace since its introduction into human hosts. Genomic surveillance and the identification of variants of concern (VOC), their impact on transmission, disease severity and immune response are of tremendous importance to pandemic control, most notably in the context of worldwide vaccination efforts. In this context, an unparalleled wealth of chronologically and globally sampled viral genomes have been sequenced in a concerted international effort and submitted to public databases such as the Global Initiative for Sharing All Influenza Data (GISAID) (1).

In attempt to track the transmission and spread of emerging lineages, several lineage nomenclatures have been proposed, the most commonly used ones being the clades from Nextstrain and GISAID (phylogenetic approach) and Pangolin annotations (decision tree approach implemented in pangoLEARN) (2). Additionally, the World Health Organization assigns Greek letters to Variants of Concerns (VOCs), Variants Being Monitored (VBM), and Variants Of Interest (VOI). VOCs started emerging at the end of the first year of the pandemic, with the first one reported being the Alpha variant (3). Shortly after that, several other variants have attracted attention from the scientific community and public health bodies, among them Beta, Gamma, and Lambda, and more recently, the Delta and Omicron variants which are becoming globally dominant (4). However, despite these numerous attempts at describing variants, it remains very difficult to find out how these different VOCs are related to each other and to identify quickly from which genomic background they emerged. As all genomic backgrounds may not have the same baseline fitness, this information is of importance for efficient viral diversity surveillance.

Historically, phylogenetics is used to describe relationships between viral sequences. However, it is becoming more computationally intensive to use with the increasing number of closely related sequences made available on GISAID. Specifically, very low diversity between sequences can sometimes only be explained by sequencing uncertainty, potentially leading to falsely resolved monophyletic groups. Phylogenetic reconstructions can also fall into local minima because of weak phylogenetic signal due to rugged likelihood surface (5). Furthermore, as the SARS-CoV-2 data continue to accumulate in real-time from multiple sources during this global pandemic, it is not possible to keep the phylogenetic trees up to date to track thousands of sequences a day. Thus, there is a clear need to update our computational analysis pipelines to resolve the bioinformatics bottleneck problem (6). Alternatively, by taking advantage of established population genetic paradigms that study the evolution of mutation frequencies in time within sequences that are closely related, we may be able to describe and analyze the increasingly large SARS-CoV-2 datasets. For instance, an early study constructed a haplotype network to visualize circulating lineages of the SARS-CoV-2 virus (7). Importantly, while phylogenetic approaches assume that the ancestral sequences are unobserved and represented by internal nodes, a haplotype network approach is appropriate when internal nodes actually are observed, because some sampled sequences are ancestral to others. This is the case for the current sampling scheme of pandemic sequences worldwide, despite many sampling biases (8–10). Currently, effective reproductive number (R) is a widely used metric to define outbreaks and to measure COVID19 disease spread (11). Tajima's D (12), a classical population genetics approach, can also be used to investigate SARS-CoV-2 lineage expansions (13). Dimensionality reduction techniques summarizing genetic diversity are also widely employed to investigate population structure in various species, and in particular, principal component analysis (PCA) has been proposed to investigate the population structure of SARS-CoV-2 virus early in the pandemic (14).

Here, we use genomic data collected from GISAID (1) during the fist year of the pandemic (January to December 2020) to present a computational genomic pipeline for large-scale viral genetic profiling using a collection of established population genetic approaches. Using these tools, we aim to characterize the full scale of genetic diversity during the pre-vaccination phase of the pandemic, making use of all available GISAID sequences. We highlight the limitations of alternative methods and provide access to this pipeline, which can be easily applied to the data generated in subsequent years of the pandemic. We show that these methods are useful to characterize the evolutionary steps undertaken by the virus during its early adaptation to human hosts. This computational framework can help design efficient preventive strategies, identify potentially expanding, divergent lineages and derive a fast response against viral adaptation to future therapeutic strategies.



2. RESULTS


2.1. Viral Genetic Data Pre-processing

A key challenge in extracting meaningful information from genomic data is careful pre-processing to exclude low quality sequences, artifacts associated with diverse sequencing technologies and missing data. The GISAID database has stringent submission guidelines and quality checks that guarantee a minimum quality of the data. However, the diversity of submitting institutions and heterogeneity of submission time points leads to a heterogeneous pool of sequences. We thus recommend adding pre-processing steps (Step 1, Figure 1) to obtain a more homogeneous dataset and remove as many technical biases as possible. Specifically, our pipeline flags a series of systematic errors induced by sequencing and bioinformatic methodologies (Methods), which were more common in the first months of the pandemic. From the raw fasta file with 384,407 consensus sequences downloaded from GISAID on January 19th 2021, we obtained a high-quality dataset of 329,854 consensus sequences. We aligned these high-quality sequences and extracted all RNA substitutions compared to the reference sequence (NC_045512.2) (16).


[image: Figure 1]
FIGURE 1. A data-driven methodological pipeline for analyzing viral genomic data. This workflow recapitulates the major analysis steps used to analyze SARS-CoV-2 consensus sequence data submitted to GISAID during the first year of the COVID-19 pandemic. Dark blue arrows represent steps where all positions are kept (except spurious sites), blue arrows represent steps where subsets of positions are kept (indicated next to the arrow), yellow boxes represent filtering steps at the level of sequences, light blue boxes represent the methodological steps and the main steps are numbered from 1 to 8. These population genetic and unsupervised learning methods constitute a comprehensive toolbox to allow the scientific community to monitor the evolution of the virus efficiently. Box plot modified from Bejarano (15).


We note that the sequencing effort across the world has been heavily biased, as we have 4,194 sequences from Africa, 23,499 sequences from Asia, 210,624 from Europe, 72,774 from North America, 15,009 from Oceania and 3,735 sequences from South America. These numbers do not reflect the case counts in each continent but the resources available to track and sequence SARS-CoV-2 genomes. This bias can be detrimental when it comes to understanding the virus's evolution and lineage tracing.

Currently, missing data within consensus sequences, reflected as N characters in the sequences, is a main source of variant misassignment. To help reduce this missing data problem and improve variant assignment, we next imputed all sequences using ImputeCoVNet (17) at positions where the derived allele frequency (DAF) was over 1% during at least one month (199 positions). This novel approach uses a 2D residual neural-network autoencoder that has an accuracy of >99% and surpasses distance-based methods in terms of computation time (17), which is a major advantage for such a large dataset. Given the very low level of recombination that has been reported so far, imputation of prevalent mutations is very accurate for SARS-CoV-2 genomic sequences, such that this step greatly benefits downstream analyses. We then built a harmonized database of RNA substitutions (Step 2, Figure 1) that contains a total of 24,802 mutated genomic positions (Supplementary Table S1).

Since most of the consensus sequences in this dataset are from the UK (43%) and the USA (20%), we define two waves in the first year of the pandemic, corresponding to the two successive global increases of COVID-19 cases observed in countries that implemented strict containment measures in March 2020 and then relaxed these measures in the summer of 2020, with the caveat that countries from the southern hemisphere had offset waves due to seasonality (Figure 2A, bottom) (18). The first wave comprises sequences sampled from January to the end of July 2020, whilst the second wave comprises those sampled from August to December 2020 (19). We identified 20,403 substitutions within the first wave consensus sequences and 22,210 in the second wave, relative to the reference genome (Supplementary Table S1). Each of these mutated positions were further categorized based on their frequency of occurrence in the global host population during the first and second waves of the pandemic (Supplementary Table S1). Singletons make up 23 and 17% of the first and second wave mutations, respectively. Because these mutations are only seen in one sequence in each wave, they are most likely enriched in sequencing errors. Doubletons (mutations seen twice during a wave) account for 14% (first wave) and 11% (second wave) of the mutations, consistent with an expanding population. In any given wave, most of the mutations impacting viral fitness will be found in more than 100 sequences (20). In our data, such mutations made up 5 and 11% of the first and second waves, respectively.
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FIGURE 2. Viral genetic diversity during the first year of the pandemic. (A) Top panel shows Derived Allele Frequencies (DAF) over time of representative high-frequency substitutions during the first year of the pandemic. Only positions that exceed a DAF of 10% for a given month are shown. Positions with highly correlated DAF trajectories (r2>0.99) have the same line color. Solid lines are used for mutations appearing in the first wave of the pandemic (January–July), and dotted lines show mutations appearing during the second wave of the pandemic (August–December). Bottom panel shows the daily case counts in the top five countries from which we have the most GISAID sequences. The y-axis represents the % of maximum cases per day rolled over 14 days. On the x-axis, only ticks of the first of the month are represented. (B) Haplotype network representing genetic subtypes based on representative mutations (position underlined in A). Genomic positions that differ between two nodes (haplotypes) are specified on edges. Nodes are colored by haplotype and node size represents the number of consensus sequences for each haplotype. The 17 main haplotypes are annotated with roman numerals. (C) Divergence tree made from 15,690 SARS-CoV-2 consensus sequences using FastTree using a GTR+Gamma20 model and TreeTime to refine the divergence tree. The haplotype network built from prevalent mutations using all high-quality consensus sequences recapitulates the phylogeny well.




2.2. Derived Allele Frequency Trajectories Through Time

Expanding viral lineages will harbor a set of prevalent genetic mutations that quickly increase in frequency over the course of an epidemic. To detect these mutations during the first year of the COVID-19 pandemic, we considered their derived allele frequencies (DAF) over time (Step 3, Figure 1). In the first wave, 20 RNA substitutions reached a DAF of 10% for at least one month (January to July) (Figure 2A). Four mutated positions are in linkage disequilibrium with each other, as evidenced by their overlapping DAF trajectories, meaning that they co-occurred together. Three of these substitutions are C-to-U mutations (C241U, C3037U, C4408U), while the last one is A23403G in the Spike protein (S:D614G). These four substitutions increased very quickly in frequency (Figure 2A, red DAF trajectory). This lineage was the first to become dominant and did so in a few months, climbing to 71% in March (Figure 2A). It is thought that S:D614G is the driver of this event and has been shown to have a selective advantage for SARS-CoV-2 which is conferred by an increase in transmission and viral load in the respiratory tract (21). Three consecutive co-occurring substitutions G28881A, G28882A, and G28883C also increased in frequency during the first wave (Figure 2A, purple DAF trajectory). It is the only consecutive tri-nucleotide change, or triplet, that reached a DAF over 1% in the first year of the pandemic, an event that is unlikely to arise by chance and could represent an adaptive change occurring on a codon. These three mutations span two amino acids in the N protein, leading to N:R203K and N:G204R. However, in the overlapping gene ORF9c (or ORF14) (22) they form a single codon mutated from GGG to AAC, causing a single missense change in the resulting protein (ORF9c:G50N). Interestingly, ORF9c is a novel gene in SARS-CoV-2 compared to known human coronaviruses (23), coding for a putative transmembrane protein. Additionally, this codon change substantially disrupts the RNA secondary structure of this specific region of the SARS-CoV-2 genome, destabilizing a local Y-shaped structure into a “wobbly” loop by increasing its free energy 11.2% and its sub-optimal base-pairing diversity by 24.5% (Supplementary Figure S1). Finally, the first wave was marked by the increase in frequency of a group of six co-occurring substitutions: A1163T, T7540C, G16647T, C18555T, G22992A, and G23401A (Figure 2A, yellow DAF trajectory). This lineage peaked in July 2020 and was mainly circulating in Australia (24).

The second wave is marked by an increase in the number of prevalent mutations compared to the first wave: from August to December, 33 new high-frequency substitutions arose (Figure 2A). The DAF trajectories for these mutations show two well-defined groups, representing two different lineages: one with mutation S:A222V at genomic position 22,227 (Figure 2A, dashed green DAF trajectories) and a lineage with mutation S:N501Y at position 23063 (Figure 2A, dashed plum DAF trajectories). The lineage with S:A222V corresponds to 20E in Nextstrain annotations (G in GISAID Clade annotation) and was first reported by Rambault and colleagues (25, 26). This lineage accumulated 11 co-occurring mutations during its expansion and was mostly seen in European countries. The lineage with S:501Y mainly corresponds to the Nextstrain 20I, now commonly known as the Alpha variant, which accumulated 22 co-occurring high frequency mutations during its expansion (Figure 2A) (25–27).



2.3. Haplotype Networks for Fast Evolutionary Clustering of Sequences

The generation of haplotype networks is a widely used approach for analyzing and visualizing the relationships between sequences within a population (28, 29). The nodes of the network are haplotypes, edges represent mutated genetic positions that vary between two nodes (Figure 2B). The size of the nodes generally varies to represent the number of sequences for a specific haplotype. In the case where there is little to no recombination, this approach results in a minimum spanning tree. To keep the number of nodes tractable for informative visualization, we defined the haplotypes by selecting the 22 mutations displayed in the DAF trajectories that are most representative of the virus's genetic diversity during the first year of the pandemic (Methods, Figure 2A underlined positions, Supplementary Figure S2). We generated a haplotype network (Step 4, Figure 1) using a technique that takes the time of sampling into account (Methods). We included the 122 haplotypes with more than 10 sequences in our representation, ignoring rare events. The final haplotype network includes 17 main haplotypes (Figure 2B), representing the main genetic lineages circulating during the pandemic's first year and several “descendant” haplotypes. Haplotype I includes all sequences with ancestral states at each position (i.e., reference haplotype) and haplotype XV corresponds mainly to the Alpha variant, differing from the reference haplotype at 8 positions. The haplotype network representation also helps clarify the relationships between specific VOCs, with both Beta and Lambda emerging as sublineages on a haplotype II genomic background, whereas Alpha and Gamma arise as sublineages on a haplotype VIII genomic background.

For the main haplotypes (I to XVII), we created mutational graphs that represent the mutational landscape of each subgroup of sequences (Figure 3). These graphs are stratified histograms of DAFs for genomic positions that differ from the reference sequence in at least one haplotype. The visualization highlights a mutational signature unique to each haplotype. The mutational jumps are also made obvious by this representation, where we see a large number of lineage-specific mutations for haplotypes VI and XV, in addition to XVII (Beta) in the Spike protein. This representation also allows the detection of homoplasy, for example at position 11,083, which is fixed in haplotype IV (V GISAID Clade) but is also seen at various frequencies in multiple other haplotypes.
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FIGURE 3. Mutational signatures of the 17 major haplotypes. Aligned histograms of each of the main 17 haplotype groups. The y-axis of each histogram represents the frequency within each haplotype of mutations that differ from the reference nucleotide in at least 90% of the sequences represented. On the x-axis, each bar represents a mutated position colored by its substitution type and is labeled with the corresponding amino acid change (no labels are displayed for synonymous mutations). The annotation was done using SnpEFF (30).


To further visualize the genetic diversity of the virus and the relationships between viral sequences in the first two waves, we looked at the viral diversity during each wave of the pandemic using the haplotype network (Figures 4A,B). During the first wave, the haplotype network shows the presence of nine haplotypes with more than 200,000 sequences (II–V, VII–IX, XI, XII) diverging from the ancestral haplotype I (Figure 4A), with haplotypes II, III, and VIII being the most prevalent, all carrying the S:D614G mutation. Most haplotypes are seen in several regions of the world, albeit at different frequencies (e.g., V arose mainly in Asia and II mainly in North America), except for haplotype XI. This latter lineage (Pangolin D.2) was mostly circulating in Australia, forming 92.8% of all high-quality Australian sequences from GISAID in July 2020. First detected in June 2020, this variant almost completely vanished as of October 2020. The second wave is marked by a critical decrease in the prevalence of haplotypes without the S:D614G mutation (I, IV, VII, and XII, almost becoming extinct by August 2020) and the fast increase in prevalence of haplotypes VI, XIV, and XV, which arose mainly in Europe. Other novel region-specific haplotypes (XIII in North America, XVI in Europe, and XVII in Africa) arose during this wave (Figure 4C). Additionally, visualizing root-to-tip distances (Supplementary Text, Supplementary Figure S4B), we observed that the second wave was marked by the appearance of haplotypes with mutational jumps, the most apparent ones resulting in haplotypes VI and XV.
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FIGURE 4. Distribution of SARS-CoV-2 sequences in space and time. Haplotype network of the first (A) and second (B) waves. Node size represents the number of consensus sequences for each haplotype and pie charts represent continental proportions for each haplotype. (C) GISAID consensus sequence counts (on a log10 scale) of the most prevalent haplotypes on each continent during the first year of the pandemic. (D) Tajima's D estimates of the three most prevalent haplotypes on each continent for the first year of the pandemic. Box plots represent 500 estimates of Tajima's D from random resamplings of 20 genome sequences for each month with at least 20 sequences. Both the haplotype network and Tajima's D are insightful tools for detecting expanding lineages at a given point in time.




2.4. Comparison to Phylogenetic Reconstruction

To compare the haplotype network to a more standard phylogenetic approach (Step 5, Figure 1), we generated a divergence tree using FastTree and TreeTime along with other complementary tools (see Methods), as recommended in multiple published pipelines (31, 32). Additionally, to conform with what is done in the literature, the phylogenetic tree was constructed without an outgroup of a distant lineage, and we considered the ancestral lineage as the outgroup. With these approaches, using all 329,854 sequences is computationally intensive, representing a bottleneck that can prevent fast real time surveillance, therefore, most strategies use sub-sampling of datasets (Methods) which can bias the representation of the circulating diversity of the viral population. In contrast, the haplotype network can be built with all available sequences, while recapitulating the phylogenetic structure quite accurately, despite some lineage splitting, particularly of haplotype I (Figure 2C). The phylogenetic approach sometimes wrongly combines very distant lineages, for example lineage I and II (Figure 2C, arrow) where further inspection of these sequences puts into doubt the relationship reported by the phylogenetic tree.

Indeed, with the haplotype network annotations, we are able to identify problematic connections between sequences in the phylogeny that would otherwise go undiscovered. Once identified, these false connections can then be corrected by additional tools and manual adjustments (Supplementary Text, Supplementary Figure S3). Additionally, the haplotype network allows easy representation of recurrent mutations that occur independently multiple times on several genomic backgrounds. For instance, the C-to-U mutation at position 14805 (Figure 5A) emerged on three different backgrounds (IV, XII, XIII). Haplotypes X and XI share a mutation at position 1163 in ORF1a/b (Figure 5B), but each is part of an independent mutational jump. Sequences from haplotype XI include the Spike missense mutation S:S477N (genomic position 22992), which is a recurrent mutation that also defines haplotype VI (Figure 5C), a distantly related lineage that expanded in Europe during the second wave (33) (Figure 4C). Finally, the mutation at 23063 (S:N501Y), which defines haplotypes XV and XVII (Figure 4D), has appeared multiple times since the emergence of SARS-CoV-2 (34). Nevertheless, phylogenetic and molecular-clock analyses can bring complementary information to the haplotype network, for instance, by allowing estimation of the time to a most recent common ancestor (TMRCA) and mutation rate. After thinning using Gblocks (35) to remove unresolved parts of the alignment (see Methods), the TMRCA was estimated to be in October 2019 and the mutational rate estimate was 21.60 mutations/year, in line with Nextstrain and other estimates (36, 37). However, alternative data pre-processing steps and parameters choices led to different values (see Supplementary Text), highlighting again that these phylogenetic results should be interpreted with caution.
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FIGURE 5. Recurrent mutations visualized using the haplotype network. Haplotype Networks colored according to the presence of specific alleles at genomic positions 14,805 (A), 1,163 (B), 22,992 (C), and 23,063 (D). Node size represents the number of the first year of the pandemic consensus sequences for each haplotype.




2.5. Comparison to Other Lineage Annotation Systems

Our haplotype definition is well in line with Nextstrain's lineage definition and GISAID clade annotation system (Supplementary Figure S2A), though some distinctions exist. For instance, the haplotype approach can differentiate sequences from haplotype I and IV, differing by two substitutions (genomic positions 26144,14805), and from III and IX, differing at position 25583, whereas Nextstrain does not differentiate these lineages, grouping them into 19A and 20A, respectively. Similarly, GISAID clade annotation groups sequences from haplotypes III and XIV into clade G despite differing by a substitution (genomic position 22227). We note that these three examples show disagreement between GISAID and Nextrain annotations, and basing a nomenclature system on haplotype annotations can reconcile the two. In contrast, our categorization of sequences by haplotype and the Pangolin annotation methodology (3) do not agree well (Supplementary Figure S2B) with, for instance, the B.1 lineage spanning many genetically distant haplotypes: sequences from haplotype II and VIII can be assigned to the same generic B.1, while these differ by a total of five high frequency mutations, including the triplet at 28881-28883. Conversely, lineages B.1.1, B.1.2, and B.1.5 are sub-lineages of haplotypes VIII, II, and III, respectively, defined by mutations that never surpassed 10% worldwide. These inconsistencies between the genetic background of different Pangolin lineages and the greater granularity observed compared to Nextstrain lineages justify the usage of haplotype categories for the analyses of genetic evolution of SARS-CoV-2. However, the haplotype definition based only on these 22 most prevalent mutations in 2020 does not differentiate all VOCs. For example, the sequences of the Gamma variant discovered in Brazil (38), which also has the substitution at position 23063 (S:N501Y) as well as the triplet, are grouped with Alpha sequences in haplotype XV.



2.6. Time Series Change of Tajima's D Statistic to Detect Lineage Expansions in Real Time

The haplotype network representation informs on the overall size of clusters but lacks information on the lineages' expansions over time, especially by geographical region. Population genetic statistics, most notably Tajima's D, has been used to estimate epidemiological parameters of pandemic influenza A (H1N1) (39) and can detect population expansion and contraction events. Specifically, an excess of low-frequency alleles in the population results in a strongly negative Tajima's D value, indicating a rapid population expansion. However, Tajima's D is very sensitive to population structure and is, therefore, not meaningful when applied on a global scale. However, the genetically-informed grouping of sequences by haplotypes as well as stratification by world regions provides the opportunity to get closer to specific viral populations, where Tajima's D can be applied. We computed Tajima's D in each month of 2020 for the three most prevalent haplotypes in each continent (Step 6, Figure 1) while controlling for sample size (Section Methods). We recognize that the uneven sequencing coverage across the continents may bias mutation rate estimates, therefore we avoided comparing regions. We then correlated Tajima's D to the number of sequences per haplotype per continent and observed a moderate negative correlation (mean adjusted R2 = 0.24, s.d. = 0.23, Supplementary Figure S5A). This correlation indicates that Tajima's D time series can recapitulate the major variations in the number of sequences per haplotype per month across each continent (Figures 4C,D). Indeed, we observe a decrease of Tajima's D through time for several haplotypes that either took over in a specific region or are known to have become dominant (Figures 4C,D; Supplementary Figures S5B,C). For instance, in Africa, haplotype XVII (Beta) appears in October 2020 with a high Tajima's D value compared to dominant haplotypes VIII and III, and then shows a fast decrease of Tajima's D in the next months, consistent with population expansion (Figure 4D). This correlates with the drastic increase in the number of sequences seen at the end of 2020 (Figure 4C), reflecting the emergence of Beta in South Africa (40). Another striking event of this type is seen in Europe where the rapid increase of XV (Alpha) coincides with a steep decrease in Tajima's D from October to December (Figures 4C,D; Supplementary Figure S5B). These events are also consistent with observations from Singh and Yi (41) who tracked the spread of the corresponding Nextstrain clades (XV: Nextstrain 20I; XVII: Nextstrain 20H).

In North America, Tajima's D for haplotype IX also shows a marked decrease from April to June, suggesting an expansion of this lineage, although its prevalence in the sampled population from GISAID did not increase (Figure 4C). This may reflect undersampling of specific populations in North America. Conversely, the rapid rise of haplotype XIII (Lambda) is captured both by Tajima's D and sequence counts (Supplementary Figure S5C). Other types of events can be seen, such as loss of lineages and lineages causing outbreaks that are quickly contained. An example of the former is seen in Asia where SARS-CoV-2 emerged (42), for which Tajima's D values of haplotype I sequences (GISAID S clade) increase with time, reflecting the drop in diversity and a contraction of population size of the ancestral lineage, which became almost entirely extinct across the globe, with the last seven sequences sampled in Asia in September 2020. The signature of a contained outbreak is seen in Oceania, where the distribution of Tajima's D across time is U-shaped, indicating an increase in population size followed by a contraction, in line with sequence counts (Figure 4C). In South America, sample counts per haplotype suggest that haplotype VIII out-competed II and III by the end of 2020, but the low Tajima's D values in August 2020 are inconsistent with a decrease of these lineages and suggest that the number of sequences assigned to these haplotypes is an underestimate in that region.



2.7. Fine-Scale Viral Population Structure Using Principal Component Analyses

To detect and visualize fine-scale structure in genetic variation, a common statistical approach is to use PCA of coded alleles at mutated positions segregating in populations. The projection of sequences onto the principal components is known to reflect the underlying (generally unknown) genealogical relationships between haploid sequences (43). In the viral populations of SARS-CoV-2 from 2020, we performed PCA (Step 7, Figure 1) on viral mutations present in at least 10 sequences from the first and second waves (Figure 6). The first two PCs describe the most variation between sequences and clearly show discrimination between haplotypes dominating during either of the two waves (Figures 6A,B). The coordinates of clusters relative to one another in the first wave agree with the haplotype network representation (Figure 4A): on PC1, the haplotypes without S:D614G are separated away from VIII and XI carrying the triplet mutations, whereas PC2 separates them from haplotypes II and IX, with haplotype III located at the centre, in line with its intermediate position in the haplotype network. Additionally, the distance in the PC1/2 space between haplotype groups appears to recapitulate very well the genetic distance between them. For instance, haplotype III sequences are at least four mutations away from I, three mutations away from VIII, and two mutations away from II, reflecting distances between groups on the graph (Figure 6A). In the second wave, PC1 and PC2 do not reflect these phylogenetic relationships as much, but rather highlight the most divergent groups (Figure 6B). Both PCs show the XV group as an extreme group, which is explained by the major mutational jump of 22 mutations from the haplotype VIII background defining Alpha. We can, however, see a subset of XV sequences clustering with VIII sequences, which are either precursor sequences of Alpha, or Gamma sequences. Beyond PC1 and PC2, other PCs from the two waves show additional structure within and between haplotype subgroups (Supplementary Figure S6). For instance, PC3/4 of the first wave sequences show the divergence of haplotype XI (Figure 6C), the lineage dominating in Australia in the summer, whereas PC4/5 of the second wave sequences show the emergence of the haplotype XIII lineage (Beta) from its ancestral background on haplotype II (Figure 6D). Inspecting additional PCs allowed us to detect the emergence of subgroups in specific haplotypes (Supplementary Figure S6), with, for example, a diverging group in haplotype VII (also known as GISAID L lineage and Nextstrain 19B lineage) which seemed to have accumulated additional mutations compared to other sequences in this lineage early on (PC13 and PC14 in Supplementary Figure S6A), which could represent an early mutational jump that did not spread widely.


[image: Figure 6]
FIGURE 6. Viral population structure during the first and second waves of the pandemic. Principal Component Analyses (PCA) of genetic diversity of the first (A,C) and second (B,D) waves' consensus sequences reveal the population structure of the 17 main haplotypes in each wave. Genetic variation present in at least 10 genomes is used. The PCA is computed with all sequences, and only the sequences from the 17 main haplotypes are projected. Identical sequences are projected onto the same coordinates, therefore, the number of sequences represented by each point is proportional to the size of the dots, with added transparency. PC1 and PC2 show differentiation between the main lineages from the two waves (A,B). The variant responsible for the Australian outbreak stands out clearly on PC3 from the first wave (C) and the Lambda variant sequences (XIII) are shown as the most distal subgroup on PC4 and PC5 from the second wave (D), in opposition to sequences from haplotype VI (on PC4) and subgroups of haplotype III (on PC5). The PCA recapitulates insightful characteristics of the evolutionary relationships of sequences and identifies major lineages from the two pandemic waves.




2.8. In Depth Exploration Into Lineages of Interest

With the previous tools, we identified different genetic lineages of SARS-CoV-2 that were predominant in the first year. We can also investigate descendant lineages, that arose from main lineages and increased faster than the parental lineages over time. To illustrate this, we chose to focus on the subset of the viral sequence space that have mutations within the 28881-28883 triplet (Figure 7A). Since the appearance of haplotype VIII (first sequence sampled February 16, 2020), Alpha and Gamma have emerged on this genetic background, and in 2021, Omicron, the three of which include the S:N501Y mutation. We selected all sequences from the five distinct main haplotypes with the ACC nucleotide triplet combination (V, VIII, X, XI, and XV) and performed a PCA of genetic diversity in these sequences (Figure 7B; Supplementary Figure S7). PC1, PC2, and PC3 reflect the phylogenetic relationships between haplotype VIII and its descendent haplotypes, with sequences from haplotypes V, X, XI, and XV forming distinct groups around haplotype VIII sequences (Figure 7B). Similar to the second wave PCA, PC1 is mainly explained by the set of mutations that appeared on haplotype VIII to generate the Alpha variant (2.5% of variance explained) and allows clear distinction between Alpha and the Gamma lineages. PC2 and PC3 allows us to visually separate the other haplotypes, with PC2 explained by divergence between V and XI and PC3 separating sequences from haplotype X. Furthermore, PC4 to PC20 show several subgroups within the defined haplotypes; for instance PC4 splits the V group into two distinct sub-lineages, and PC19 shows distinct groups of XI sequences, while the other PCs seem to reflect the genetic heterogeneity within VIII sequences (Figure 7B; Supplementary Figure S7).
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FIGURE 7. Mutational landscape of haplotype VIII and its descendant lineages. (A) Haplotype network colored according to the alleles at positions 28881-28883. Two additional low-frequency combinations had emerged at this locus with genotypes AGG and TGG (arrow). (B) PCA generated from sequences from haplotype VIII and descendants V, X, XI, and XV. PC1, PC2, and PC3 explaining 3.5% of the variation were plotted into three axis. (C) PCA visualization of 0.6% of the variation within Alpha annotated sequences, PC1, PC2, and PC3 plotted onto three axis. PC1/2/3 reveal 9 major groups, arbitrarily labeled G1 to G9. (D) Mutational graphs reporting mutations seen in at least 25% of the sequences in each group in C. Bars are colored by substitution type, and the corresponding amino acid changes are shown, as in Figure 3. Genomic position annotation was done using SnpEFF (30).


To investigate further Alpha lineages, we performed a PCA only on sequences annotated Alpha (B.1.1.7) by Pangolin (Figure 7C, Supplementary Figure S8), which corresponds to haplotype XV. The three-dimensional PCA plot of Alpha annotated sequences shows additional structure within that lineage, with nine main groups arising (G1-9). To understand the mutational landscape of each group of Alpha/XV sequences, we generated mutational graphs specific to these groups (Figure 7C).

The G2 group has no additional mutations to the Alpha-defining mutations, suggesting that this group is the ancestral lineage. It is separated, on PC1, from other groups of sequences with a mutation at genomic position 17615, in ORF1ab (G3,4,6-9). The G5 group shows a nonsense mutation at genomic position 28095 (ORF8:K68*). Interestingly, ORF8:K68* increased in frequency in the first months of 2021 as Alpha was spreading, and was found in over 80% of Alpha sequences by September 2021, revealing a potentially beneficial mutation on the Alpha background (Supplementary Figure S9).




3. DISCUSSION

The worldwide efforts to sequence and share thousands of viral genome sequences made in depth tracking of SARS-CoV-2 evolution possible over time, as it spread across the world. However, processing, analysis, and interpretation of hundred-thousands of sequences and mutation events is a challenging task (44). Here, we first proposed a pre-processing pipeline to improve downstream analysis by ensuring high-quality data and imputing missing alleles at key positions to facilitate annotation and therefore lineage tracing. Indeed, after imputation, we were able to recover sequences that would have otherwise been excluded in the haplotype network, and therefore miss key intermediate events (key mutational events). Detection of spurious sites due to sequencing errors and biases is also an important step, and data analysts should be careful about these when processing large amounts of genomic data, especially in a small genome of 29Kb, where by now, every position in the genome has been affected by sequencing errors.

We used population genetic approaches to explore and identify emerging SARS-CoV-2 lineages. Allele frequency tracing through time is a widely used population genetic approach that can monitor circulating lineages over time. Overall, SARS-CoV-2 experienced a period of relative evolutionary stasis during its first months infecting human hosts, consistent with other reports (20, 45). Mutations providing increased viral fitness started emerging and led to a number of VOCs. Indeed, the second wave of the pandemic was marked by the appearance of lineages with mutational jumps which may reflect adaptive steps in the evolutionary trajectories of SARS-CoV-2 within the human host, with the virus acquiring selective advantages to the host immune system (46–49). We observe that the virus has experienced mutational jumps that increased in size (i.e., the number of mutations within a jump) over time, with S:D614G occurring alongside 3 other mutations during the first wave, S:N501Y occurring along side 21 other Alpha mutations during the second wave, and more recently, the new VOC Omicron has acquired a total of 50 mutations on haplotype VIII, which include S:N501Y and S:S477N.

The nomenclature has become increasingly complex with the number of lineages and sub-lineages emerging throughout the world. For the Pangolin or Nextstrain naming, it is unclear how different lineages are from each other, and, therefore, it is not obvious to know on which genomic background a lineage is occurring. However, knowing about the past history of a specific lineage is very important to understand and potentially predict its evolution and impact. Some lineages could evolve specific properties, such as hypermutability or loss of a gene (e.g., ORF8 knock-down, as for Alpha G5 sequences), which could help in understanding their epidemiological impact. We explored tracing lineages using a haplotype network that was generated using the most frequent mutational events in a given time period in order to clarify the genetic background of VOCs in 2020. Interestingly, the Delta variant that emerged early 2021 arose on haplotype III background, but was accompanied with one of the triplet mutations, G to A at position 28881 (N:R203M). One current limitation of the haplotype network presented here is that it is based on a fixed set of mutations, that may not be the ones that are relevant in the next waves. It is however easy to accommodate new mutations from successive waves, as new haplotypes can be generated with any mutational events of interest on any region of interest, for instance the Spike protein, the main vaccines target currently.

Using Tajima's D, a classical neutrality test statistic, we captured the expansion and decline of major circulating haplotype populations in each continent, and correlate them to sequence counts in specific regions of the world. Inconsistencies between Tajima's D predicted expansions and decreases in sequence counts could be an indication of undersampling in a given region, which is a limitation. Sampling biases are numerous in this dataset, and attempts to correct them may also lead to other systematic errors. Furthermore, it is a very unbalanced dataset in terms of sampling countries, with 144,376 (44%) of the sequencing effort during the first year done in the UK. Global strategies aiming at a more uniformly distributed sequencing effort between countries would enable the identification of early emerging variants. Overall, correlating Tajima's D values with epidemiological data at finer geographical scale might improve its explanatory power and inform public health agencies about the epidemiological trends. Essentially, Tajima's D can be used in combination with effective reproductive numbers (R) to estimate the spread of an expanding population in a given region (13). More recently a Genomic Identity (GENI) score (a genome diversity metric) was formulated from SARS-CoV-2 genomic data to estimate outbreak trends that lead to the emergence of new variants (50). This score increases when a population expands and could also be used in a similar way as Tajima's D, in a haplotype-specific manner to account for viral population structure and genetic background.

Population structure during the first year of the pandemic was successfully visualized using PCA in each wave. PCA can thus reveal insightful characteristics of the viral genetic data, and has the potential to identify growing lineages, but grouping of data points (here, sequences) in PCA derived from genetic variation is known to be heavily influenced by uneven sampling of sequences, which means that the number of sequences sampled within sub-lineages will influence distances between subgroups (43). This limitation can be problematic for early detection of new differentiated sub-lineages, which are often sampled in lower numbers compared to the other well-established lineages. Using PCA on a subset of sequences from a specific lineage (e.g., haplotype VIII, Figure 7) revealed fine-scale structure and highlighted diverging groups, defined by specific mutations. However, a limitation of this is that proper clustering using PCA is not always obvious and the field would benefit from novel hierarchical methods that provide real-time clustering of sequences according to their genomic relationships to predict emerging variants.

We presented here a series of population genetics-based analyses to ease lineage tracing of SARS-CoV-2 variants and understand the evolutionary relationship between emerging ones. During the first year of the pandemic, there was no clear evidence of recombination events occurring, as also demonstrated by our analyses. However, because these population genetic approaches are developed and tested with the assumption that the viral sequences are non-recombining, it can constitute a limitation in application if such events start emerging. New reports supporting evidence of recombination events have started emerging, including evidence of recombination between B.1.1.7 and B.1.177 lineages and evidence supporting the recombining origins of lineage B.1.628 (51). More recently, a group reported the first case of an intra-host recombination event during a co-infection with Delta and Gamma of the sample in the study (52). This is the first reporting of a recombination event during co-infection of an individual. The higher rate of potential co-infections, as more transmissible variants sweep the nations, will increase the chance of fitter recombinants lineages arising. Fortunately, the haplotype network approach is an appropriate tool to detect potential recombination of dominant haplotypes, which will look like cycles in the network, and future work will adapt the network reconstruction to accommodate such departure from the minimum spanning tree representation we currently use.

In conclusion, these approaches constitute a comprehensive toolbox to allow the scientific community to continually and closely monitor the evolution of any viral population. In particular, we found that population genetics tools such as haplotype networks, Tajima's D, and PCA give a more detailed genetic diversity analysis of SARS-CoV-2 than existing surveillance strategies only based on phylogenetic trees. In the case of the ongoing pandemic caused by the SARS-CoV-2 virus, developing a dynamic, global and up-to-date understanding of viral evolutionary strategies will be of utmost importance to rapidly respond to emerging variants, identify increasingly infectious or vaccine-escaping lineages, and locate at-risk populations.



4. METHODS


4.1. Pre-processing Details

We downloaded a total of 384,407 sequences from GISAID on January 19th 2021. We then removed samples from non-human hosts as well as those with incomplete sequences (<29, 000bp), for a total of 339,427 sequences. Each consensus sequence was mapped separately to the SARS-CoV-2 reference genome (NC_045512.2) using minimap2 2.17-r974 (53). All mapped sequences were then merged back with all others in a single alignment bam file. The variant calling was done using bcftools mpileup v1.9. https://samtools.github.io/bcftools/ in haploid calling mode. Sequences were processed by batches of 1,000 sequences to overcome technical issues in processing of very low frequency variants within a bam file. Once the variant calling was obtained for each batch, INDELS were removed and bcftools merge was used to merge all the variant calls across the entire dataset. Variants located in both ends of the genome, which have high levels of missingness (>20%, positions 1-54 and 29838-29903) were excluded. We then flagged spurious variants within these sequences (see below) and identified 361 samples with at least two flagged positions, which we removed from our dataset. Of the remaining 339,066 sequences, we excluded sequences without GISAID metadata and with incomplete sampling date (sampling month unavailable), which resulted in a final dataset of 329,854 high-quality consensus sequences. We divided this dataset into two pandemic waves: 139,515 sequences with a submission date between January 1st and July 31st 2020 were defined as first wave samples, and 190,339 sequences with a submission date between August 1st and December 31st 2020 were defined as second wave samples. A mutation database was built using the sqlite3 library. Only positions that are variant from the reference, including missing calls, were included in the position table of the SQL database. For phylogenetic analyses, the multiple sequence alignment of 360,026 consensus sequences from 2020 provided by GISAID was downloaded on May 12th 2021.



4.2. Spurious Sites Flagging

Positions that were masked by (54) were removed. We additionally developed a tool to flag spurious variants within consensus sequences due to sequence misalignment in the original labs, which we initially detected by inspecting consensus sequences manually These errors were found in larger proportions in the sequences uploaded to GISAID in the early stages of the pandemic. Our approach identified substitutions compared to the reference genome that were located within 10 genomic positions of stretches of N, defined as at least 5 consecutive Ns. This strategy was applied to the 339,427 consensus sequences from human host, we identified 2,164 sequences with at least one flagged position (0.6%). Among these, flagged positions where the mutated allele otherwise reached 1% in one of the pandemic waves (for a total of 199 positions) were considered real mutations and not as spurious sites. A total of 6,736 spurious sites were detected and the variant allele was replaced by N in the sequences. Furthermore, we removed 361 samples with at least two flags. Additional details on this procedure can be found in Supplementary Text. The code is available here https://github.com/HussinLab/covid19_mostefai2021_paper.



4.3. Imputation

For the 199 positions reaching 1% derived allele frequency (DAF) in the consensus sequences of one of the two pandemic waves, we imputed the missing alleles using ImputeCoVNet (17). Briefly, ImputeCoVNet is a 2D convolutional ResNet autoencoder that aims to learn and reconstruct SARS-CoV-2 sequences with the help of two sub-networks: (1) an encoder that is responsible for embedding the given input into a low-dimensional vector, and (2) a decoder that is responsible for reconstructing that sequence from that low-dimensional vector. During training, the encoder network takes as input complete sequences encoded with a one-hot representation and the decoder outputs a reconstructed version. Once trained, the model was used to infer missing values within incomplete sequences: the missing alleles at previously defined positions of interest were predicted by the model during reconstruction. We evaluated imputation accuracy on sequences without missing data and reached an accuracy of 99.12% on this set of mutated positions. The code is available here https://github.com/HussinLab/covid19_mostefai2021_paper.



4.4. Identification of High-Frequency Representative Substitutions

The 329,854 high-quality consensus sequences were binned into months according to collection date. Monthly DAF for each substitution (24,802) was computed using consensus sequences available for each month. A total of 53 substitutions with DAF over 10% in at least one month were considered to be high-frequency substitutions, 20 in the first wave and 33 in the second wave. In the second wave, the DAF trajectories (i.e., DAF per month for each mutation) were highly correlated (Pearson r2>0.99), forming two distinct groups of substitutions: for each of the groups, only one mutation was retained, genomic positions 22,227 and 23,063. With the 20 high-frequency substitutions from the first wave, a total of 22 high-frequency substitutions were considered to be representative of the evolutionary trajectories of SARS-CoV-2 in 2020 (Supplementary Table S2).



4.5. Haplotype Network

The 22 representative positions were used to define viral haplotypes, which consisted of a group of alleles at these positions that are inherited together from a single parental sequence. We obtained a total of 463 unique haplotypes, and only those with more than 50 sequences were kept, for a total of 56 haplotypes. A haplotype network representing distance relationships between haplotypes was built. Because SARS-CoV-2 sequences were sampled sequentially through time, the haplotype network takes the temporal dimension into account. We split the year into 24 intervals representing half-months and each consensus sequence was attributed to one time interval. For each time interval, a haplotype network was generated using the haplonet function of the pegas R package (55) by including only sequences that occurred before or within this time interval. The networks were merged iteratively over time. At each step, if the merging created a cycle (i.e., the addition of a haplotype that is linked with two previously linked haplotypes) we removed the branches of the cycle that link the haplotypes for which the first occurrence was the longest timeframe. If many links had the longest timeframe, we removed the link between the more differentiated haplotypes. This process solved several time inconsistencies. The code is available here https://github.com/HussinLab/covid19_mostefai2021_paper.



4.6. Phylogenetic Analysis and Molecular Clock

To reduce the dataset to allow feasible phylogenetic analyses, we applied several filters: (1) we kept only sequences from the 17 main haplotypes and identical consensus sequences were merged, keeping the earliest collection date as the annotation; (2) outlier sequences in terms of their number of mutations at a given date were excluded; and (3) we sampled at least 3 samples per date per haplotype and then balanced the sampling up to a maximum of 1000 samples per haplotype. The resulting dataset had a total of 15,690 sequences. The sites identified as problematic for phylogenetic tree reconstruction (problematic sites list v. 2021-04-15) were removed (54). The phylogenetic tree was computed using FastTree v2.1.11 (56), an approximately-maximum-likelihood method, using a GTR + Gamma20 model. The divergence tree obtained was then refined using TreeTime, a molecular-clock phylogeny inference method (v. 0.7.4) (57) and was trimmed for excessive long branches using TreeShrink (58). The root-to-tip distance was computed using TempEst v1.5.3 (59) and tree visualization was made using ggtree (60). To compute mutation rate and TMRCA, we used a refined alignment obtained using Gblocks thinning method (35) with default parameters, prior to applying the pipeline described above. All code used in this study is available at https://github.com/HussinLab/covid19_mostefai2021_paper.



4.7. Tajima's D

To track SARS-CoV-2 haplotypes' spread, we used a population genetic metric that can infer changes in effective population sizes by comparing the contribution of low- and intermediate-frequency mutations to viral genomic diversity, i.e., Tajima's D (12). We calculated Tajima's D at the continent level to be able to relate its time series to the haplotype network. For each haplotype and each of the 12 months of the first and second waves, we randomly sampled 20 viral consensus sequences from each continent to calculate Tajima's D, and repeated this procedure 500 times to obtain confidence intervals. Lineages or time bins with fewer than 20 sequences were discarded. This sub-sampling method allowed us to control for differences in sample size across continents and time, although sampling biases inevitably resulted in reduced detected diversity. After calculating Tajima's D, we correlated it to the number of sequences per haplotype per continent per month, which we used as a proxy for the number of cases per haplotype per continent per month. We also performed this correlation for each haplotype separately. We evaluated the significance of the correlation using the permutational ANOVA (n=5000 permutations) implemented in the R package “lmPerm” (v.2.1.0) (61). These analyses were implemented in R and are available on Github (https://github.com/arnaud00013/SARS_CoV_2_haplotypes_Tajima_D_2020_time_series/).



4.8. Dimensionality Reduction Techniques

Principal Component Analysis (PCA) was performed on the first and the second waves high-quality consensus sequences. Genomic positions with more than 10% of missing samples were removed from analysis: 247 for the first wave and 6 for the second. We kept only derived alleles at a position when seen in at least 10 samples, which resulted in a final set of 6,163 mutated positions for the first wave and 9,818 for the second one. Triallelic and quadriallelic sites were coded as separate mutations. Missing data is encoded as reference allele. We used the incremental PCA method (62).
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Studies have discovered that wild-type SARS-CoV-2 infections are commonly linked to abnormalities in the hematological profiles of COVID-19 patients, one such abnormality being characterized by elevations in red blood cell distribution width (RDW). Whether this linkage reoccurs in delta variant SARS-CoV-2 infection remains unexamined. Here we compared baseline blood parameters in COVID-19 patients infected by wild type and its delta variant, respectively. Our results here point to that although the delta variant has shown increased virulence, transmissibility, and vaccine escape, it has a minimally negative impact on RDW values that were previously found prognostic for COVID-19 severity.

Keywords: COVID-19, SARS-CoV-2, delta variant, red blood cell distribution width, vaccination


INTRODUCTION

Twenty-one months into the coronavirus disease 2019 (COVID-19) pandemic, the world still faces the rolling waves of viral hits as public health systems have been continuously stressed by this devastating disease. According to the World Health Organization (WHO) epidemiological report, as of December 5, 2021, the confirmed cases of COVID-19 infections have exceeded 264 million, with a cumulative death toll of over 5 million (1). Insofar a dozen variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have been identified, including the predominant delta variant and the upsurging omicron (1). In the latest coronavirus flare-ups, rapid spreading of SARS-CoV-2 in the form of delta variant has placed several cities in China under local lockdown, including Nanjing and Yangzhou in Jiangsu Province.

Red blood cell (RBC) distribution width (RDW) measures the heterogeneity of erythrocyte volumes, as abnormally elevated RDW values indicate anisocytosis of RBCs in circulation, being prognostic in a wide spectrum of human disorders (septic infection, cardiovascular diseases, cancers, etc.) and all-cause mortality (2). Recently, heightened RDW upon hospitalization was found in a close association with increased mortality for COVID-19 patients (3–5). Nevertheless, whether the RDW value upon hospital admission can predict the severity and mortality of delta variant SARS-CoV-2 infection remains unexplored.



RESULTS

We here report a total of 677 COVID-19 patients admitted at separate centers in China, where a cohort of 341 patients was hospitalized in Wuhan, Hubei Province during January-April 2020, and a cohort of 336 patients was hospitalized in Yangzhou, Jiangsu Province on August 2021 where the infections were identified to be caused by delta variant of SARS-CoV-2 (6). Clinical characteristics centered on RBC features were elaborated and compared between two cohorts of COVID-19 patients, to distinguish its delta variant from wild-type SARS-CoV-2 in their infection profiles. Details regarding the patient procedure, vaccination status, and statistical analysis can be found in Supplementary Material.

Between the two cohorts, no difference was shown in the median age, gender ratio, and major comorbidities (7). Table 1 lists the baseline hematological parameters for COVID-19 patients admitted during the outbreak at Wuhan. Anemia was common, reflected by low RBC counts, and hemoglobin and hematocrits levels in more than half of the patients. Other RBC indices, including mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) showed abnormality in a moderate to substantial portion of patients. Particularly, RDW displayed raised levels in more than half of COVID-19 patients, demonstrating the augmented distortion in RBC morphology. All RBC characters (except MCV) were prognostic indicators for COVID-19 severity but not mortality, as their differences between intensive care unit (ICU) and non-ICU patients were statistically significant while there was no noticeable difference in RDW between deceased and survived patients in the ICU. This stands in agreement with our own and others' previous findings (8–10).


Table 1. Baseline hematological data were compared between non-ICU and ICU COVID-19 patients infected by wild-type SARS-CoV-2, and between survivors and non-survivors after transfer into ICU.

[image: Table 1]

For COVID-19 patients admitted at Yangzhou, China in August 2021 (Table 2), the epidemiological investigation confirmed that their infections were due to the spreading of delta variant SARS-CoV-2 (6). Their hematological profiles were divided into groups of patients with no, partial (one-dose), and full (two-dose) vaccinations, and then unvaccinated delta variant COVID-19 patients in Yangzhou were compared to (unvaccinated) patients in Wuhan as well as the partially or fully vaccinated patients, respectively. Anemic conditions were ameliorated in delta variant SARS-CoV-2 infection, as RBC counts, hemoglobin, and hematocrit were substantially improved and the corresponding patient ratios with the abnormal values of the above parameters became significantly reduced. Other RBC indices showed a slight difference from those in COVID-19 patients in Wuhan. Notably, RDW exhibited markedly lowered values in delta variant infected patients at Yangzhou, where only a marginal portion (4.2%) of patients showed abnormally high values. Partial vaccination did not alleviate the anemia, but fully vaccinated patients demonstrated higher RBC counts and lower RDWs with significance, albeit the patient ratios with deranged hematological data showed no difference from those without vaccination.


Table 2. Baseline hematological data were compared between unvaccinated COVID-19 patients infected by wild-type and delta variant SARS-CoV-2 (exhibited by p0 values) and between delta variant COVID-19 patients unvaccinated and partially vaccinated (exhibited by p1 values), and between delta variant COVID-19 patients unvaccinated and fully vaccinated patients (exhibited by p2 values).
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DISCUSSION

This study is invalid to assess whether the deformed RBCs subject to COVID-19 infection were owing to the direct viral insults on erythrocytes or the indirect deterioration by triggered proinflammatory cytokines. Neither could our study validate if timely vaccinations protect patients from a blood infection. Of note, anemia in COVID-19 patients may partially result from iron deficiency in dietary supplements among Chinese adults, long before SARS-CoV-2 infection (11). Nevertheless, previous studies have revealed that elevated RDW in COVID-19 patients was related to the disease severity and mortality, especially in non-anemic patients (12). The result here suggested a lessened viremic effect of delta variant SARS-CoV-2 on RBCs, as the infected patients showed minimal alteration on RDW as an important index for COVID-19 hematological impact. Hence, unlike that in COVID-19 cases infected by wild-type SARS-CoV-2, RDW might not be a valid prognostic indicator of COVID-19 severity in delta variant SARS-CoV-2 infection, although this variant of concern still possesses increased virulence, transmissibility, and immune escape (13).
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With the high rate of COVID-19 infections worldwide, the emergence of SARS-CoV-2 variants was inevitable. Several mutations have been identified in the SARS-CoV-2 genome, with the spike protein as one of the mutational hot spots. Specific amino acid substitutions such as D614G and N501Y were found to alter the transmissibility and virulence of the virus. The WHO has classified the variants identified with fitness-enhancing mutations as variants of concern (VOC), variants of interest (VOI) or variants under monitoring (VUM). The VOCs pose an imminent threat as they exhibit higher transmissibility, disease severity and ability to evade vaccine-induced and natural immunity. Here we review the mutational landscape on the SARS-CoV-2 structural and non-structural proteins and their impact on diagnostics, therapeutics and vaccines. We also look at the effectiveness of approved vaccines, antibody therapy and convalescent plasma on the currently prevalent VOCs, which are B.1.17, B.1.351, P.1, B.1.617.2 and B.1.1.529. We further discuss the possible factors influencing mutation rates and future directions.
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INTRODUCTION

Viruses evolve rapidly, and newly emerging viruses have been a major cause of public health concern several times in the history of humankind. Over the last two decades, we have witnessed epidemic situations caused by several viruses, including the severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002, H1N1 influenza in 2009, the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012, Ebola virus disease (EVD) in 2013, and Zika virus in 2015, Nipah virus in 2018 and most recently the SARS-CoV2 virus (1, 2).

The first reported case of COVID-19 (Coronavirus disease–2019) was in December 2019. Consequently, the SARS-CoV-2 virus rapidly spread across the globe, resulting in an unprecedented pandemic situation, as announced by the World Health Organization (WHO) in March 2020. Since then, several countries have been hit by multiple waves of the COVID-19 pandemic that collapsed health care systems and halted economic activities. To date, a cohesive global effort is underway to bring down the transmission rates, save the vulnerable population and prevent further socio-economic damages. The world witnessed a rapid development of diagnostics, drugs and vaccines to track and tackle the pandemic. Although the arrival of vaccines has been the most potent weapon to combat the pandemic, several challenges remain. One of the most imminent threats is the emergence of viral variants. The disparity in region-wise vaccination rates is deemed a potential risk for the foreseeable future. For instance, higher incidences in low economic zones imply a higher mutation rate and a higher risk of new virulent mutants, which can again spread globally. The emergence of the more virulent variants of concern (VOCs) echoes this reality. Two years into the pandemic, many infections and deaths are still reported. As of December 2021, the delta variant is the most prevalent, with the highest infectivity rate compared to previous variants. Meanwhile, the infection numbers for the omicron variant identified in November 2021 are steadily on the rise. As of writing this paper, omicron is speculated to be more transmissible than delta. However, this has alerted the world that the pandemic is far from over, and new variants can still emerge. Therefore, further mutations in the genome that can translate into viral adaptability or increased pathogenicity can severely impact the current vaccination strategies, diagnostics, therapeutics and herd immunity.

The SARS-CoV2 is a zoonotic RNA virus belonging to the family Coronaviridae, subfamily Coronavirinae, genus Beta-coronaviruses, and 2B lineage (3). Bats are the main natural reservoir for the viruses of this genus, and SARS-CoV-2 is thought to be naturally evolved from Bat CoVs (4). Like other coronaviruses, the SARS-CoV-2 genome consists of a positive-sense single-stranded RNA (+ssRNA) of ~29 Kb with a 5′-cap and 3'-UTR poly(A) tail. The viral genome is stabilized by the nucleocapsid protein (N) and enveloped in a bilipid structure comprising the membrane protein (M), spike protein (S) and envelope protein (E). The +ssRNA strand (Figure 1) has 14 open reading frames (ORFs) coding for

• Structural proteins (N, S, E, M),

• Non-structural proteins or nsps (ORF1 and ORF1ab) required for viral replication and assembly

• Accessory proteins (ORF3, ORF4a, ORF4b, ORF5, ORF8).


[image: Figure 1]
FIGURE 1. Schematic representation of the SARS-CoV-2 viral genome.


Genetic sequencing studies have revealed numerous mutations, mainly single nucleotide polymorphisms (SNPs) and insertion/deletions (indels), that are mostly neutral or mildly deleterious. However, a small percentage of mutations can alter the fitness and help the virus to adapt. These substitutions or deletions can alter the peptide polarity, affecting the structure and functionality of viral proteins involved in pathogenicity, infectivity, transmissibility and antigenicity. In order to classify the rapidly growing genome sequences and to track the real-time epidemiology and genetic evolution of SARS-CoV-2, several databases and nomenclature systems have come into place. The Global Initiative on Sharing All Influenza Data (GISAID; https://www.epicov.org) provides a comprehensive view of millions of globally available SARS-CoV-2 whole genome sequences and the significant mutations and variants identified to date (https://covariants.org/). GISAID nomenclature categorizes genomes into clades (based on marker mutations) that help understand large-scale diversity patterns and geographical spread (https://www.gisaid.org/references/statements-clarifications/clade-and-lineage-nomenclature-aids-in-genomic-epidemiology-of-active-hcov-19-viruses/). The Phylogenetic Assignment of Named Global Outbreak Lineages (PANGOLIN) or Pango nomenclature (https://cov-lineages.org/) is one of the most widely used, where newly identified genomes are assigned a lineage based on the global phylogenetic tree (5). The Nextstrain is also an open-source database providing phylogenetic and phylodynamic analysis of SARS-CoV-2 variants grouped into clades based on the year and serial alphabets, 19A, 19B, 20A, 20B, etc. (https://nextstrain.org/ncov/gisaid/global). Additionally, the WHO has assigned Greek alphabets to each lineage, commonly used by the public and media (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/). For our review, we will be referring to the Pango and/or WHO nomenclatures.

Based on the extensive sequencing data available and observations, the WHO, on conferring with the WHO SARS-CoV-2 Virus Evolution Working Group (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/) has categorized the SARS-CoV-2 variants that might pose an increased risk to public health into the following three groups:

• Variants of Concern (VOC): VOC is defined by an increase in transmissibility and virulence or decrease in the effectiveness of the practiced public health, social measures and available therapeutics.

• Variants of Interest (VOI): VOI is defined by variants observed to cause community spread to appear in multiple cases or clusters or has been detected in various countries.

• Variants under monitoring (VUM): VUM is defined as a variant with genetic changes that are suspected to affect virus characteristics with some indication that it may pose a risk to public health and safety in the future. Enhanced monitoring and continuous assessment are required to gather evidence of these variants' phenotypic or epidemiological impacts.

According to the comprehensive data made available by WHO as of December 5, 2021 (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/), the groups mentioned above are summarized in Table 1. As per critical assessments, including in-vitro tests, observed incidence, relative prevalence, etc., the previously designated VOCs and VOIs can be reclassified if they no longer pose a major health risk.


Table 1. Summary of VOI and VOC as published by WHO (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants, Last accessed on 17 Dec, 2021).

[image: Table 1]

In general, RNA viruses have the highest mutation rates, between 10−4 and 10−6 mutations per base pair, due to the lack of proofreading ability of RNA-dependent RNA polymerases (RdRp) (6). However, the coronavirus family of viruses are known to have a proofreading mechanism attributed to the exoribonuclease (ExoN) domain of nsp14 (7). The nsp14-ExoN is known to be highly conserved among CoVs (8). Although this was expected to contribute to a low mutation rate, in reality, more than 6 million viral genomes have been recorded over the span of 2 years (GISAID). The first fitness-enhancing mutation on the spike protein was identified just a few months into the evolution of SARS-CoV-2 (9). This could be a result of the sheer magnitude of infection numbers on a global scale. Also, Gribble et al. (8) have experimentally shown that nsp14-ExoN may have a critical role in RNA recombination events during viral replication that can generate genetic variants. In this review, we look into significant mutations observed in viral proteins that are important in the context of diagnostics, therapeutics and vaccine development.



VARIATIONS IN SARS-CoV-2 GENOME AND PROTEOME


Spike Protein

The spike glycoprotein is the key protein that defines viral host selection and pathology, and hence the major target for diagnosis and therapy. It is a trimeric transmembrane protein that has two subunits, S1 and S2. The S1 subunit comprises the N-terminal domain (NTD) and the receptor-binding domain (RBD), which is responsible for host-cell attachment. On the other hand, S2 subunit mediates viral entry and contains a fusion peptide (FP) domain, internal fusion peptide (IFP), two heptad-repeat domains (HR1 and HR2), transmembrane domain, and a C-terminal domain (10). Conservation analysis of the SARS-CoV-2 spike protein with other closely related CoVs points at a recombination event that has altered the amino acid sequence of the NTD, RBD and the receptor-binding motif (RBM) sequence within the RBD (11, 12). Specifically, the insertion of a furin cleavage site at the S1/S2 junction, which is absent in SARS-CoV, has shown to contribute to the increased transmissibility (11, 13). The RBD specifically binds to the angiotensin-converting enzyme 2 (ACE2) receptor on the host cell surface, mainly the lung cells and primary human airway epithelial cells (14). The RBD-ACE2 binding causes conformational changes that allow the S2 subunit to mediate the fusion of virus and host cell membranes enabling entry into the host cell (13, 15). Hence, any mutation in the S protein will undoubtedly affect virulence and pathogenicity. Most of the mutations that arise are likely to lessen the virulence or be deleterious. However, the S glycoprotein is the most antigenic viral protein and the major therapeutic target, putting it under constant selective pressure. Therefore, as expected, the S-protein is a mutational hotspot, wherein adaptive mutations may lead to increased transmissibility, infectivity and host immune evasion. Some of the significant mutations in S1 and S2 are described below.


S1 Subunit

The S1 is the most immunodominant viral protein, with anti-RBD accounting for almost 90% of the neutralizing antibodies in COVID-19 convalescent plasma. In addition, an antigenic “supersite” was identified in NTD, which is a prominent target for antibody response (9, 16, 17). Interestingly, NTD was found to interact with tyrosine-protein kinase receptor UFO (AXL) highly expressed on pulmonary and bronchial cells, indicating a probable co-receptor involved in viral attachment and entry (18). Considering these facts, frequent mutations in spike S1, especially RBD and NTD, is expected to drive viral adaptation and immune-escape strategy. One of the first identified and highly prevalent mutations is D614G, wherein the aspartic acid at residue 614 (D614) is replaced by glycine (G614). D614G in the RBM domain has shown to increase the S-protein density on the viral surface, thereby enhancing infectivity (19). The D614G substitution is found in most of the circulating VOCs, including Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2), Gamma (P.1) and the recent delta plus (AY lineage) and Omicron (B.1.1.529) variants (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html). Some of the other prevalent substitutions in RBD were found to enhance ACE2 binding. Examples include the N501Y, S477N, N439K, D364Y and E484K substitutions identified in most VOCs, which correlate with higher transmissibility (9, 20, 21). The D364Y mutation was found to enhance the spike protein's structural stability, thereby increasing its affinity for the receptor (22). The T478K, Q493K, and Q498R mutations on the recently emerged VOC B1.1.529 (omicron) have shown to double the electrostatic potential, increasing the RBD-ACE2 binding affinity (23). Furthermore, immune evasion arises from conformational modifications due to one or more amino-acid substitutions or deletions. The E484K has also been implicated in immune-escape (20). E484 to K, Q or P was shown to considerably affect convalescent sera neutralization and has been implied in reinfections and vaccine ineffectiveness (9). E484 substitutions have been identified in a number of VOCs, including B.1.351 (E484K), P.1 (E484K), B.1.617.2 (E484K/E484Q) and B.1.1.529 (E484A) (https://covariants.org/variants/S.E484). Similarly, K417N/T found in B.1.351 and P.1 was also found to evade antibody binding, though less potent than E484 substitutions (https://covariants.org/variants/S.E484) (9, 20). Interestingly, the S1-NTD has also harbored a number of mutations, especially deletions, in the course of SARS-CoV-2 evolution. Most of the NTD mutations were found to alter antigenicity or eliminate epitopes, aiding immune-evasion (9, 24). Some of the recurrently deleted regions (RDRs) within the NTD are Δ69–70, Δ141–144, Δ146, Δ210 and Δ243–244 (9). In addition, some of the notable substitutions in NTD are R246I (in B.1.351), W152C (in B.1.429), L18F (in B.1.351 and P.1), T19R (in B.1.17 and B.1.617) and G142D (in B.1.617 lineages), all of which are associated with immune-escape (17, 25, 26).



S2 Subunit

The S2 is markedly conserved among CoVs, and have a low mutation rate indicating that most mutations are likely to impact viral entry. Moreover, it is less antigenic, probably due to the extensive N-linked glycosylation, therefore not under much selective pressure compared to S1 (9, 27). However, studies show the HR2 region can elicit an antibody response that is cross-reactive with other CoVs (28). Among the mutations reported, D769H has been described to reduce susceptibility to neutralizing antibodies (9). D950N present on the HR1 domain in Delta lineages have been mapped to the spike trimer interface, suggesting an alteration in spike dynamics for the highly virulent delta strain (25). Unlike the previous VOCs, the B.1.1.529 (Omicron variant) surprisingly exhibit a number of S2 substitutions, namely D796Y, N856K, Q954H, N969K and L981F (https://covariants.org/variants/21K.Omicron). The steady spread of B.1.1.529 across the globe suggests a positive advantage for these mutations. However, the impact of these mutations on viral pathogenicity and polyclonal mAb response (vaccine-induced and convalescent) is yet to be determined.

Typically, a cluster of mutations is selected during evolution that can act synergistically, providing a broader adaptive advantage. The delta variants carry the L452R and T478K mutations in the RBD, and E156del–F157del in the N-terminus that are implicated in immune escape. Additionally, P681R mutation at the S1–S2 cleavage site is thought to increase viral replication, leading to higher viral loads and increased transmission (29). The omicron variant possesses >32 mutations on the spike protein, including five on the RBD, making it highly divergent from the original Wuhan strain, indicating a high chance of immune escape. Moreover, it shares several mutations with other VOCs, along with newly identified substitutions. Table 2 summarizes the prominent spike mutations in currently circulating VOCs.


Table 2. Mutations in the spike protein of SARS-CoV-2 variants that may be contributing to increased pathological properties.
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Yet, it is also important to note that immune response against SARS-CoV-2 comprises humoral (neutralizing antibodies produced by B-cells) and cellular response (T-cells). Most studies consider only the IgG response against spike epitopes. Increasing data suggest that variants with antibody-escape spike mutations do not evade T-cell response (35, 36).




M and E Proteins

Both M and E proteins are highly conserved with low mutation rates and therefore serve as important screening markers for coronavirus infection. M-protein is the most abundant and is responsible for maintaining the shape of the virion by spanning the membrane bilayer. The M-protein also facilitates the budding of the viral particles from the host cells, and enhances glucose transport in the host cell during viral replication. It has a sequence similarity of 98% to bat and pangolin CoV M proteins (37). Interestingly, the M-protein was found to elicit IgM response during the acute phase of SARS-CoV-2 infection (38). A number of mutations have been reported in the M-protein. Shen et al. (39) report the increased prevalence of I82T and V70L mutations in several lineages, suggesting it is beneficial for the virus, probably by facilitating increased glucose uptake. Bianchi et al. (37) predict that mutations occurring at the N-terminal region of M-protein may play a key role in host-cell interaction. The common mutations detected in the N-terminal domain are V5F, E8D, V5I, and Y2H, which might affect the viral efficiency (40). The implications of these mutations in IgM response and pathogenicity remains to be elucidated. Similarly, the E-protein is also conserved in nature and bears sequence similarity to pangolin and bat CoV E-proteins (37). The E-protein is a hydropathic transmembrane protein, rich in valine and leucine residues, that plays a role in the pathogenesis of the virus. Overall, the M and E genes exhibit fewer mutations than the S-protein (41). Comprehensive mutational analysis from GISAID database reports <2% E-mutant strains (42). However, higher amino acid variations in the C-terminal domain of the E-protein, such as S55F, V62F and R69I, may affect the binding of SARS-Cov-2 E-protein to the tight junction proteins impacting pathogenesis (42).



N Protein

The nucleocapsid is an important viral protein/gene with respect to diagnostics (nucleic acid and antigen detection) and new vaccine design (43, 44). Its function is to maintain the genome structure inside the envelope and plays significant roles in viral assembly, budding, and the host cellular response to viral infection (45). The N gene is highly conserved among CoVs and is more stable with lower mutation rates than the S-protein (46–48). In addition, the N-protein has been identified as an important target for T-cell response, making it a suitable candidate for next-generation COVID-19 vaccines against emerging variants (44, 49, 50). In-silico studies show that mutations in the N-terminal domain of N protein affect the structure and flexibility of the protein, whereas substitutions in the C-termini are believed to impact the dimerization potential (51). The common mutations observed in N-protein are R203K and G204R (52). However, the impact of N-protein mutations on infectiousness and transmission rate is yet to be determined. For instance, it was found that the European variant 20A.EU1 carrying N-mutation A220V and the S-mutation A222V had become dominant in summer 2020, probably an outcome of synergistic effect (53). The omicron harbors a comparatively high number of deletions in the N-gene, which has been reported to impact diagnostics, mainly primer binding of a few commercially approved kits. The impact of these mutations on viral pathogenicity is yet to be elucidated.



Non-structural Proteins

The ORF1a/b gene is an important target for the nucleic acid diagnostics of SARS-CoV-2. It codes for non-structural proteins (nsp1-16), responsible for the replication machinery and maintenance of the viral genome (54). Some of these nsp proteins are targets for anti-viral drugs that are currently used for COVID-19 treatment, such as RdRp (nsp12) and 3-chyomotrypsin like protease (3CLpro, nsp5 also known as main protease or Mpro) and papain-like proteinase protein (PLpro, nsp3). Adaptive mutations in ORF1a/b may lead to increased viral replication or drug resistance, thus enhancing virulence. An early geographical distribution study of ORF1a/b mutations report maximum mutation rate for RdRp (33.47%), followed by nsp2 protein (20.04%), nsp13 helicase (15.95%) and nsp3 proteins (12.61%). Mutations on the other nsp proteins ranged between 0.14% for nsp10 and 2.79% for nsp6 (55). The RdRp is the key replication enzyme, and is expected to be well conserved to preserve functionality. Nevertheless, studies have reported point mutations in ORF1a/b corresponding to RdRp, which are P4715L, P323L and T265I b (56). Both P4715L and P323L was observed along with S protein D614G mutation, suggesting a co-evolutionary pattern (56, 57). Studies also describe that deletion at amino-acid 500–532 in the nsp1 gene is associated with retained ribosomal binding ability, higher RT-PCR cycle thresholds, and lower serum IFN-β levels of infected patients (52). Variations in the other nsp genes have also been described. Fitness-enhancing mutations have been reported in nsp3, namely F206F, S1197R and T1198K, that has been associated with increased severity of infection for B.1.1 lineages (52). Further, certain mutations in 3CLpro: T45I, K90R, R279C, A266V, A234Vand N151D have been found in the VOCs B.1.1.7, B.1.351, P.1 and B1.617 (58). Mohammad et al. (58) further speculate T190I and A191V in 3CLpro can alter polarity and affect the binding of therapeutic molecules. Moreover, several geographical studies have been published, where Indian samples reveal a high mutation frequency in nsp2, nsp3, nsp4, nsp5, nsp6, nsp12, nsp14, and nsp16 (59). Whereas Wang et al. (57) report frequent mutations in nsp2 and nsp13 in the US.



Other ORFs and Accessory Proteins

Mutations in accessory proteins is most likely to impact the function of the protein negatively. Keeping in mind the viability, most of these proteins are likely to be conserved. Nonetheless, specific prevalent mutations have been observed. ORF3 and ORF8 have been noted as mutational hotspots, whereas ORF6, ORF7a, ORF7b, ORF10 have been observed to be conserved with lower mutation rates (56). In the US, Q57H mutation in the ORF3a region, and S24L and L84S in ORF8 was found to be prevalent, suggesting a positive effect on transmission or virulence (60, 61).

Thus, the mutational spectra of the SARS-CoV-2 (Table 3) is a crucial factor to be taken into account while using current diagnostic assays, targeted therapeutics and vaccines, and also for designing new armamentarium against the emergence of potentially virulent variants. In this regard, continued efforts are imperative to monitor the impact of mutations on currently used therapeutics and diagnostics and further track the genomic variability between individuals and across geographical areas. Figure 2 depicts the epidemiological characteristics of the currently circulating VOCs.


Table 3. Key defining mutations for VOCs (https://covariants.org/).
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FIGURE 2. The VOCs and their impact.





IMPACT ON DIAGNOSTICS

The current molecular in-vitro diagnostic landscape for COVID-19 is either based on: (i) genomic detection assays, (ii) serological tests for antibody detection, and (iii) viral antigen detection.


Nucleic Acid Tests

The two main technology platforms used for genomic detection of SARS-CoV-2 are real-time reverse transcription polymerase chain reaction (rRT-PCR) and high throughput sequencing. Other point-of-care PCR techniques such as Loop-mediated isothermal amplification (LAMP-PCR) have also been developed. The RT-PCR is considered the gold standard for SARS-CoV-2 detection from patient nasopharyngeal samples. Generally, multiple genes are targeted in a diagnostic assay to ensure specificity and sensitivity to SARS-CoV-2. Some of the viral genes that are used for diagnostics include S, N (N1 and N2 regions within the N gene), E, RdRp (nsp12), nsp14, etc. (62). The spike protein has nucleotide sequences unique to SARS-CoV-2, therefore minimizing cross-reactivity and false-positive results (FPRs) in the presence of other CoVs. However, since the S-gene harbors frequent mutations, commercial kits and probe sets must be regularly validated to detect new variants to avoid false-negative results (FNRs). S-gene target failure (SGTF) has been reported in the case of Alpha (63) and Omicron variants for TaqPath™ kit from Thermo Fisher Scientific, which also targets ORF1ab and N Protein. The 69-70del mutation on S causes an S-gene dropout among the three targets, and this phenomenon is currently being used for surveillance of the newly emerged omicron variant (https://www.thermofisher.com/) (64). Although the other genes such as N and RdRp are less prone to mutations, any mutation in the primer binding region can reduce assay sensitivity and result in FNRs. An analytical study by Rahman et al. (42) describes mutations within the N-gene that could affect the sensitivity of RT-PCR tests. For instance, Vanaerschot et al. (65) reports an SNP Q289H in N-gene impacted forward primer binding and markedly reduced RT-PCR assay sensitivity. Furthermore, the US FDA has identified a few commercially approved test kits that could be negatively impacted by the prevalent SARS-CoV-2 variants (FDA) (66). The Revogene SARS-CoV-2 (Meridian Bioscience, Inc.) and DTPM COVID-19 RT-PCR (Tide Laboratories, LLC), both single target tests that detects N-gene, is expected to produce FNR for omicron variants as it harbors nine-nucleotide deletion in the N-gene, spanning positions 28370-28362 (66). Similarly, Linea COVID-19 Assay Kit (Applied DNA Sciences, Inc.) targets two S-gene epitopes which have been mutated in omicron. As a proxy, S and N-gene drop out assays are being used for the early distinction of omicron (S–/N–) and delta (S+/N+) variants.



Viral Antigen Tests

These tests detect viral proteins in patient blood or nasopharyngeal samples using specific antibodies. Antigen tests are ideal point-of-care tests for screening suspected or random population at public places, including airports and hospital-in patients, or as self-tests. They are mainly enzyme-linked immunosorbent assay (ELISAs) or lateral flow assays (LFAs) that detect epitopes of viral antigens specific to SARS-CoV-2, usually the—N or N+S protein. In the scenario of a rapidly evolving virus, monoclonal antibody assays targeting a single epitope can have low sensitivity and test accuracy rates. Hence, polyclonal antibodies to multiple epitopes can be considered a better and more feasible option. Studies by Ascoli (67) propose polyclonal anti-N antibodies to be sensitive against the N501Y, H69/V70, D796H and D614G mutations. Some commercial kits that detect N-gene, such as SARS-CoV-2 Rapid Antigen Test (Roche), Panbio COVID-19 Ag RAPID (Abott) and CLINITEST Rapid COVID-19 (Siemens Healthcare), were found to be valid for the VOCs B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), and B.1.617.2 (Delta) (68). The N-mutations in the B.1.1.529 (Omicron) may affect the accuracy of some of the approved commercial antigen tests.



Antibody Tests

These tests detect serum antibodies in patients formed as an immune response to the SARS-CoV-2. In the context of a global vaccination drive, serological tests hold importance in studying sero-prevalence and vaccine effectiveness. Out of all the viral antigens, the S-protein and N-protein display the highest immunogenicity. The anti-N antibodies appear first during infection (69), followed by the more dominant anti-S antibodies (70). Therefore, most serological tests detect S or N directed antibodies in patient blood samples using ELISA, LFA or immunofluorescence. Moreover, IgM and IG titer levels represent the early or convalescent phase of infection, respectively. With respect to mutations and emergence of new serotypes, changes in secondary or tertiary structures of the protein used in the assay can impact the test as the patient antibodies might not recognize the new structure. Hence, the use of multiple fragments of S and N proteins will improve accuracy against variants. However, to date no rigorous studies have been performed to evaluate the impact of variants on the analytic or clinical sensitivity of approved antibody tests.

To summarize, RT-PCR remains the most appropriate diagnostic method to test infection positivity, and serological tests to detect vaccine effectiveness. A number of the commercially available diagnostic assays are likely to be impacted by the omicron variant. It remains critical to continuously monitor serotypes and evaluate diagnostic kits to detect new and emerging variants as and when reported. Moreover, regional and country-wise surveillance is also important considering the geographical dissimilarity in the prevalence of different variants.




IMPACT ON THERAPEUTICS

The first line of COVID-19 drugs in clinical use is broad-spectrum antivirals such as nucleotide analogs (example, Remdesivir, Favipiravir) or glucose analogs (2-deoxy-d-glucose) that are usually not impacted by mutations. Moreover, anti-inflammatory drugs to suppress cytokine storm in patients with severe conditions are also unaffected by mutations. However, several drugs are under development, and mutations can have repercussions in targeted therapies using small-molecule drugs, biologics or convalescent plasma.


Small Molecule Drugs

With the help of bioinformatics tools, a wide range of small molecule drugs are being screened to target various viral enzymes involved in host-cell entry or replication (2). Some important drug targets include the Spike-RBD region, RdRp, nucleocapsid and nsp 5 (3CLpro) (71). Nucleotide substitutions and deletions can alter the polarity and secondary structures of viral proteins. Consequently, it can interfere with the binding to small molecule drugs. The major class of antiviral small-molecule drugs that are in use against SARS-CoV-2 are RdRp inhibiting nucleoside analogs that work by introducing mutations in the viral RNA or by halting replication. However, the presence of nsp14-ExoN activity in SARS-CoV-2 can limit the action of these drugs (72). The new-generation RdRp inhibitors such as Remdesivir and Favipiravir have improved analog chemistry resistant to ExoN activity. Early studies had identified mutations on RdRp and nsp14 genes (24, 73). However, their correlation to viral pathogenicity, higher mutation load, or drug-resistance needs to be further investigated. To date, there is no data available comparing the effectiveness of Remdesivir against variants, although in-silico studies show that mutations such as F480L, V557L, D722Y, V472D and L469S on RdRp may disrupt the binding capacity of Remdesivir (71). Further investigation revealed Alanine at 156th of RdRp is critical for drug binding, implying any substitutions in this position would affect efficacy (51). Similarly, the effectiveness of lopinavir/ritonavir (that target 3CLPro) against variants are not reported yet. Several novel anti-viral therapeutics are under development. A recent in-silico study suggests Conivaptan, Ergotamine, Venetoclax and Rifapentine as promising target for N-protein, which are mostly conserved across variants (51).



Monoclonal Antibodies

Humanized or fully-human engineered therapeutic antibodies have high specificity and mimic natural antibodies produced by the immune system. Numerous neutralizing monoclonal antibodies (mAbs) are currently under development to combat COVID-19, a gamut of them targeting the spike protein (4). As of December 2021, the US FDA has approved four mAb therapies for COVID-19.

• Casirivimab-imdevimab mAb cocktail targeting two different epitopes of S-protein. Both the mAbs together were found to be active against most of the circulating variants. However, in-vitro neutralization assays show that casirivimab alone (without imdevimab) had reduced activity against (i) K417N+ E484K substitutions found in P.1 lineage (Brazil variant), and (ii) E484Q mutation expressed in B.1.617.1/B.1.617.3 lineages (Delta/Indian variants) (FDA) (74). In addition, the casirivimab was shown to be moderately neutralizing and imdevimab non-neutralizing toward the B.1.1.529 (omicron) that carries a high number of mutations in the spike (75). Specific mutations in the RBD of omicron, namely T478K, Q493K, Q498R, and E484A are thought to impact mAb binding efficacy (23). Another study by Wilheim et al. (75), state the mAb cocktail is effective against delta variants but failed against omicron.

• Bamlanivimab and Etesevimab mAb cocktail targeting two different epitopes of S-protein RBD. According to US FDA reports, the mAb cocktail retained neutralization activity against B.1.1.7 (carrying N501Y) and B.1.617.2/AY.3 (carrying L452R + T478K). However, it showed a significant reduction in the neutralization of B.1.351 (carrying K417N + E484K +N501Y). For the P.1 variant carrying K417T + E484K + N501Y, neutralization assays using pseudotyped virus-like particles showed a reduction in neutralization (FDA) (76).

• Sotrovimab targeting an S-protein epitope. In-vitro assays confirm that the drug retains neutralization activity against most of the VOCs that are currently prevalent, including B.1.617, B.1.351, P.1 and B.1.1.7. However, it has been warned that if P337H/L/R/T and E340A/K/G arises, the mAb can show a reduced susceptibility of more than 100-fold (FDA) (77).

• Tixagevimab and cilgavimab antibodies are derived from B-cells donated by COVID-19 convalescent sera. The mAbs target spike RBD epitopes that are quite close to each other, possibly interacting with each other but essentially not competing for binding (33). In-vitro analysis on chimeric viruses showed slightly reduced potency of tixagevimab against B.1.351 (with K417N + E484K + N501Y) and P.1 (with K417N + E484K + N501Y). And cilgavimab had lower activity against N501Y+D614G mutants, including B.1.429 (carrying L452R), B.1.617.2 (carrying L452R + T478K) and B.1.351 (carrying K417N + E484K + N501Y) (33). However, the authors report no significant impact on the combined efficacy of maAbs on VOCs B.1.1.7, B.1.351 or P.1 (33). Further, Shah and Woo report cilgavimab to be moderately neutralizing against the B.1.1.529 (omicron variant), wheras Tixagevimab showed a marked drop (23).

Since most of these tests were done on pseudotype virus-like particles with selected spike mutations, the actual neutralization potential against the different viral strains and newly emerging mutants is yet to be determined. Wang et al. (60, 61), reported that the P.1 variant is completely resistant to casirivimab, bamlanivimab and etesevimab. Furthermore, the Center for Disease Control and Prevention (CDC), USA, warns health professionals of potential reduction of clinical efficacy toward several circulating strains (CDC) (78). In such a case, identification of viral strain before mAb administration in patients will be necessary, which is a non-feasible task. In the setting of a fast-mutating pandemic virus, a single monoclonal antibody treatment might not be the best choice for therapeutics. The chances of escape mutations for a specific antibody are always higher. Therefore, polyclonal antibodies, cocktail antibodies or multivalent or multispecific antibodies (e.g., bispecifics) are a better strategy. In this regard, several new therapeutic antibody formats, including bispecifics, antibody-fragments and nanobodies, are under development.



Convalescent Plasma and Post-vaccination Sera

Like mAb therapies, plasma therapies derived from recovered patients and vaccinated individuals have been affected by viral variants. Hence, it implies the possibility of reinfection and vaccine ineffectiveness. Compared to mAb therapies, plasma therapies may have a broader neutralization activity due to polyclonal antibodies. But even then, several variants have been indicated as potentially resistant to convalescent plasma and post-vaccinated sera therapies (CDC) (78). According to the CDC, US, the P.1 variant seems more resistant to plasma therapy than B.1.351, B.1.617.2, B.1.427, B.1.429 and B1.1.7. The antibody evasion of many variants has been attributed to E484K mutation on the spike protein (60, 61, 79). More details about the sensitivity of variants to post-vaccine sera are discussed in the upcoming section.




IMPACT ON VACCINES

The rising mortality and infection rates expedited vaccine development across the globe. The five common types of platforms utilized to generate covid-19 vaccines are (i) Live-attenuated or inactivated vaccine, (ii) Protein subunit, (iii) Viral vector, (iv) Nucleic acid vaccine (mRNA and plasmid DNA), and (v) virus-like particle vaccine (80, 81). As mentioned earlier, RNA viruses exhibit higher mutation rates than DNA viruses (82, 83) and therefore, mutations in the S-gene (84, 85), the target for leading mRNA and adeno-viral vector vaccines, may impact the reactivity with neutralizing antibodies. Here, we primarily focus on the vaccines, presently licensed for use in various countries, to understand their efficacy on the currently prevailing VOCs B.1.1.7, B.1.351, P.1, B.1.617.2 and B.1.1.529 (summarized in Table 4).


Table 4. Impact of current VOCs on the neutralizing efficacy of vaccines.
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MRNA Vaccines

mRNA vaccines deliver the genetic code of the target protein in the mRNA form, encapsulated in an absorbable lipid structure (97). The advantage of mRNA vaccines with respect to new emerging variants is the ability to easily modify the mRNA sequence of the target in case of any significant mutations, and the relatively quick manufacturability.

The currently approved mRNA vaccines are Pfizer (BNT162b2) and Moderna (mRNA-1273), both of which encode a spike protein ectodomain of the Wuhan strain (98). Several in-vitro neutralization assays using pseudo-virus systems were tested to determine the cross-neutralizing ability of post-vaccine sera. In the case of B.1.1.7, studies by Xiu et al. and Wu et al. did not report a significant impact in the neutralizing capacity of sera of humans immunized with Pfizer and Moderna, respectively (99, 100). Similarly, experiments by Wang et al. (60, 61) demonstrated modest reductions in the sera from individuals that received Moderna or Pfizer vaccines for the B.1.1.7 (1.8–2-fold). Whereas, concerning B.1.351, sera derived from individuals vaccinated with Pzifer or Moderna exhibited reductions by 6.5-fold or 8.6-fold, respectively, in a study conducted by Wang et al. (60, 61). Moreover, a prominent reduction was observed in the neutralization of B.1.351 by sera from either humans or non-human primates (NHPs) who received Moderna vaccine (99). Likewise, to understand the impact of the Moderna vaccine against P.1, a small laboratory study by Dejnirattisai et al. (101) observed antibody titers to reduce by 2.6-fold. Although this effect is yet to be confirmed in clinical trials. Likewise, to comprehend the efficacy of Pfizer vaccine against P.1, Liu and colleagues conducted a small laboratory study using vaccine sera which suggests roughly equivalent neutralization of this variant (102). However, experiments by Dejnirattisai et al. and Parry et al. suggest that antibody titers were reduced by 2.6-fold and 14-fold, respectively. Albeit the impact is yet to be confirmed in clinical trials (101, 103). Furthermore, a report released from Public Health England has stated that the Pfizer-BioNTech is 87.9% effective against symptomatic disease caused by the B.1.617.2 variant 2 weeks following the second dose (29). Neutralization studies also showed 5.8 fold reduction in spike binding for Pfizer vaccine (86). Although the two vaccines showed a drop in neutralization, studies point out they are still effective against severe symptoms and hospitalization (104). The emergence of omicron has raised many concerns regarding mRNA vaccine efficacy owing to high mutations on the spike. Preliminary experiments using sera from Pfizer-BioNTech-vaccinated individuals indicate a substantial reduction in neutralization potency against B.1.1.529 (75).



Non-replicating Viral Vector Vaccines

Non-replicating viral vector vaccines generally use an engineered adenovirus to deliver the DNA code for the target protein. All of the currently approved adenoviral vector vaccines for SARS-CoV-2 target the spike protein. A major disadvantage with adenoviral vaccines is the chances of the vaccinated individual developing immunity against the adenovirus (97). In such cases, a second dose or revaccinations with the same platform for new variants could be challenging.

Studies on the Oxford-AstraZeneca vaccine by Emary et al. and Kunal et al. reported an overall reduced neutralization activity, but retention of efficacy against B.1.1.7 variant of SARS-CoV-2 compared to the non-B.1.1.7 variants in-vitro (88, 105). However, Oxford/AstraZeneca COVID-19 vaccine (AZD1222) failed to protect against mild-to-moderate COVID-19 infection due to the B.1.351 variant (89, 90). Whereas, in both P.1 variant and B.1.617.2 variant, the vaccine did retain its efficacy (105). Bernal et al. (29), reported 59.8% effectiveness against symptomatic disease caused by the B.1.617.2 variant 2 weeks following the second dose of the Oxford-AstraZeneca vaccine. Further, in-vitro tests show a 2.5 fold decrease in neutralization for B.1.617.2 using post-vaccinated sera (after 2 doses) (86). Initial reports also state a reduced neutralizing potency for the vaccine against B.1.1.529 (87).

In the case of CanSinoBio (Convidecia), as per the report released by Pakistan authorities, initially, the vaccine demonstrated 65.7% efficacy in preventing symptomatic cases and a 90.98% success rate in stopping severe disease in an interim analysis of global trials. But no reports have been yet released with regards to the prevailing variants (106).

The WHO-approved Janssen vaccine (Ad26.COV2.S) has been tested against a variety of SARS-CoV-2 virus variants in clinical trials, including B1.351, P.1 and B.1.617.2 and found to be efficacious as reported on their website (www.jnj.com). Jongeneelen et al. (93) report a 3.6-fold, 3.4-fold and 1.6-fold decrease in post-vaccine sera neutralization against B.1.351, P.1 and B.1.617.2, respectively. However, the vaccine showed a significant reduction in binding toward B1.1.529 RBD (87).

Sputnik V(Gam-COVID-Vac) developed by the Gamalaya Research Institute is a two-vector vaccine (Ad26+Ad25) that has been approved in several countries. The vaccine has demonstrated ~three-fold decrease in neutralization activity for B.1.351, 2-fold for P.1 and 2.5-fold for B.1.617.2 (92).



Inactivated Virus Vaccines

Inactivated virus is the most traditional and time-tested vaccination strategy. The major downsides of the inactivated virus are the extensive manufacturing timelines and low immunogenicity. These types of vaccines generally require of high dose of antigen for a significant immune response. However, inactivated vaccines exhibit a polyclonal antibody response against multiple viral antigens, including spike, nucleocapsid and other proteins. In the circumstances of emerging variants, this attribute has the edge over other vaccine platforms. Therefore, in the dynamic scenario of the pandemic, an inactivated virus must be able to elicit a high antibody titer in order to have a strong cross-neutralizing potency.

Regarding the CoronaVac (Sinovac R&D Company) vaccine, sera collected from vaccinated individuals were found effective against B.1.1.7, similar to the effectiveness elicited against the wildtype strain. Whereas, the efficiency significantly reduced in the case of P.1, and only a small proportion of post-vaccine sera exhibited neutralization against B.1.351 variants (107). BBV152/COVAXIN is another inactivated vaccine that was recently authorized by the WHO. The vaccine demonstrated a 71% efficacy against all variant-related COVID-19 illnesses, with 90% efficacy against Kappa and 65% against Delta (94, 95).



Protein Subunit Vaccine

A protein subunit vaccine usually contains a protein or a polysaccharide unit of the infectious agent. An advantage of this platform is that the manufacturing platform uses the well-established recombinant technology that is widely available. Also, the transport and storage does not require −20°C or −80°C cold chains, therefore global distribution can take place at regular refrigeration temperatures (108).

The first protein subunit vaccine approved for COVID-19 is the Novavax candidate NVX-CoV2373, a recombinant nanoparticle protein-based vaccine. It uses the full-length spike protein organized around a nanoparticle core and formulated with the proprietary Matrix-M adjuvant (108). Ideally, this design should enable a strong polyclonal antibody production against various epitopes, including cryptic/hidden epitopes. In clinical trials, NVX-CoV2373 has shown 89.7% effectiveness against symptomatic Covid-19 caused by both B.1.1.7 and non-B.1.1.7 variants during late 2020. However, this vaccine has shown only 51% efficacy against the B.1.351 variant (96).




DISCUSSION AND FUTURE DIRECTIONS

The main reason the SARS-CoV-2 virus spread to pandemic proportions is the presence of asymptomatic and mild infections or an infection phase that can go undetected. Thus, it becomes complicated to trace, track and control movements of infected persons, making them carriers and super-spreaders. With such high infection rates, the emergence and spread of mutants were inevitable. Although vaccines have been developed at a record pace to fight the pandemic, the emergence of SARS-CoV-2 variants that can evade vaccine immunity would cause new waves of infections. RNA viruses are also known to exist as quasispecies populations, and as a result of the ongoing vaccination and therapeutic efforts, the virus is under increasing selective pressure (109). Experiments show that selective pressure from monoclonal antibodies leads to quicker escape mutations. In comparison, polyclonal antibodies from post-vaccine sera and convalescent plasma are more likely to induce a delayed emergence of escape mutations (110).

Given the scenario, response strategies to tackle the rise of further mutants that can extend the pandemic is of paramount importance (Figure 3). Therefore, primarily as part of the road map, continuous genomic surveillance for mutations concerning geographical variations is an absolute necessity. Subsequently, global and government efforts are required to increase testing and sequencing capacity. Low economic zones and countries with limited resources trail behind the quest for genomic sampling and vaccinations. Such consequences facilitate blind spots for the evolution of numerous strains, which can again spread far and wide. In addition, unvaccinated children and pets or farm animals also pose a considerable risk of churning out mutants. In the long run, such circumstances can cause multiple pandemic waves and raise the demand for vaccine redesign. Although the concept of redesigning mRNA and adenoviral vector vaccines seems relatively straightforward, the redesigning of vaccines is burdensome apropos to manufacturing and clinical testing to approve the new product.
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FIGURE 3. Factors that can contribute to further mutations in SARS-CoV-2. The emergence of any immune-escape variants can change the course of the pandemic.


As per the reports, the currently approved vaccines broadly show cross-neutralization ability for variants. However, a reduction in in-vitro neutralization efficacy has been observed with some vaccines concerning VOCs and specific mutations. As a result, a higher incidence of breakthrough infections may be expected for the currently prevalent delta and the surging omicron. Moreover, a number of studies report waning of vaccine-induced immunity after 6–7 months. For the Pfizer-BioNTech vaccine, Naaber et al. (111) reported that after 6 months the anti-RBD IgG levels plunged to 2–25% from their peak levels detected after the second dose. Likewise, Levine-Tiefenbrun et al. (112) describe a marked decline in the protective effect of Pfizer-BioNTech vaccine after 6 months. Further, Khoury et al. outline a predictive model for vaccine-induced immunity. They estimate that the neutralization level required for protection from severe disease infection is ~six-fold lower than the level required for protection against symptomatic/mild infection. Therefore it can be said that even with waning antibody levels, there will be protection against severe disease (113). Another very important aspect that needs to be factored in is vaccine-induced T-cell immunity. Reassuringly, studies show the mutations in VOCs (alpha, beta, gamma and delta) do not impact the T-cell response elicited by vaccines or natural infection (110, 114). Unlike antibody immunity generated against exposed epitopes, T-cell immunity acts against multiple viral proteins, including unexposed epitopes. In addition, Zuo et al. (115) report that T-cell response is maintained at six months from primary infection.

Taken together, these findings indicate a requirement for timely booster vaccines. However, with the arrival of omicron, another question arises: is this the right time to implement vaccine redesigns? What could be the strategies for next-generation COVID-19 vaccines? Interestingly, the conception of cocktail vaccines has been proposed as a more effective strategy in the context of a rapidly mutating virus (116). The idea is to use a combination of structural and non-structural viral antigens for a broad-range immunity. Furthermore, the nucleocapsid structural protein, a more conserved gene with good immunogenicity, has also been proposed as an ideal vaccine candidate to combat SARS-CoV-2 variants (46, 117). Also, bioinformatic studies on conserved epitopes of the N protein suggest nucleocapsid vaccines can provide cross-reactive immune protection against multiple human coronaviruses (47, 118). In addition, the N-protein is a major target for T-cell response that will be able to protect against severe symptoms and emerging variants (44). Another important criterion to combat variants is to ensure that the vaccines induce high neutralization titers. Sera with high neutralization titers (convalescent and post-vaccination) were found to be more effective in conferring protection against variants (79). Most of the focus lately has been on developing chimeric vaccines and vaccines that induce a more durable and broad-spectrum T-cell immunity. This has indeed shifted the priority from S1-RBD to S1 coupled with S2 and/or N (44, 119–121). Nevertheless, mutations that can evade T-cell response can also arise, which calls for active surveillance (122).

While we may have to wait several months for the next-generation of more potent vaccines to tackle the emergence of dangerous variants, it is important to continue vaccination programs and administration of booster doses. Although reduced effectiveness may be observed, the first-generation vaccines still protect against severe disease. To conclude, continued collaboration between the scientific community, healthcare systems, administration systems and the general public will help curb the pandemic (Figure 4). General awareness and active implementation of preventive measures at individual and population levels are crucial. Health care providers and clinical laboratory personnel must be regularly updated on mutations and their impact on diagnostics, therapeutics and vaccines for timely and appropriate medical management. And last but not least, spreading awareness and educating the general public is critical at such uncertain times. As always, prevention is indeed better than cure.
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FIGURE 4. Active measures against the evolving SARS-CoV-2.
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Since the first report of SARS-CoV-2 infection in humans, the virus has mutated to develop new viral variants with higher infection rates and more resistance to neutralization by antibodies elicited after natural SARS-CoV-2 infection or by vaccines. Therefore, rapid identification of viral variants circulating in the population is crucial for epidemiological assessment and efforts to contain the resurgence of the pandemic. Between January and November 2021, we performed a large variant RT-qPCR-based screening of mutations in the spike protein of 1851 SARS-CoV-2-positive samples derived from outpatients from the UC-Christus Health Network in Chile. In a portion of samples (n = 636), we validated our RT-qPCR-pipeline by WGS, obtaining a 99.2% concordance. Our results indicate that from January to March 2021 there was a dominance of non-identifiable variants by the RT-qPCR-based screening; however, throughout WGS we were able to identify the Lambda (C.37) variant of interest (VOI). From March to July, we observed the rapid emergence of mutations associated with the Gamma variant (P.1), which was quickly replaced by the appearance of a combination of samples harboring mutations associated with the Delta variant (B.1.617.2), which predominated until the end of the study. Our results highlight the applicability of cost-effective RT-qPCR-based screening of mutations associated with known variants of concern (VOC), VOI and variants under monitoring (VUM) of SARS-CoV-2, being a rapid and reliable tool that complements WGS-based surveillance.
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INTRODUCTION

Since coronavirus disease 2019 (COVID-19) was declared a pandemic in March 2020, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread and evolved, disseminating to more than 200 countries, causing more than 265,000,000 of cases and more than 5,000,000 of deaths (1). The continuous circulation of SARS-CoV-2 throughout the world has allowed the virus to continue evolving and to acquire novel genetic mutations (2). In some cases, these mutations provide adaptive advantages to the virus, which is why new viral variants have emerged and outcompeted ancestral strains (2, 3). Currently, a major concern is the emergence of SARS-CoV-2 variants, which have challenged governments and public health authorities to face new pandemic waves worldwide (4). The alarm lies on the potential increase in transmissibility, higher disease severity, re-infections risk, lower vaccine efficacy, and impaired effectiveness of treatments and diagnostic tools (2, 3, 5). A consensus nomenclature was created by the World Health Organization (WHO) to highlight these concepts, categorizing new variants as variants of concern (VOC), variants of interest (VOI) and variants under monitoring (VUM) depending on their epidemiological and morbidity-lethality impact (6). Mutations in the S gene of SARS-CoV-2, which impact the receptor-binding domain (RBD), are of foremost interest since they could modify the affinity for the cellular receptor (7), modify its infectivity, and result in immune evasion (5, 8, 9). The emergence of variants with heightened transmissibility can result in a rapid increase in community cases, generating higher numbers of severe COVID-19 and exceeding the capacities of health care centers (10, 11). For example, the Alpha variant (B.1.1.7) had increased transmissibility compared to the ancestral strain, but the mutations in spike protein did not significantly alter the neutralization capability of antibodies like the Beta (B.1.351), Gamma (P.1) and Delta (B.1.617.2) variants, which have been proven to be less susceptible to antibody neutralization (12–15). While genomic sequencing through whole genome sequencing (WGS) is undoubtedly the most precise and effective tool to trace specific changes inherent to viral evolution, it is particularly expensive to implement for low-and-middle incomes countries where the resources are mainly focused on diagnosis and treatments (12, 16). As long as variants of interest continue to emerge over time, WGS-based approaches are crucial for the identification and to study the evolution of novel SARS-CoV-2 variants (17). To maximize the efficiency of sequencing efforts and resources, an initial assessment of known mutations associated with SARS-CoV-2 variants through reverse transcriptase quantitative polymerase chain reaction (RT-qPCR)-based assays might be useful to discriminate between VOC/VOI/VUM and unknown variants and could better direct the use of WGS for those samples without a definitive variant diagnosis (12). Furthermore, several studies have reported the use of commercial kits to screen VOC using RT-qPCR-based assays for individual assessments (12, 17–22).

In Chile, genomic surveillance of SARS-COV-2 variants allowed reporting the introduction of the B.1.1.7 lineage (Alpha, α) in December 2020, and subsequently the introduction of the P.1 (Gamma, γ) and P.2 lineages (Zeta, ζ) from Brazil and the detection of cases of the B.1.351 lineage (Beta, ß), B.1.427/9 (Epsilon, ε) lineages, B.1.621 (Mu, μ), B.1.617.2 (Delta, δ) and very recently the introduction of B.1.1.529 (Omicron, o) (23). Here, we described a large RT-qPCR-based screening of mutations associated with known VOC/VOI/VUM, in SARS-CoV-2-positive samples obtained from patients seen at the emergency room and outpatients care services of the UC-Christus health network in Chile between January and November 2021. We validated our RT-qPCR-based assay with WGS in a subset of 636 samples, obtaining a 99.2% of concordance between both techniques. Additionally, all the data generated in this study was reported in real time to the local health authorities in our country.



METHODS


SARS-CoV-2 Positive Samples

From January to November 2021, out of 4,782 RT-qPCR SARS-CoV-2 positives samples were obtained predominantly from symptomatic outpatients seen at the UC-Christus Health network and diagnosed in the Infectious Disease and Molecular Virology Laboratory. Briefly, 250 μL of nasopharyngeal swab resuspended in universal transport medium was obtained and processed by an automated extraction protocol using the Mag-Bind RNA Extraction Kit (Maccura Biotechnology CO., LTD) according to the manufacturer's instructions. The RT-qPCR assay for the detection of SARS-CoV-2 genome was performed with the LightMix® SARS-CoV-2 RdRp-gene EAV PSR & Ctrl (TIB MOLBIOL) using 5 μL of extracted RNA as input and the final reactions were run in a LightCycler® 480 real time-PCR system (Roche). The interpretation of the data was performed by analyzing the 2nd Derivative Maximum Method, obtaining the quantification cycle (Cq) value for each sample. Daily, we randomly selected samples that met the following criteria: being an emergency services consultant and having a RT-qPCR Cq of <32. We tested 1,851 samples, representing 38.7% of the total positive samples to determine the presence of mutations associated with VOC/VOI/VUM of SARS-CoV-2 by RT-qPCR. Samples originated mainly from Santiago (83.5%), the capital city, with a 16.5% of representation from the rest of the country. Subjects' mean age was 36.6, ranging from 2 days old to 98 years old, of which 50.38% were female. The subjects mean age in our study correlates with the mean age of SARS-CoV-2 infections in our country between January to November 2021 (24).



Detection of Specific Mutations With RT-qPCR-Based Assays

The first screening was done by a multiplex RT-qPCR assay to detect mutations Del 69/70, E484K and N501Y in a single tube using the AllplexTM SARS-CoV-2 Variants I assay (Seegene Technologies) according to the manufacturer's protocol in the Bio-Rad CFX96 qPCR instrument. A subsequent confirmation was performed by a second RT-qPCR that detected the P681H substitution using the VirSNiP SARS-CoV-2 Spike (TibMol Biol) or a custom TaqMan® assay (Thermo Fisher Scientific) for the detection of P681H, K417T, and Del242-244. This workflow allowed us to discriminate in real time, between the mutations found at spike gene of SARS-CoV-2 associated with the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Zeta (P.2), Eta (B.1.525), and Mu (B.1.621) variants. From June 2021 onwards, we extended to a newly available assays, where we additionally searched for mutations W152C, L452R, K417T, and K417N in a single tube (AllplexTM SARS-CoV-2 Variants II assay, Seegene Technologies) to detect mutations associated with the Epsilon (B.1.427 and B.1.429) and Delta (B.1.617.2) variants. The introduction of new TaqMan® assays (Thermo Fisher) in July 2021to detect L452Q and T478K mutations allowed us to suspect the presence of Lambda (C.37) and Delta variants, respectively. The turnaround time of the RT-qPCR-based screening until the final analysis is 3 h. The mutations associated with each variant used to discriminate between them are listed in Supplementary Table 1.



RT-qPCR-Based Assays Validation With Next-Generation Sequencing

In a subset of samples with Cq between 13 and 32 (n = 636; 34.4%) the variant diagnosis after the RT-qPCR was validated by WGS by submission of 18 blinded aliquots to the Institute of Public Health (ISP, by the Spanish acronym) reference laboratory for sequencing through Illumina WGS technology using the Nextera DNA Flex Library Prep Kit in a MiSeq sequencer as detailed in (25). Other 618 samples were sequenced using the ARTIC SARS-CoV-2 ONT (Oxford Nanopore Technologies) sequencing protocol at the Molecular Virology Laboratory at PUC who employed the ARTIC V3/V4 whole-genome amplicon-based sequencing pipeline in a minIONTM Sequencer (Oxford Nanopore Technologies). Briefly, RNA extraction, cDNA synthesis and multiple PCR were done according to Tyson et al. (26). Then, libraries with 48–96 samples were performed according to the manufactures instructions (27) and for each sequence, the clade and lineage were identified according to the nomenclature of Nextstrain and Pangolin, respectively. Finally, complete genomes (>95% of coverage) were uploaded to GISAID. Derived data supporting the findings of this study are available from the corresponding author M.F on request.



Statistical Analysis

Epidemiological and laboratory data are described as frequency (percentage, %) for categorical variables, and mean for quantitative variable data. Significative changes between frequencies were calculated using a X2 test with a 2x2 contingency table with GraphPad (Prism7, version 7.0a).




RESULTS


RT-qPCR-Based Surveillance

To develop a rapid platform to identify the circulation of VOC, VOI and VUM in March 2021 we established RT-qPCR pipeline using commercially available kits based on mutations of known variants circulating worldwide. Additional assays were added to our analysis algorithm over time upon the emergence of new variants. Figure 1 depicts the frequencies of the respective identified variants from the total number of samples analyzed bimonthly, including retrospective analyses of samples from January-February 2021. The fraction resulting in undetermined variants (in gray color in Figure 1) was analyzed by WGS to obtain the virus genotype and determine additional mutations not identified by the available RT-qPCR assays. Through WGS we also confirmed the variant assignment and classified them as VOC, VOI and VUM in our surveillance cohort (Table 1). Using the RT-qPCR assays (Figure 1), in the first 2 weeks of January only one sample was identified with a mutation associated with the Zeta variant (P.2), representing 4.3% of the total samples analyzed. In February, mutations associated with the Alpha VOC (B.1.1.7) like Del69/70, N501Y, and P681H were identified in 3.9–4.8% of the samples and mutations (E484K, N501Y, K417T) associated with the Gamma VOC (P.1) in 7.1% of the samples tested the second half of February. From March onwards, we observed a significant increase (p-value: < 0.0001) in the presence of mutations associated with the Gamma variant, reaching a prevalence of 71.9% in the last 1 weeks of June (range 30.8–71, 9%). Toward the end of March and the first 2 weeks of April, the frequency of the Alpha variant peaked, reaching 12.4%, and then decreased over time until its disappearance during the first weeks of June. In June we were also able to identify one case with mutations (L452R and W152C) associated with the Epsilon variant (B.1.429), representing 0.8% of the total analyzed. Regarding the Lambda VOI, its circulation was retrospectively recognized through WGS from the beginning of February, and represented the major variant reported as others (in gray). This variant was not identifiable through the RT-qPCR assays until June, when specific probes were available. From July to September, the mutation associated with Lambda (L452Q), was observed at a frequency ranging from 21.6 to 4.7%. Similarly, our results indicate that from May, samples harboring the combination of mutations (E484K, N501Y, P681H) associated with the Mu VOI (B.1.621) appeared, to reach its peak (38.3%) during the last 2 weeks of August. Emergence of samples with the combination of mutations (L452R and T478K) associated with the Delta VOC (B.1.617.2) were detected since the first week of July. All samples associated with the Delta variant have been confirmed through whole genome sequencing. Noteworthy, Delta (L452R and T478K positive samples) rapidly became the predominant variant between August and November 2021, reaching 100% of all total samples analyzed since the last 2 weeks of October until the final date of the study in November 30th.


[image: Figure 1]
FIGURE 1. Proportion of SARS-CoV-2 positive samples with mutations associated with VOCs between January 1st and November 30, 2021 in Chile. Samples were screened by RT-qPCR assays aimed at identifying mutations: Del69/70, Del242-244, K417T, E484K, N501Y, P681H and W152C, K417N, L452R, L452Q, T478K. Samples that did not yield a positive signal for any of the examined mutations were classified as others (gray). Alpha (B.1.1.7; α) VOC (positive for Del69/70, N501Y, and P681H) is represented in blue; Gamma (P.1; γ) VOC (positive for: E484K, N501Y, K417T) in salmon color; Zeta (P.2; ζ) variant (positive only for E484K) in orange; Epsilon (B.1.429; ε) variant (positive for L452R and W152C) in green; Mu (B.1.621; μ) VOI (positive for: E484K, N501Y and P681H) in light green; Lambda (C.37; λ) VOI (Positive for: L452Q); Eta (B.1.525; η) variant in dark blue; and Delta (B.1.617.2 or A.Y lineages; δ) VOC in pink, are depicted. The data are presented in percentages, and the number of samples analyzed is indicated above each bar. The data are presented in percentages, indicating the number within each column. The total number of samples analyzed every 2 weeks is indicated above each bar.



Table 1. Lineage assignment concordance between RT-qPCR-based screening and next-generation sequencing.
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Assays Validation With WGS

To validate our RT-qPCR-based surveillance workflow for the assignment of the presence of known SARS-CoV-2 variants, a portion of SARS-CoV-2 positive samples was derived blindly for real-time WGS analysis. Of the total (1,851 samples analyzed), 636 were sequenced through either the Illumina platform or the ARTIC SARS-CoV-2 ONT (Oxford Nanopore Technologies) WGS protocols. Table 1 summarizes the results of VOC/VOI/VUM identification based on RT-qPCR and WGS. Samples harboring mutations associated with Alpha (n = 18), Gamma (n = 157), Delta (n = 165), Mu (n = 63), Zeta (2) and Epsilon (B.1.429, n = 1) were validated through whole genome sequencing in the 100% of the samples. In the diagnosis of the Lambda variant, there was a disagreement with WGS, in which five samples were diagnosed as B.1.1.348. This inconsistency was because the identification of this variant was done based on only one mutation (L452Q), which is also shared by other variants. Hence, in this case confirmation of Lambda will required an additional RT-qPCR (not currently available) or WGS. In summary, our result showed a 99.2% agreement (631/636) between RT-qPCR-based diagnosis and WGS analysis, suggesting that our established RT-qPCR assays provide a rapid and accurate algorithm for identifying variants.




DISCUSSION

The emergence of new variants of SARS-CoV-2 and their possible implications in the COVID-19 disease is of great concern to public health authorities worldwide (2, 4, 16, 28). Genomic surveillance through WGS is crucial for the identification of new variants. However, many laboratories around the world, especially in underdeveloped or developing countries, do not have the sequencing capacity or resources to scale genomic surveillance to provide real-time information (28). Knowing the local epidemiology context, and the new variants that have emerged over time, we sought to determine specific mutations of the known SARS-CoV-2 variants using assays based on RT-qPCR starting from the same RNA sample used for SARS-CoV-2 diagnosis, lowering the cost and time of variant identification. This rapid and straight forward methodology can be developed in the same diagnostic laboratories and would allow large-scale surveillance in low-and-middle incomes countries (17, 28). As a proof of concept, in this study we performed a screening using commercially available assays that aimed to identify the mutations Del69/70, E484K, N501Y, P681H, Del242-244, W152C, K417T, K417N, L452R, L452Q, T478K, which allowed us to discriminate, based on presence/absence of these mutations, among the VOC/VOI/VUM that have circulated in the country (23). The proposed workflow was validated by whole genome sequencing and lead us to quickly identify the Zeta, Alpha, Gamma, Epsilon (B.1.429), Lambda, Mu, Eta and Delta variants and to suspect the presence of Kappa or Epsilon (B.1.427). The data presented here is in agreement with the reports issued from local health authorities about variant circulation (through genomic surveillance) in Chile during the same period (23). The data obtained indicate that in the first trimester of 2021, the circulation of the Lambda VOI was predominant according to the WGS data. From February to July, we observed the rapid emergence of mutations associated with the Gamma variant (P.1), period coinciding with a second wave of infections and an increase in hospitalizations due to COVID-19 in Chile (29). In our country, the introduction of the P.1 lineage was detected on January 30th, 2021, in a traveler arriving from Brazil (23). On June 25, 2021, the ISP laboratory through genomic surveillance reported 1,479 cases (43.0%) of the Gamma (P.1) variant, followed by 837 cases (24.3%) of Lambda (C.37) variant (23). These samples derived from individuals from different regions of our country, ambulatory cases, outbreaks, re-infected individuals and travelers (23). Our work was focused on symptomatic outpatients of a Health Network in Metropolitan region, where approximately one third of Chilean population lives. Hence, the small differences in the proportion of the P.1 lineage compared to our study can be explained by differences on sampling selection and the population they represent. Nevertheless, the major representation and consistent increase of P.1 lineage between March and June, are in close agreement in both reports (23). With our screening based in RT-qPCR, we were able to monitor and report in real-time the appearance of a combination of mutations associated with the Mu variant since May 2021, increasing in circulation and displacing the Gamma and Lambda variants. Nonetheless, Gamma, Lambda, and Mu variants were rapidly replaced by samples harboring a combination of mutations associated with the Delta VOC (B.1.617.2). The rise in the identification of Delta variant was consistent with the genomic surveillance data through WGS updated in November 29th by the local Chilean authorities (23). Importantly, our assays were 99.2% consistent when compared with results obtained by whole genome sequencing, and therefore, they represent an important tool for outbreak surveillance in order to carry out a timely containment of community infection.

To our knowledge, the present study is the first report of surveillance through RT-qPCR-based approaches in Chile. Our results demonstrate that RT-qPCR is a useful and complementary tool to quickly and efficiently determine the presence of mutations associated with VOC/VOI/VUM in different clinical settings in real time. As well as other studies (12, 17, 21, 22, 28), we propose a RT-qPCR-based screening to search for specific mutations of SARS-CoV-2 lineages to carry out a large-scale surveillance, leaving the samples unidentifiable by this methodology as a priority to be sequenced through WGS. This approach offers the advantage of working with high-throughput methods in the same facility where the diagnosis is conducted and uses the same extracted RNA used for diagnosis, reducing the cost per assay. Despite the encouraging results, the interpretation should be taken with caution and should be adapted and validated constantly as the emergence of new circulating variants must be confirmed by WGS locally (28). In addition, the appearance of new mutations that could have the potential to interfere with diagnostic tests must be checked constantly.
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Background: Thus far, Indonesia has recorded over 4,000,000 confirmed COVID-19 cases and 144,000 fatalities; 12.8% of cases have been in children under 18 years. Whole-genome viral sequencing (WGS) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been demonstrated to help differentiate hospital-acquired infection from community-acquired coronavirus disease 2019 (COVID-19) infection. Our study highlighted the use of WGS to investigate the origin of infection among pediatric oncology patients in Jakarta. The aim of our study was to evaluate clinical and laboratory characteristics and also the efficacy of using WGS to confirm hospital-acquired COVID-19 infection in a cluster of immunocompromised children within a single ward of a tertiary hospital in metropolitan Jakarta based on quasispecies, viral load, and admission dates.

Method: Real-time reverse-transcription polymerase chain reaction (RT-PCR) from nasopharyngeal (NP) swabs was used to diagnose the patients and also guardians and healthcare workers (HCWs) in the ward, followed by WGS of RT-PCR positive cases to establish their phylogenetic relationships.

Result: Using WGS, we showed that SARS-CoV-2 transmission in a cluster of children with underlying malignancy was characterized by high similarity of whole virus genome, which suggests nosocomial transmission.

Keywords: COVID-19, SARS-CoV-2, quasispecies, whole-genome sequencing, hospital-acquired infection, children, immunocompromised, Indonesia


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly contagious virus with a potential for outbreaks in healthcare institutions (1). Hospital-acquired infections of SARS-CoV-2 are rarely reported in children (2), most of whom were infected from household contacts (3). Although COVID-19 has often been reported as asymptomatic or manifested as mild-to-moderate upper respiratory tract infections (4), children with significant comorbidities are more prone to severe infection and poor prognosis (5).

Although whole-genome sequencing (WGS) is an effective tool to incriminate hospital-acquired infections (6), there have been relatively few reports of it being used in hospital SARS-CoV-2 outbreaks, especially in developing countries, such as Indonesia, where comprehensive and systematic contact tracing is challenging.

Notably, RNA viruses, which have both high replication rates and limited genetic proofreading, mutate to suit the new environment of new hosts (7, 8). Consequently, a pool of highly related mutants within the host, termed quasispecies, is created (7). This phenomenon has been documented in SARS-CoV-2 infections (9–13), with quasispecies diversifying as the virus resides longer in the host (12, 13). Transmission of the virus from host to host brings not only dominant mutants, but also a pool of minor mutants. In the next host, the transmitted pool of mutants experiences a transmission bottleneck, with only a handful of mutants fitting the new host, as observed previously in household SARS-CoV-2 transmission (12), and in influenza A virus (14, 15).

Consensus sequences portray master or dominant sequences, which provide a picture of genetic relatedness within an infection cluster, but are unable to capture the dynamics of virus population or sequence of infection. On the other hand, quasispecies dynamics could be depicted by highlighting active mutation sites even though it is difficult to separate the pool of highly related mutants into individual virus entity. In our study, we highlighted the use of quasispecies approach which could provide more insight into the potential source and sequence of infection in a hospital outbreak of SARS-CoV-2 in a cluster of children considered to be immunocompromised due to treatment for malignancies.



METHODS

This study was conducted in a general pediatric ward at Dr. Cipto Mangunkusomo Hospital, a tertiary care hospital in DKI Jakarta, Indonesia, from end December 2020 to March 2021. The study protocol was approved by the Eijkman Institute Research Ethics Committee (Approval Number 127) and FKUI-RSCM Health Research Ethics Committee (Ethical approval number KET-596/UN2.F1/ETIK/PPM.00.02/2020).

Nasopharyngeal (NP) swab specimens were collected on February 2 and 3, 2021 from the cluster of COVID-19 patients with malignancies, patients' guardians, and healthcare workers (HCWs). Samples were tested for RT-PCR in Clinical Pathology Laboratory of Integrated Laboratory Dr. Cipto Mangunkusumo Hospital. The second specimen was requested for WGS characterization on February 4, 2021. Subsequent swabs were not obtained to determine the duration of viral shedding due to the critical nature of the disease in the affected children. Data on clinical manifestations were obtained, together with routine hematology, homeostasis function, inflammatory markers, and chest X-ray (CXR) investigations from all positive cases.

Nucleic acid amplification test was performed on the specimens prior to sequencing (16). WGS was performed using ARTIC Network multiplex PCR method with version 3 primers (17). Library was prepared with Illumina TruSeq Nano DNA Library Prep kit and sequenced using Illumina MiSeq with 600 cycles kit. 30 bp were trimmed from 3′ and 5′ ends of each raw read using Geneious v2021.1.1 (https://www.geneious.com). The resulting reads were filtered using BBDuk v38.84 (18); only sequencing reads with length of ≥50 bp and Phred quality score of ≥30 were included in genome assembly using bowtie2 v2.3.0 (19). Consensus sequences were determined by representative bases with frequency ≥50%. Resulting sequences were deposited in GISAID (https://www.gisaid.org) with accession numbers of EPI_ISL_8540880, EPI_ISL_8540881, EPI_ISL_8540882, EPI_ISL_8540883, and EPI_ISL_8542984. These were aligned with sequences of PANGO lineage B.1.470 with high genome coverage available in GISAID (https://www.gisaid.org) and SARS-CoV-2 reference genome (Wuhan Hu-1, NC_045512.2, NCBI, https://www.ncbi.nlm.nih.gov/genome) using MAFFT v7.450 (20). A phylogenetic tree was generated using FastTree v2.1.12 GTR model with pseudocount (21).

To identify active mutation sites, 30 bp were trimmed from 3′ and 5′ ends of each raw read using Geneious v2021.1.1. The resulting reads were filtered using BBDuk v38.84; only sequencing reads with length of ≥50 bp and Phred quality score of ≥30 were mapped to SARS-CoV-2 reference genome using bowtie2 v2.3.0. Consensus sequences were generated by increasing representative base threshold to ≥95%. Any nucleotides with IUPAC ambiguity codes were defined as active mutation sites, and base composition was collected from the corresponding nucleotides using contig view of Geneious v2021.1.1. Only those with depth ≥100 reads were included in further active mutation site analysis. All bioinformatic tools used in this study were run in Geneious v2021.1.1.



RESULTS

Five immunocompromised children admitted for hematology–oncology disorders sharing a 6-patient room in a general pediatric ward at the Dr. Cipto Mangunkusomo Hospital were diagnosed with COVID-19 infection in early February 2021. The 6 beds were only separated by curtains for privacy. They were primarily admitted for the relapse of their underlying conditions (four with acute myeloid leukemia and one with Ewing's sarcoma); during that period, patients were screened for COVID-19 based on the symptoms in the emergency department and rapid SARS-CoV-2 antigen test before admitted to the ward. Only patient with the clinical symptoms of COVID-19 were tested with SARS-CoV-2 RT-PCR and admitted to the isolation ward. Mask wearing was mandatory to guardians but not for children, and the guardians were also allowed to move freely in and out of hospital. There was no history of travel nor known contact with a positive case for any of the children for the 2 weeks prior onset of illness.

The first child (case 3) admitted with fever and abdominal pain. During follow-up, she developed COVID-19-related symptoms that include fever and cough and was confirmed by RT-PCR on day 8. Additional cases were detected following contact tracing with RT-PCR including the remaining four children and one guardian of case 5. HCWs and guardians attending the children were asymptomatic. All staff members were negative for SARS-CoV-2.

Demographics, clinical characteristics, admission and SARS-CoV-2 PCR confirmation, comorbidities, laboratory investigations including chest imaging, treatment, and outcome are detailed in Table 1 and Supplementary Table S1. Cases 1 and 4 were discharged and readmitted after 1 and 2 weeks, respectively. Peripheral blood evaluation revealed that leucopenia, the most common white cell abnormality associated with children with COVID-19 (22), was seen in three patients (cases 2, 4, and 5); lymphopenia (23) and neutrophilia (24, 25) possible markers of severity were seen in two patients each [(cases 3, 5) and (cases 1, 3), respectively]. High total white cell (leucocytosis), lymphocyte counts (lymphocytosis), and thrombocytopenia associated with hematological malignancies (26) were seen only in a single patient (case 3), two patients (cases 2, 4), and three patients (cases 2, 4, and 5), respectively. Hypercoagulability (as evidenced by raised levels of D-dimer) reported in severe COVID-19 and multisystem inflammatory syndrome in children (MIS-C) (27) was seen in all four patients with available data (cases 1, 2, 3, and 5). C-reactive protein (CRP), an inflammatory marker, documented to be significantly increased in hematological malignancies (28) was seen in three patients (cases 1, 2, and 3). CXR confirmed pneumonia in three patients (cases 2, 3, and 4); consolidation, ground glass opacities, interstitial infiltrate, and pleural effusion being the common CXR findings. Blood, urine, and sputum culture were performed per standard of care. One child (case 5) with sepsis and systemic fungal infection was also diagnosed with MIS-C with raised CRP, procalcitonin, troponin, D-dimers, and fibrinogen. All five children had critical SARS-CoV-2 infection, and four succumbed to the illness.


Table 1. Symptoms, clinical, radiological features, treatments, and outcomes of the pediatric patients.
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Molecular Characterization

Samples from the five pediatric patients were subjected to SARS-CoV-2 WGS. A number of SARS-CoV-2-specific reads with Phred quality score of ≥30 in the 5 cases were 2,341,675 reads (mean coverage: 12,465 reads; range 6–47,663 reads), 1,163,149 (mean: 4,095; 6–21,364), 1,024,727 (mean: 3,436; 8–14,440), 2,168,464 (mean: 12,693; 0–112,052), and 2,543,718 (mean: 13,771; 22–57,918), respectively. Whole-genome sequences were successfully recovered from the specimens with genome coverage of 99.6, 99.1, 99.7, 90.0, and 99.6%, respectively. The sequences belonging to PANGO lineage B.1.470 were then aligned with 603 sequences of B.1.470 and SARS-CoV-2 reference genome (Wuhan-Hu1). The sequences formed a genetic clade with cases from Jakarta and immediate surrounding areas (in box, Figure 1). The first subcluster consisted of cases 1, 3, and 5; cases 2 and 4 formed another subcluster.


[image: Figure 1]
FIGURE 1. Phylogenetic tree comparing whole genome of SARS-CoV-2 from the five pediatric cases with SARS-CoV-2 lineage B.1.470 from around the world and reference genome (Wuhan Hu1). Label indicates collection site/collection date/GISAID accession number. The scale bar represents the number of nucleotide substitution per site.


We observed a few mutations in the genomes compared to Wuhan-Hu1 (Table 2). A total of 39 mutations were identified with 30 mutations found in all cases, and 9 mutations only found in some cases. The majority (53.9%) of the changes were a substitution to thymine base. Case 1 had one non-synonymous mutation each in envelope and spike, and one synonymous mutation in nsp4. Case 2 had one non-synonymous mutation in nsp2, and another in nsp4. Case 3 had one synonymous mutation each in nsp4 and spike. Case 4 was presented with one non-synonymous mutation each in nsp2 and spike, two synonymous mutations in nsp4, and a thymine base insertion in nsp3 gene. There was only one synonymous mutation in nsp4 observed in case 5. Moreover, there were two mutations shared among the cases; one synonymous mutation in nsp4 gene shared among cases 1, 3, 4, and 5 and a non-synonymous mutation in nsp2 gene of cases 2 and 4. In addition, we observed a rare C9565T substitution in nsp4 gene in four of the five cases. The mutation was reported in only 5.5% (33/603) of the analyzed B.1.470 sequences. None of the cases in the immediate genetic clade had the mutation (in box, Figure 1). High degree of similarity in mutations between cases is suggestive of hospital-acquired transmission.


Table 2. List of mutations based on consensus sequences of the five pediatric cases.

[image: Table 2]



Possible Source and Sequence of Infection

We attempted to reconstruct the sequence of infection based on active mutation sites, patient admission time, and viral load. To identify the sites, representative base threshold was increased to ≥95%, and bases with depth <100 reads were excluded from the analysis to avoid data distortion. Active mutation identified in the 5 cases were 7, 21, 14, 13, and 6 sites, respectively (Supplementary Table S2). The majority of sites (>70%) resided within genes encoding non-structural proteins. There were six shared active sites at genome position of 1613, 9565, 11286, 11287, 11511, and 28254, all in genes for non-structural proteins (Table 3).


Table 3. List of shared active mutation sites of the five pediatric cases with base composition in percentage of total reads.
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Case 2 had the most active mutation sites and thus presumed to be the source of the outbreak. This patient was admitted on January 18, 2021 for the underlying condition and likely was at that time infected with SARS-CoV-2. The virus might have infected case 5, who had been admitted on December 23. Case 1 was admitted into the room 2 days later (January 20, 2021) and could also have been infected by case 2. These speculations are supported by the similar viral load of case 1 (Ct value of 14.74) and case 5 (Ct value of 13.87), compared to a higher viral load (Ct value of 9.81) in case 2. Although case 4 was admitted on January 15, the patient appeared to be infected later, as indicated by much lower viral load at the time of sample collection (Ct value of 33.82). The C9565T mutation was observed in all cases, except case 2, in the consensus genome analysis. At the subconsensus sequence level, the substitution observed in case 2 had a proportion of 52.0% reads with cytosine and 48.0% with thymine. The other four cases exhibited low-base heterogeneity at the corresponding positions. We presume case 2 contributed the rare C9565T mutation. As the virus infected new hosts, that is, cases 1 and 5, a more favorable mutation could have prevailed. The mixture of high thymine (79.9–83.5%) and low cytosine (16.5–20.1%) in both cases demonstrated thymine gradually becoming a dominant base. In addition, thymine and cytosine in genome position 9565 were observed at similar proportion in cases 1 and 5, consistent with the conjecture of similar cases 1 and 5 infection time.

Case 3 was the last patient to be admitted on January 26, before the reported outbreak in the room. Assuming the average virus incubation period of 6 days (29), cases 1, 2, and 5 could be in the infectious stage at the time of case 3 admission. By taking into account the mutation spectra of ORF7b (position 28254), case 3 had base heterogeneity more similar to cases 1 and 2. We also observed the base heterogeneity in nsp6 (position 11286-7) in the cases. Case 3 had more similar profile to case 2 than case 1. Thus, case 3 was likely infected by virus from case 2.

Case 4 was likely infected later than case 3. Viral load in case 4 (Ct value of 33.82) was at least 10 times lower than case 3 (Ct value of 29.58), which indicates later infection. Cases 2 and 4 shared two unique mutation spectrum at genome position 1613 (nsp2) and 11511 (nsp6). It suggested that case 4 was likely infected by case 2, presumably gaining the mutations after cases 1, 3, and 5 infections. Furthermore, both cases 3 and 4 had low viral load at the time of sampling, which indicates that the cases were infected later than cases 1 and 5.

We observed similar level of base heterogeneity across all cases in genome position 11286 (nsp6), 11287 (nsp6), and 28254 (ORF8). A small subset (1.1–4.4%) of total reads in the ORF8 had one base deletion at the end of the gene, which results in amino acid change from isoleucine to serine. In addition, we noticed that case 4 had three sites with thymine insertion: genome position 4921 (nsp3, 62.2% reads with insertion), 11179 (nsp6, 41.0%), and 27821 (ORF7b, 11.9%). The insertions caused frameshift mutations, which results in truncated proteins.




DISCUSSION

Our report described a linked cluster of B.1.470 infections, clinical manifestations, and outcome in a cohort of immunocompromised pediatric patients with oncological comorbidity in Jakarta during the second year of COVID-19 pandemic. The first case was diagnosed with hospital-associated SARS-CoV-2 eight days postadmission for her underlying condition. The commonest symptom of COVID-19 reported in pediatric cancer patients was fever followed by cough (30) the same as manifested in case 3. However, most of our study patients had masked symptoms of COVID-19, which was to be expected with the oncology comorbidity and therapy. Although children with cancer are vulnerable to COVID-19 infection due to immunosuppression associated with the disease and its treatment (24), the impact of SARS-CoV-2 on pediatric patients with hematological malignancies and solid tumors in low- and middle-income countries has been rarely reported. Pediatric cancer patients with SARS-CoV-2 infection were associated with milder infection than adults (31); however, they were reported to have a more severe disease and mortality compared to the general population (30). In our study, 4 of 5 in our cluster had succumbed to the illness likely due to complications of the underlying condition or opportunistic infection rather than the SARS-CoV-2 infection.

To prevent outbreaks of COVID-19 in a healthcare setting, it is important to investigate patients, HCWs, and close contacts with PCR test including asymptomatic individuals. Our study had undetermined source of infection as guardians and visitors were not vigorously screened during that period. Although the guardian of one immunocompromised child was positive by the onsite RT-PCR, the specimen was not saved for further genome sequencing. The majority of healthcare-associated SARS-CoV-2 infections were due to patient-to-patient or HCW-to-patient transmission (1). SARS-CoV-2 hospital outbreaks may often originate from HCWs (32); those attending the cluster were tested negative once and not serially checked, which did not provide enough evidence to exclude SARS-CoV-2 transmission from HCWs. With the strain from one positive guardian unavailable for WGS, genomic links between patients and other sources were also not thoroughly explored. Moreover, three confirmed patients had Ct ≤ 25, which suggests high viral loads, with a potential for patient-to-patient spread as studies have shown links between high viral loads and an increased transmission risk (33).

Symptoms of SARS-CoV-2 infection can overlap with exacerbation of the primary disorder, which suggests that routine screening is crucial in this vulnerable population for any viral respiratory outbreaks. In addition, testing of stool specimen in combination with chest CT is recommended to confirm COVID-19 infection in those with negative swabs as the infection can be masked by malignancy (34, 35). It has been suggested that immunodeficient individuals may have prolonged viral shedding and potentially be contagious for longer duration (36); however, in our study, subsequent respiratory specimens were not obtained due to the critical nature of the illness.

We successfully recovered SARS-CoV-2 genomes from the patients, assigned as PANGO lineage B.1.470. The variant, first identified a year ago in Indonesia, is now in circulation globally. More than 800 complete WGS of B.1.470 have been submitted to GISAID, mostly from Indonesia (>70%), including those from travelers visiting the country. Although all five immunocompromised children acquired the infection with high mortality (80%); transmissibility, severity, and neutralizing antibody response of this strain is not well studied. One study of 41 patients with B.1.470 infection showed 19.5% as asymptomatic, 31.7% as mild severity, and 48.8% as moderate severity (37). None were presented with severe clinical manifestations, but the patients were relatively young with median age of 31 years (range: 27.5–41.0). From our sequencing data, we identified 39 mutations compared to SARS-CoV-2 reference genome. Nine of the mutations were unique to the genetic clade of the five patients, which consisted of four synonymous mutations, four non-synonymous mutations, and one thymine insertion. A non-synonymous mutation of L270I in nsp2 has not been reported, and R78G in spike has been reported in GISAID, but without functional study. Another mutation was S254F in the N-terminal of spike for which no structural and antigenic changes were reported (38). Additional mutation was observed in envelope gene, which results in amino acid change from proline to leucine at position 71. The mutation has been reported to occur at a low frequency, but it appeared to produce no functional changes to the protein (39). Finally, thymine base insertion in nsp3 was observed in case 4, which results in premature protein translation. The truncated protein lost papain-like protease motif that has been described to involve in modulating host antiviral response (40). However, overall impact of the nine mutations remained unknown in regard to disease severity and virus fitness. Interestingly, we also observed that the majority of the mutations were substitution mutations, with a majority from cytosine to thymine base, similar to the analysis from the early stage of pandemic (41). It was hypothesized the changes fit mutational pattern mediated by the host APOBEC family proteins which are known to possess mRNA-editing activities (41, 42).

We also explored the use of quasispecies to determine possible source of infection. Specimens in this study were collected from the patients at the same day and in the early symptom onset. It has been documented in a study of one patient that intrahost SARS-CoV-2 virus quasispecies composition changed day by day (11). We also observed transmission bottleneck as certain variants became more dominant after jumping to other patients, as exemplified by C9565T variant in cases 1 and 5 following infection from case 2. Taken together with quasispecies dynamics, it allowed us to speculate on possible order of infection. We observed with interest that cases 1 and 5 did not develop pneumonia and had low quasispecies variants at 7 and 6, respectively. On the other hand, cases 2, 3, and 4 did develop pneumonia and had high quasispecies variants at 21, 14, and 13, respectively. Although it is difficult to rule out pneumonia caused by opportunistic pathogens due to the immunocompromised nature of the study patients, a link between disease severity and number of quasispecies variants has been established in SARS-CoV-2 (13, 43), and other RNA viruses (44). In addition, immunocompromised patients are at risk of prolonged infection, which allows the virus to develop detrimental mutations, which could lead to antibody evasion and potentially increased disease burden (45, 46).

Our study had a few limitations: 1. The study assumed a single introduction of one strain of virus into the shared ward; the possibility of multiple strains introduction could not be excluded as guardians' movements were not restricted prior to the outbreak. However, this was unlikely, as all five sequences from the patients formed one genetic clade, and the infection time presumably was not long enough to allow genome recombination from multiple virus strains. 2. Viral load comparison between samples may not represent true viral load due to challenges obtaining NP samples from young children. 3. Our study lacked systematic and comprehensive specimen collection that could strengthen the epidemiological link between patients. In addition, the cluster of immunocompromised children with malignancy was limited to five; the study should be expanded to include more patients to draw meaningful conclusions. 4. We could only investigate specimens at one-time point and did not have access to the subsequent specimens to study the dynamics of viral quasispecies. Gradual change of quasispecies variants in hosts infected by the same virus strain has been noted in HIV-1 infection, with high relatedness in early infection and progressively becoming less related (47). 5. Some quasispecies variants might be underrepresented or not visible in this study, as we did not perform ultra-deep sequencing.



CONCLUSION

In this study, WGS of a linked cluster of SARS-CoV-2 in immunocompromised children in a single ward demonstrated distinctive viral genomic mutations in the hospital cluster that indicated hospital-acquired transmission in a shared ward. Aggressive and routine contact tracing, and also widespread testing of patients and HCWs, including asymptomatic individuals, is essential to limit hospital-associated transmission of COVID-19 including the new variants. Our study also highlighted the use of viral quasi-species to establish epidemiological link between patients in a shared ward.
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Case Report: SARS-CoV-2 Gamma Isolation From Placenta of a Miscarriage in Midwest, Brazil
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The present study investigated a SARS-CoV-2 infection in placenta and fetal samples from an early pregnancy miscarriage in Midwest Brazil. The Gamma variant was isolated and fully sequenced from the placenta sample, but not from fetal samples. Our findings highlight potential adverse perinatal outcomes caused by SARS-CoV-2 Gamma infection during pregnancy.
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INTRODUCTION

The emergence of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in December of 2019 in Wuhan, China, and its rapid worldwide spread resulted in a pandemic of coronavirus disease (COVID-19) with severe consequences for global public health (1). COVID-19 may vary from mild to severe and life-threatening conditions, especially in the elderly or patients with comorbidities (2).

Most COVID-19 patients have mild clinical signs and symptoms such as fever, cough, dyspnea, lymphopenia, and systemic effects (3). Pregnant women have an increased risk of developing pneumonia due to inherent physiology and immune response variations, which may lead to adverse obstetric and neonatal outcomes (4). COVID-19 during pregnancy may cause hypertensive disorders with placental inflammation distinct from typical preeclampsia (5). The placenta is usually an effective barrier that prevents fetuses' infection from spreading viruses. However, there is a theoretical risk of vertical transmission in SARS-CoV-2 since the ACE2 receptor is widely expressed in the organ, as reported for SARS (6). The use of antibody tests has provided new evidence that vertical transmission of SARS-CoV-2 can occur, and some studies have demonstrated an increase in perinatal death, mainly related to prematurity. Placenta samples taken from COVID-19 pregnant patients at mid-trimester and swabs and biopsies after spontaneous fetal loss at 19 weeks gestation have also tested positive for SARS-CoV-2 by molecular and immunohistochemical methods (5, 7). Fetal complications include miscarriage (2%), intrauterine growth restriction (10%), and premature birth (39%), and stillbirth, which is likely due to damage to the placenta (3).

Reports of SARS-CoV-2 infection during pregnancy remain limited, and the consequences of fetal infections caused by Variants of Concern (VOC) have been even less assessed. The present study describes virus isolation and whole-genome sequencing of SARS-CoV-2 Gamma variant from a placenta sample of an early pregnancy miscarriage.



METHODS


Case Presentation

On February 22, 2021, a 31-week pregnant woman tested positive for SARS-CoV-2 by real-time RT-PCR performed in a private laboratory of Campo Grande, State of Mato Grosso do Sul (MS), Midwest Brazil. On February 23, she felt unwell and sought medical care and gestational follow-up. During clinical evaluation, the patient presented fever around 38°C, benign vital signs, headache, mild cough, eupneic, blood pressure of 110/70, heart rate of 78, and resting pulse oximetry of 99%. The fetal heart rate was 132 beats per minute, active and reactive. On February 25, a decreased fetal movement was reported during medical ultrasound examination, followed by fetal death. At the time of the miscarriage, the pregnant woman had not yet been vaccinated against SARS-CoV-2.



SARS-CoV-2 Detection

Fetal nasopharyngeal swabs and placenta samples were sent to the Central Public Health Laboratory of MS (LACEN-MS) for further investigation. The RNA, of both samples, was extracted using Loccus and Extracta Fast Kit (MVXA-P096) and tested by a multiplex real time RT-PCR using the AllplexTM 2019-nCoV Assay (Seegene) and further confirmed by the multiplex EDx kit (Biomanguinhos/Fiocruz) (8). Subsequently, positive samples were submitted to a screening by real-time RT-PCR for detection targeting a deletion in the ORF1b gene (NSP6: S106del, G107del, F108del) found in the VOCs P.1 (Gamma); B.1.1.7 (Alpha) and B.1.351 (Beta) (9). For confirmation and complementary analysis, placenta, and fetuses' samples were sent to the Laboratory of Respiratory Viruses and Measles (LVRS) of Fiocruz, Brazil's National Reference Laboratory, and WHO Reference Laboratory for Coronavirus. At LVRS, positive samples were retested by real-time RT-PCR using the EDx kit (Biomanguinhos), and the CDC protocol (10). Positive samples were submitted to whole-genome sequencing and virus isolation in cell culture.



Virus Isolation

The viral transport media (VTM) of the nasopharyngeal swab and a small fragment of the placenta were assayed in a biosafety laboratory level 3 (NB3), for viral cytopathic effect (CPE) on Vero E6 cell cultures as previously described (11). The placenta fragment was macerated, resuspended in Dulbecco's Modified Eagle Medium (DMEM), and clarified by centrifugation for inoculation. Samples were inoculated in Vero cells seeded in 25 cm2 flasks and maintained at 37°C with 5% CO2 for 1 h to optimize virus adsorption. Then, maintenance media supplemented by 2% FBS was added, and cell cultures were inspected daily under an inverted microscope for CPE in a total of two 4-day blind passages.



Sample Sequencing

Sequencing was conducted using Illumina protocols previously established and used by the Fiocruz COVID-19 Genomic Surveillance Network to acquire high-quality genomes (P.C. Resende, unpub. data, https://doi.org/10.1101/2020.04.30.069039). The FASTQ reads obtained were imported into the CLC Genomics Workbench version 20.0.4 (QIAGEN), trimmed, and mapped against the reference sequence EPI_ISL_402124 (hCoV-19/Wuhan/WIV04/2019) available in EpiCoV database in the GISAID (https://www.gisaid.org/). The contig was refined using the InDels and Structural Variants module then, the Local Realignment module and the final consensus were obtained. The SARS-CoV-2 lineage characterization was performed by Pango Lineage (12). To characterize phylogenetically both sequences, a maximum likelihood tree was inferred with a dataset composed of various SARS-CoV-2 lineages circulating in Brazil (n = 189). The tree was constructed with IQ-TREE v. 2.1.3 (13), and statistical support of its topology estimated with the approximate likelihood-ratio test (aLRT) (14). The nucleotide and amino acid features were observed by the online tools NextClade (https://clades.nextstrain.org/) and CoVSurver (https://mendel.bii.a-star.edu.sg/METHODS/corona/beta/).




RESULTS

The fetal nasopharyngeal swabs were negative for SARS-CoV-2 by real time RT-PCR, but the placenta sample was SARS-CoV-2 positive by real time RT-PCR (Table 1) and the virus was isolated. CPE caused by SARS-CoV-2 was confirmed by real-time RT-PCR of culture supernatant. In cases where no CPE was observed, real-time PCR was performed four days after inoculation to confirm the absence of virus replication (Figure 1). Whole-genome sequencing confirmed infection by SARS-CoV-2 Gamma lineage confirming the deletions at the ORF1a gene (9). The obtained nucleotide sequences of the placenta fragment (EPI_ISL_2274091) and the cell culture isolate (EPI_ISL_2863796) (Figure 1) were subsequently used alongside a panel of Brazilian sequences of SARS-CoV-2 lineages in the inference of a maximum likelihood tree (Figure 2). Both samples branched among highly supported (aLRT = 100) Gamma lineage branches, corroborating their Pango Lineage classification (12).


Table 1. Real time RT-PCR for SARS-CoV-2 in samples from an early pregnancy miscarriage in Midwest Brazil.
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FIGURE 1. Cytopathic effect of SARS-CoV-2 variant of concern Gamma (P.1) from a placenta sample in Vero E6 cell culture. (A) Vero E6 cell cultures (negative control). (B) Cytopathic effects consisting of rounding and detachment of cells in VERO E6 cultures 3 days after the third passage. EVOS™ XL Core Imaging System—Thermo Fisher Scientific (10×).
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FIGURE 2. SARS-CoV-2 lineage assignment of placenta sample and its cell culture isolate. Cladogram-transformed maximum likelihood tree (n = 191) of SARS-CoV-2 complete genomes (n = 29,412). The tree encopasses Brazillian sequences of PangoLineage designated B.1.617.2 (n = 22) VOC Delta, C.37 (n = 5) VOI Labmda, B.1.1.7 (n = 35) VOC Aplha, B.1.1.33 (n = 43), P.2 (n = 40) VOI Zeta and P.1 (n = 45) VOC Gamma, identified by their tip colors. The clinical sample (EPI_ISL_2274091) and cell culture isolate (EPI_ISL_2863796) are identified by their tip shapes. Statistical support (approximate likelihood-ratio test, aLRT) of lineage branches is annotated in the tree.




DISCUSSION

An analysis of a subset of viral sequences from the consortium Fiocruz COVID-19 Genomics Surveillance Network of the Brazilian Ministry of Health (http://www.genomahcov.fiocruz.br/) and the Federal University of state of Mato Grosso do Sul revealed that between March and April 2021, 68 (83%) out of 82 SARS-CoV-2 sequences from MS were VOC Gamma. Additionally, an assessment of the molecular composition of both sequences by the NextClade algorithm revealed that as they bare all synapomorphic signatures of the VOC Gamma, two additional amino-acid substitutions are shared, both in ORF1a, P885L and T2121I.

Here, we report a case of COVID-19 during an early pregnancy miscarriage confirmed by virus isolation and the SARS-CoV-2 whole-genome sequencing of placenta samples. The placenta is an effective maternal-neonatal barrier against the virus even in the presence of a severe infection. However, the placental damage induced by the SARS-CoV-2 may have detrimental effects for the neonate independently of vertical transmission (15).

Despite the increasing number of published studies on COVID-19 infection during pregnancy, other studies are needed to better understand the effect of different variants of the virus on pregnant women and the complications they may develop. Data from clinical studies and systematic review (16–19) shown the effect of SARS-CoV-2 infection in terms of maternal and fetal outcomes. The data have shown that SARS-CoV-2 infection in pregnancy, when compared with non-pregnant women, is asso-ciated with a small increase in risk to the mother, and the most common clinical features are fever, cough, myalgia, and shortness of breath (16, 19). However, there are reports of cases of women who developed severe disease and needed to be admitted to ICU (16). The recommendations for pregnant women with COVID-19 are based on previous experiences with SARS-CoV and MERS-CoV infections. Some of principles of management include early isolation, oxygen therapy, avoidance of fluid overload, antibiotics for secondary bacterial infection risk, fetal and uterine contraction monitoring, and early mechanical ventilation for progressive respiratory failure. To prevent the infection by the virus it is advisable avoid crowed areas, postpone those medical consultations that are not essential and if it is possible consult the doctor virtually. The vaccination against SARS-CoV-2 is of great importance to reduce risks of serious illness, premature birth, and abortions (20).
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The ongoing SARS-CoV-2 pandemic has shocked the world due to its persistence, COVID-19-related morbidity and mortality, and the high mutability of the virus. One of the major concerns is the emergence of new viral variants that may increase viral transmission and disease severity. In addition to mutations of spike protein, mutations of viral proteins that affect virulence, such as ORF3a, also must be considered. The purpose of this article is to review the current literature on ORF3a, to summarize the molecular actions of SARS-CoV-2 ORF3a, and its role in viral pathogenesis and COVID-19. ORF3a is a polymorphic, multifunctional viral protein that is specific to SARS-CoV/SARS-CoV-2. It was acquired from β-CoV lineage and likely originated from bats through viral evolution. SARS-CoV-2 ORF3a is a viroporin that interferes with ion channel activities in host plasma and endomembranes. It is likely a virion-associated protein that exerts its effect on the viral life cycle during viral entry through endocytosis, endomembrane-associated viral transcription and replication, and viral release through exocytosis. ORF3a induces cellular innate and pro-inflammatory immune responses that can trigger a cytokine storm, especially under hypoxic conditions, by activating NLRP3 inflammasomes, HMGB1, and HIF-1α to promote the production of pro-inflammatory cytokines and chemokines. ORF3a induces cell death through apoptosis, necrosis, and pyroptosis, which leads to tissue damage that affects the severity of COVID-19. ORF3a continues to evolve along with spike and other viral proteins to adapt in the human cellular environment. How the emerging ORF3a mutations alter the function of SARS-CoV-2 ORF3a and its role in viral pathogenesis and COVID-19 is largely unknown. This review provides an in-depth analysis of ORF3a protein’s structure, origin, evolution, and mutant variants, and how these characteristics affect its functional role in viral pathogenesis and COVID-19.
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INTRODUCTION


SARS-CoV-2 and Genome Organization

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an enveloped, positive-sense, single-stranded RNA (+ssRNA) virus that belongs to the genus Betacoronavirus of Coronaviridae family (Coronaviridae Study Group of the International Committee on Taxonomy of Viruses, 2020). SARS-CoV-2 is one of the 7 human coronaviruses (hCoVs) found in α-CoV and β-CoV that cause human diseases ranging from the common cold (229E, NL63, OC43, and HKU1) to severe diseases including SARS (Severe acute respiratory syndrome), MERS (Middle East respiratory syndrome) and coronavirus disease 2019 (COVID-19). SARS-CoV, MERS-CoV, and SARS-CoV-2 are β-CoVs. In its five subgenera or lineages (A, B, C, D, and E), SARS-CoV and SARS-CoV-2 belong to the B lineage known as Sarbecovirus. MERS-CoV is in the C lineage, a.k.a. Merbecovirus (Woo et al., 2010; Boni et al., 2020).

SARS-CoV-2 genome is about 29.7 kb (Figure 1A). It contains a 5′ cap structure and a 3′ poly (A) tail, allowing direct translation of replicase proteins from genomic RNA (gRNA). The viral genome encodes a total of 29 CoV-2 proteins including 16 nonstructural proteins (NSP1-NSP16), 4 structural proteins, spike (S), envelope (E), membrane (M) and nucleocapsid (N), and 9 accessary ORFs (3a, 3b, 6, 7a, 7b, 8, 9b, 9c, and 10; Gordon et al., 2020). Among them, ORF3a, ORF8, ORF9c, and ORF10 are unique to SARS-CoV-2 (Gordon et al., 2020). However, transcriptomic and proteomic analyses of the SARS-CoV-2 genome showed very low expression levels of ORF3b, ORF9b, and ORF10 (Bojkova et al., 2020; Davidson et al., 2020; Finkel et al., 2021). About two-thirds of the 5′ terminal genome, comprised of the two overlapping ORF1a and ORF1b, encode NSPs including all the major replicase genes and enzymes. The other one-third of the viral genome from the 3′ terminal genome produces four structural proteins with all the accessory proteins imbedded among them. The structural proteins and accessory proteins are expressed from a nested set of subgenomic RNAs (sgRNAs) that are made up of intermediate negative RNAs and share common 3′ ends and a common leader from the 5′ end of sgRNA (Liu et al., 2014; Sola et al., 2015). ORF3a, residing between S and E proteins, is the largest accessory protein (Rota et al., 2003; Figure 1A).
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FIGURE 1. SARS-CoV-2 genome organization and ORF3a protein. (A) SARS-CoV-2 RNA genome organization. The genome size is about 29.7 kb of non-segmented, +ssRNA. The 5′ cap structure and 3′ poly (A) tail are for translation of ORF1a and ORF1ab that are further processed to generate 16 non-structural proteins (NSP1-NSP16) that include all major replicase genes and enzymes that are needed for subsequent viral transcription and replication. The sgRNAs produced in RTC on DMVs are for 4 structural proteins (S, E, M, and N) and 9 accessary ORFs (3a, 3b, 6, 7a, 7b, 8, 9b, 9c, and 10). These proteins are produced from a nested set of sgRNAs that share common 3′ ends and a common leader from the 5′ end. ORF3a is the largest accessory protein. It localizes between S and E as shown. (B) The nucleotide sequence of ORF3a is 825 bp in length and encodes a 31 kD protein of 275 a.a. It is a membrane-associated protein with an extracellular N-terminal (a.a. 1–39), 3 TM domains (TM1-TM3; a.a. 40–128); a short cytoplasmic loop (a.a. 175–180) with 8 β-sheets (β1–β8; a.a., 145–235) and a C-terminus (a.a. 239–275). Known and well-conserved functional motifs are depicted; details of these motifs are described in text, including an N-terminal signal peptide (a.a. 1–13); a TRAF3-binding motif (a.a. 36–40; Siu et al., 2019; Jin et al., 2021); a cysteine-rich domain (a.a. 81–160; Lu et al., 2006); 3 caveolin-binding motifs (a.a. 69–77, 107–114 and 141–149; Padhan et al., 2007); a YXXΦ motif (a.a. 160–163) and a diacidic (SGD) motif (a.a. 175–180; Tan et al., 2004; Minakshi and Padhan, 2014), and a PBM (a.a. 272–275; Castano-Rodriguez et al., 2018; Caillet-Saguy et al., 2021).




SARS-CoV-2 Infectious Life Cycle

SARS-CoV-2 infects host cells through the binding of S protein to a specific host cell surface receptor, angiotensin-converting enzyme 2 (ACE2; Hoffmann et al., 2020). Upon proteolytic cleavage by a host protease TMPRSS2, a conformational change in S protein takes place that triggers virus membrane fusion with the host cell membrane, resulting in the release of the nucleocapsid into the cytoplasm. After the virus enters the host cell, viral gRNA is uncoated and released into cytoplasm where the two overlapping ORF1a and ORF1b are translated to produce two polyproteins via a frameshift mechanism. One unique feature of β-CoVs reproduction is that its structural proteins and accessory proteins are produced from a replication–transcription complex (RTC), which drives viral replication and transcription for virus reproduction (Knoops et al., 2008). The RTC is formed by the action of NSP3/4/6 in SARS-CoVs (Angelini et al., 2013; Hagemeijer et al., 2014; Oudshoorn et al., 2017), which binds to the membranes of endoplasmic reticulum (ER) to induce membrane curvature, forming unique double-membrane vesicles (DMVs) where RTC resides. During viral genome replication, full-length and positive-sense genomic RNA (+gRNA) in RTC is used as a template to generate full-length and negative-sense gRNAs (-gRNA) that subsequently serve as a template to produce progeny of +gRNA. During viral transcription, a nested set of sgRNAs is produced using +gRNA as a template in a manner of discontinuous or fragmented transcription. Then, -sgRNAs are used as templates to produce +sgRNAs, which act as mRNA for translation of structural proteins and accessory proteins. Even though these sgRNAs have multiple ORFs, only the closest gene-encoding ORF (to the 5′ end) will be first translated and followed by others in a sequential order (Figure 1A). Following the production of structural proteins, nucleocapsids are assembled in the cytoplasm, followed by budding into the lumen of the ER–Golgi intermediate compartment (ERGIC). The newly generated virions are matured in smooth-walled vesicles and subsequently released (egress) from infected cell via exocytosis (Figure 2).
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FIGURE 2. Possible involvement of SARS-CoV-2 ORF3a during viral life cycle. SARS-CoV-2 viral life cycle starts with the attachment of a virion to a host cell surface receptor ACE2 via S protein (A). A conformational change in S induces virus membrane fusion with either the host plasma membrane or the endosome membrane, leading to the release of viral RNA into the cytoplasm (B). ORF3a localizes on plasma membrane where it forms Ca2+ ion channel or it may interact with S protein to promote virus uptake. It also associates with early, late endosomes and lysosomes to facilitate endocytosis (C). Upon viral entry, genomic +ssRNA is uncoated to allow direct translation of polyproteins, transcription of sgRNAs, and replication of the viral genome through RTC on DMVs, where ORF3a may exert its effect (C). Newly produced envelope proteins are inserted into the rough ER membranes. Nucleocapsid proteins bind to genomic +ssRNA to form nucleocapsids. After budding into the ER–Golgi intermediate compartment (ERGIC), the virions are matured in smooth-walled vesicles and subsequently released from infected cell via exocytosis (D). ORF3a promotes viral release through lysosomal exocytosis pathway. This figure is generated using Adobe Illustrator 2020.




Open Reading Frame 3a

The ORF3a protein was initially uncovered from a family of coronaviruses, and it was subsequently described under different names including X1 (Rota et al., 2003), 3a protein (Marra et al., 2003; Yu et al., 2004), U274 (Tan et al., 2004), and ORF3a (Padhan et al., 2007). The potential importance of ORF3a in viral pathogenesis emerged with the discovery of SARS-CoV in 2003 followed by the emergence of SARS-CoV-2. SARS-CoV and SARS-CoV-2 ORF3a proteins (hereafter referred as SARS ORF3a) are similar in their critical protein domains such that they all have 3 transmembrane (TM) regions (Figures 1B, 3A,B) in clockwise arrangement that span across the membrane and connect to the cytosol through a turn-helix-turn (Kern et al., 2021; Figures 3A,B). However, these two proteins only share 73% sequence homology with SARS-CoV ORF3a, missing one amino acid (a.a.) at position 241 (E241). Therefore, SARS-CoV-2 ORF3a is largely unique. Indeed, SARS-CoV-2 ORF3a protein has a novel three-dimensional (3D) structure that shares no homology to any other proteins (McClenaghan et al., 2020; Kern et al., 2021).
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FIGURE 3. Protein structure of SARS-CoV-2 ORF3a [adapted from (Kern et al., 2021)]. (A) Schematic drawing of a monomeric ORF3a. It shows an extracellular N-terminus, 3 TM domains that are across the cellular membrane followed by a short cytoplasmic loop of turn-helix-turn that connects the 3-TM domains with 8 antiparallel β-sheets at the cytoplasmic C-terminus. (B) Monomeric ORF3a in 3D view. (C) Dimeric view of ORF3a. One monomer is colored teal, the other orange. Labeled a.a. residues are artificial mutations that are known affect the ORF3a protein structure or function. (D) Tetramer view of ORF3a showing two homodimers linked side-by-side. Labeled a.a. residues are natural mutations that are mostly of unknown impact on ORF3a protein structure. The protein 3D structure of ORF3a (PDB: 7KJR) was visualized with PyMol. All the images were generated using Adobe Illustrator 2020.


SARS-CoV-2 ORF3a protein is produced through viral RTC within DMVs that are generated by fusion of ER membranes (Brant et al., 2021). After ORF3a protein is produced, it is exported from ER to the Golgi apparatus, where it undergoes post-translational modification of O-glycosylation before being inserted into the plasma membrane (Nishimura and Balch, 1997; Oostra et al., 2006). The nucleotide sequence of ORF3a has a total of 825 base pairs (bp) that encodes a protein of 275 a.a. with a calculated molecular weight of 31 kilodalton (kD). It has an N-terminal ectodomain (a.a. 1–39), three transmembrane domains (TM1–TM3; a.a. 40–128) spanning a turn-helix-turn, a short cytoplasmic loop (a.a. 175–180) with 8 β-sheets (β1–β8; a.a. 145–235) and a C-terminus (a.a. 239–275). ORF3a protein has a number of well-conserved functional motifs (Figure 1B) that are presumably responsible for its multifunctionalities, including ion channel activity, viral replication, and cytopathogenic effects that link to COVID-19 (Issa et al., 2020; Kern et al., 2021). Specifically, it has a signal peptide (a.a. 1–13), a TNF receptor-associated factor 3 (TRAF3)-binding motif (a.a. 36–40) that associates with the activation of NF-κB and NLRP3 inflammasomes (Siu et al., 2019; Jin et al., 2021); a cysteine-rich domain (a.a. 81–160), in which the C133 residue is critical for maintaining ORF3a homodimerization (Lu et al., 2006; Kern et al., 2021); and a peptide (a.a. 91–133) that connects TM2 and TM3, which are responsible for ion channel activity (Caillet-Saguy et al., 2021). Three caveolin-binding motifs (a.a. 69–77, 107–114, and 141–149) that regulate ORF3a trafficking to the plasma membrane, endosomes, and lysosomes (Padhan et al., 2007). Both the tyrosine-based sorting YXXΦ motif (a.a. 160–163) and the diacidic (S/EGD) motif (a.a. 175–180) are required for protein sorting and transporting ORF3a from the Golgi to plasma membranes (Tan et al., 2004; Minakshi and Padhan, 2014). Finally, ORF3a has a PDZ-binding motif (PBM) at the C-terminal end (SVPL; a.a. 272–275) that could in principle bind numerous host cellular PDZ-containing proteins, suggesting it may be responsible for interaction of ORF3a with a wide range of host cellular functions (Castano-Rodriguez et al., 2018; Caillet-Saguy et al., 2021).

ORF3a protein presents as a homo-tetramer in a dimer-of-dimer configuration (Kern et al., 2021; Figure 3). The protein resides on the plasma membrane and endomembranes including endosomes, lysosomes, Golgi, and ER. The protein monomer (Figures 3A,B) has its N-terminus on the extracellular side. Three TM regions span the membrane and connect to the cytosol through a turn-helix-turn motif after the TM3, which connects to the C-terminus on the cytosolic side of the membrane with 8 sandwich-shaped β-sheets (Figures 3A,B). In a homodimer of the protein (Figure 3C), the 8 β-sheets in the cytosol form 4 pairs of antiparallel β-sheets in opposite orientation that creates an outer face of the C-terminal protein containing β1/β2/β6 and N-terminal half of β7; the inner face of the protein is formed by β3/β4/β5/β8 and C-terminal half of β7. The extracellular N-termini form side openings facing outward (Figure 3C), and two inner faces connect to each other in the cytosol, forming a large hydrophobic inner cavity that is potentially important for ion channel activity and interaction with host cellular proteins (McClenaghan et al., 2020; Kern et al., 2021). In SARS-CoV-2, dimerization of ORF3a may require the presence of C133, which is located in the cysteine-rich pocket near the interface of two oligomers, as a C133A mutation in SARS-CoV ORF3a resulted in loss of oligomerization (Lu et al., 2006). Two other cysteine residues (C148 and C157) may also affect oligomerization, as they are near C133 and close to each other, forming a disulfide bond (McClenaghan et al., 2020). A D142 residue at the top of the short α-helix connecting the transmembrane and cytoplasmic domain provides a single negatively charged pore-lining residue between the inner cavity and the side openings, which suggests that the side opening at the subunit interface may be the path for water and ion movements (McClenaghan et al., 2020; Kern et al., 2021). Note that G187 and G188 are the only two highly conserved glycine resides that separate the two antiparallel β4 and β5 sheets, which are also at the interface of two homo-monomers (Kern et al., 2021). Although the biologic significance of these two resides is currently unknown, they could potentially be important for ORF3a activity during interaction with host cellular proteins. Indeed, a recent study showed that deletion of the residue G188 (∆G188) significantly alters ORF3a-induced cellular oxidative stress and pro-inflammatory responses, leading to much enhanced apoptosis and necrosis (Zhang et al., 2022). Finally, a protein tetramer of ORF3a is joined together by the interface of two homodimers through TM3 (Figure 3D), the outer faces of the neighboring β-sheets, and the hydrophobic cores forming an inner cavity of the protein (McClenaghan et al., 2020; Kern et al., 2021). Overall, it is surmised that ion channel permeation pathways could reside in each dimer and a network of ordered water or ion molecule movement could start from extracellular side openings, passing through the inner cavity and the cytoplasmic domain (McClenaghan et al., 2020; Kern et al., 2021).




ORF3A AS A VIROPORIN AND ITS ROLE IN VIRAL PATHOGENESIS AND COVID-19


ORF3a as a Viroporin

Viroporin is a viral transmembrane protein that demonstrates ion channel properties in cell membranes. It is typically a hydrophobic protein that oligomerizes in cell membrane and forms ions and small molecules permeable hydrophilic pores (Nieva et al., 2012). The ion channel activities affected by a viroporin could include alteration of cell membrane permeability, Ca2+ homeostasis, and membrane remodeling. Thus, the main function of a viroporin affects virion morphogenesis, viral entry, viral replication, and virus release (egress; Nieva et al., 2012). Since both SARS ORF3a are transmembrane proteins with similar structures (Figure 2A) and SARS-CoV ORF3a is a viroporin (Lu et al., 2006; Castano-Rodriguez et al., 2018), it was predicted that SARS-CoV-2 ORF3a might also be a viroporin.

SARS-CoV ORF3a was first shown to have activity of a selective K+ channel in a Xenopus oocyte system that was injected with ORF3a (Lu et al., 2006) or in an ORF3a-transfected HEK293 cell line (Muthumani et al., 2009). Mutagenesis studies showed that TM2 and TM3 are needed for the observed ion channel activities (Castano-Rodriguez et al., 2018). This ion channel is inhibited by a K+ channel inhibitor barium (Ba2+; Lu et al., 2006). In addition, phytochemicals isolated from Chinese herbs, Emodin or Juglanin also inhibit ORF3a-mediated ion channel activity (Lu et al., 2006; Schwarz et al., 2011). Different from SARS-CoV ORF3a, SARS-CoV-2 ORF3a forms a non-selective calcium (Ca2+) permeable cation channel in a liposome system (Kern et al., 2021). The channel is permeable to NMDG+ or YO-PRO-1, both are large cations, in a way that is reminiscent of other Ca2+-permeable channels including TRPV1, TRPA1, and P2X7. Reversal potential shifts in bi-ionic conditions predict permeability ratios (PX/PK+) in the order of Ca2+ ~ 2 > K+ ~ 1 > Na+ ~ 0.6 > NMDG+ ~ 0.3 (Kern et al., 2021). A single a.a. change (Q57E) within TM1 at top of the cavity, or double mutations (S58L/Q116L) at the base of the TM2–TM3 grooves reduce Ca2+ and NMDG+ permeability without altering its Na+ or K+ permeability (Kern et al., 2021; Figure 3C). These data indicate that SARS-CoV-2 ORF3a may act as a non-selective cationic channel with a large pore and high single-channel conductance. Consistent with this notion, non-selective cation channel inhibitors, ruthenium red or polyamine spermidine, block SARS-CoV-2 ORF3a-mediated ion conductance with IC50 of 90 ± 10 μM or 10 mM, respectively, in a manner that is unique from those of other known channels (Kern et al., 2021).

Interestingly, neither emodin nor Ba2+ inhibits SARS-CoV-2 ORF3a-mediated ion channel activity in the liposome system (Kern et al., 2021). The observed differences in ion channel properties between the two SARS ORF3a proteins suggest a different mode of action of SARS-CoV-2 ORF3a from that of SARS-CoV (Kern et al., 2021). Since different experimental systems were used in those studies, the observed differences could also be due to the systematic difference. Nevertheless, it is clear that SARS-CoV-2 ORF3a is indeed a viroporin that has ion channel properties. However, exactly how SARS-CoV-2 ORF3a functions as an ion channel remains elusive. For more comprehensive reviews of ion channel activities and the differences between SARS-CoV ORF3a and SARS-CoV-2 ORF3a, see (McClenaghan et al., 2020; Gargan and Stevenson, 2021).



A Role of ORF3a-Mediated Ion Channel Activity in Viral Release

SARS-CoV-2 ORF3a promotes viral release through the lysosomal exocytosis pathway (Chen et al., 2021; Figure 2D). It mediates trafficking of lysosomes to plasma membrane and exocytosis-related SNARE vesicle fusion proteins by facilitating lysosomal targeting of the BORC-ARL8b complex. SARS-CoV-2 ORF3a-mediated lysosomal exocytosis requires activity of the Ca2+ channel TRPML3, as elevated cytosolic Ca2+ concentration was observed in ORF3a-expressing cells but not in control cells, and TRPML3 knockdown blocked ORF3a-mediated lysosomal exocytosis (Chen et al., 2021). The connection between ORF3a-mediated ion channel activity and viral release has also been observed in SARS-CoV (Lu et al., 2006; Schwarz et al., 2011). Inhibition of ORF3a ion channel activity by siRNA in SARS-CoV-infected monkey epithelial FRhK-4 cells reduces the yield of virus production (Lu et al., 2006). In addition, Emodin inhibits ORF3a-mediated ion channel activity and prevents viral release in hCoV-OC43-infected rhabdomyosarcoma RD cells (Schwarz et al., 2011). However, SARS-CoV ORF3a may promote viral release through a different mechanism than SARS-CoV-2 because it does not go through the lysosomal exocytosis pathway (Chen et al., 2021). Interestingly, mutational analysis of SARS-CoV-2 ORF3a shows that residues S171 and W193 are critical for promoting lysosomal exocytosis (Figure 3C). When these two residues (S171 and W193) are introduced into SARS-CoV ORF3a, it gains the ability to promote lysosomal exocytosis (Chen et al., 2021). In addition, adding SARS-CoV-2 ORF3a to CoV-MHV-A59 that has no ORF3a significantly increases virus release (Chen et al., 2021). These data suggest that although ORF3a from other β-CoVs are different from that of SARS-CoV-2, they may share a similar mechanism to promote viral release. Indeed, ORF3a from SARS-CoV, MERS-CoV and SARS-CoV-2 all target lysosomes by disrupting lysosomal acidification to facilitate virus release (Yue et al., 2018; Ghosh et al., 2020). Viruses deficient in ORF3a attenuate their abilities to release viral particles efficiently (Lu et al., 2006; Castano-Rodriguez et al., 2018; Yue et al., 2018; Ghosh et al., 2020).



ORF3a-Mediated Ion Channel Activity Implicated in Apoptosis and Necrosis

ORF3a induces cell death through both programmed cell death and necrosis (Freundt et al., 2010; Ren et al., 2020). These activities are associated at least in part with ORF3a-mediated ion channel function. For example, inhibition of SARS-CoV ORF3a-mediated K+ channel activity by treating ORF3a-producing HEK293 or Vero E6 cells with the K+ channel inhibitors, 4-aminopyridine (4-AP) or Ba2+, significantly reduced ORF3a-induced caspase-dependent apoptosis (Muthumani et al., 2009). Introduction of triple C127S/C130S/C133S mutations that abolish ion channel activity and interrupt tetramerization of SARS ORF3a (Lu et al., 2006; McClenaghan et al., 2020; Kern et al., 2021; Figures 3C,D), also significantly reduced the level of apoptosis. However, those ion channel inhibitors were unable to block apoptosis completely, suggesting ORF3a-induced apoptosis is only partly associated with ion channel activity (Muthumani et al., 2009; McClenaghan et al., 2020).

ORF3a also induces necrotic cell death that is concurrent with the activation of NLRP3 inflammasome and pro-inflammatory cytokine IL-8 production (Yue et al., 2018; Siu et al., 2019). In one study, SARS-CoV ORF3a induces caspase-1 mediated pyroptosis, a lytic form of necrosis, by interacting with RIP3 (Receptor Interacting Protein 3) that promotes ORF3a oligomerization. To test the potential involvement of ORF3a-mediated ion channel activity in inflammasome activation and cell death, NEK7, an essential mediator of NLRP3 activation downstream of K+ efflux, was knocked down in the presence of ORF3a. As result, caspase-1 mediated pyroptosis was reduced, confirming ORF3a acts as a K+ channel (Lu et al., 2006) upstream of NEK7 (Yue et al., 2018), and ORF3a is tied to necrosis. However, in a different study, the same triple C127S/C130S/C133S mutations that reduce apoptosis and interfere with K+ channel activity did not have major impact on ORF3a-induced pro-inflammatory IL-8 production, which presumably contributes to necrosis. Hence, it was suggested that ORF3a-mediated ion channel activity may not be critical for triggering necrosis (Muthumani et al., 2009; Siu et al., 2019; McClenaghan et al., 2020).

Note that SARS ORF3a induces apoptosis and necrosis in a wide range of eukaryotic cells, including fission yeast (Zhang et al., 2022), fruit flies (Wong et al., 2005; Yang et al., 2020), and various types of human cells, suggesting ORF3a-induced apoptosis and necrosis are highly conserved activities. For instance, SARS-CoV-2 ORF3a induces cellular oxidative stress-mediated cell death in both fission yeast and mammalian cells (Zhang et al., 2022). Both SARS ORF3a induce caspase-8/9-dependent apoptosis in transgenic Drosophila (Wong et al., 2005; Yang et al., 2020). SARS-CoV ORF3a-expressing fruit flies that were fed the K+ channel inhibitor Ba2+ partially reduced apoptosis (Chan et al., 2008), consistent with the findings in mammalian cells. In a SARS-CoV-2 ORF3a transgenic model, ORF3a adversely affects longevity and motor function of fruit flies by inducing apoptosis and inflammation in the central nervous system (CNS), suggesting SARS-CoV-2 ORF3a might contribute toward the symptoms of post-COVID conditions in CNS (Yang et al., 2020). Interestingly, fruit flies fed a lysosome deacidification inhibitor chloroquine phosphate (CQ) not only had a prolonged life span but also had reduced cleavage of ORF3a-induced caspase-3 in the CNS (Yang et al., 2020). These data suggest that besides ion channel activity, other cellular events mediated by ORF3a, such as association with endosomes/lysosomes (Ghosh et al., 2020) or activation of cellular innate or pro-inflammatory responses (Zhang et al., 2022), may also contribute to apoptosis and necrosis.




ROLES OF SARS-CoV-2 ORF3A IN VIRAL LIFE CYCLE

SARS-CoV ORF3a is a virion-associated protein (Ito et al., 2005; Shen et al., 2005; Huang et al., 2006), as it incorporates into virus-like particles in insect cells co-infected with recombinant baculovirus expressing SARS-CoV ORF3a, E, and M (Shen et al., 2005). It was also found in the virus particles of SARS-CoV-infected Caco2 cells (Ito et al., 2005). Co-immunoprecipitation experiments showed that it interacts specifically with S, M, and E structural proteins (Tan et al., 2004; Zeng et al., 2004; Shen et al., 2005). ORF3a protein can also be released from infected cells as part of SARS-CoV virus particles (Huang et al., 2006). However, no report has yet shown whether SARS-CoV-2 ORF3a is a virion-associated protein. Thus, it would be very interesting to test whether SARS-CoV-2 ORF3a is included in virion. One of the well-accepted methods to test this possibility is to subject purified SARS-CoV-2 viral particles to chromatography, by which it can precisely detect whether ORF3a protein is associated with virion (Shen et al., 2005; de Camargo et al., 2022). Other confirmed or possible roles of SARS-CoV-2 ORF3a in the SARS-CoV-2 viral life cycle are illustrated in Figure 2.


ORF3a Promotes Viral Entry and Release

Besides virus release promoted by SARS ORF3a (Yue et al., 2018; Ghosh et al., 2020; Chen et al., 2021), ORF3a may also promote viral entry (Figure 2A). One indication is that SARS ORF3a protein localizes on plasma membranes and endomembranes in both transfected and infected cells, which include early endosomes, late endosomes, or lysosomes, as shown by immunostaining for Rab5, Rab7, or LAMP-1, respectively, consistent with ORF3a being present during the entire endocytic pathway (Tan et al., 2004; Padhan et al., 2007; Castano-Rodriguez et al., 2018; Zhang et al., 2020; Figure 2B). In addition, SARS-CoV ORF3a promotes protein internalization, as myc-ORF3a binds and internalizes anti-myc antibody from culture medium into Vero E6 and HeLa cells (Tan et al., 2004), indicating an endocytic process. As the YXXΦ motif of ORF3a is linked to rapid protein internalization (Minakshi and Padhan, 2014), deletion of the cytoplasmic domain of ORF3a, which contains YXXΦ and diacidic motifs (Figure 1B), abolished its movement to the plasma membrane when produced intracellularly (Minakshi and Padhan, 2014). In ORF3a-transgenic Drosophila, EGFP-tagged ORF3a was used to test whether the ORF3a function is related to endocytosis by using the “rough eye phenotype” as an indicator (Chang et al., 2004; Wong et al., 2005). The effect of EGFP-ORF3a on the “rough eye phenotype” was tested in an Eps15 mutant background because Eps15 is required for internalization of TfR. Eps15 is also a YXXΦ-containing protein and an endocytic protein involved in clathrin-mediated endocytosis. The test results support the idea that ORF3a is functionally related to clathrin-mediated endocytosis (Wong et al., 2005).



Possible Role of ORF3a in Viral Replication and Transcription

A unique feature of the β-CoV is that viral replication and transcription of sgRNAs take place in the RTC on DMVs, which are formed by linking plasma membrane with ER (Angelini et al., 2013; Hagemeijer et al., 2014; Oudshoorn et al., 2017; Figure 2C). Since ORF3a localizes on plasma membrane (Tan et al., 2004; Yuan et al., 2005; Chan et al., 2009) and ER (Yuan et al., 2005), conceivably, ORF3a could also reside on the DMV and participate in viral replication and transcription taking place in the RTC. Electron microscopic observation of infected Vero cells showed that SARS-CoV ORF3a accumulates within vesicles and promotes endomembrane rearrangement and vesicle formation, a prominent clinical feature of SARS-CoV-infected cells from SARS patients (Freundt et al., 2010). To determine the significance of the SARS-CoV accessory proteins in viral replication in vitro and in mice, five of the 8 accessory SARS-CoV ORFs were deleted including ORF3a, OF3b, ORF6, ORF7a, and ORF7b (Yount et al., 2005). Although none of individual or combination deletions dramatically influenced replication efficiency in cell culture or the levels of viral RNA synthesis, ORF3a deletion showed the greatest reduction in virus growth (Yount et al., 2005). By using a similar strategy in a different study, K18-ACE2 transgenic mice, which express human ACE2 under the control of a human K18 promoter, was used to determine the significance of the SARS-CoV-2 accessory proteins (Silvas et al., 2021). Because K18-hACE2 are susceptible to SARS-CoV-2, and K18 promoter directs hACE2 expression to epithelia, including airway epithelia where infection typically begins, this is a useful animal model to study viral pathogenesis of SARS-CoV-2. As results, K18 hACE2 transgenic mice infected with virus carrying a ORF3a deletion showed less mortality, lower lung viral titers, and less tissue damage, indicating an important role for ORF3a in viral pathogenesis and COVID-19 (Silvas et al., 2021). Considering that SARS ORF3a is necessary and sufficient for SARS-CoV-induced endomembrane rearrangement and vesicle formation (Freundt et al., 2010), it is likely that SARS ORF3a may play a functional role on DMV in viral transcription and replication. This possibility needs to be further evaluated.



A Prominent Role of ORF3a in Virus Reproduction

ORF3a is an accessory protein, that is, the virus does not depend on it for its reproduction. However, deletion or transcriptional knockdown of ORF3a from the SARS-CoV genome results in significant reduction of virus growth (Yount et al., 2005; Akerstrom et al., 2007; Silvas et al., 2021). Importantly, the presence of ORF3a is essential for viral reproduction when E protein is absent, as SARS-CoV and SARS-CoV-2 missing both E and 3a proteins are not viable in Vero E6 cells or infected BALB/c mice (Castano-Rodriguez et al., 2018; Zhang et al., 2021). Thus, ORF3a and E are required for maximizing virus reproduction. Comparatively, however, E protein appears to be more important than ORF3a in both viral replication and virulence because loss of E dramatically decreased the virus production and abolished viral pathogenesis; while the virus with deletion of ORF3a merely caused weight loss in mice (Castano-Rodriguez et al., 2018).

A common feature between ORF3a and E is that they both contain a PDZ (PSD-95/Dlg/ZO-1)-binding motif (PBM), which in principle binds to hundreds of host cellular PDZ-containing proteins, and thereby affect a wide range of host cellular functions (Castano-Rodriguez et al., 2018). The PDZ domain is a stretch of 80–90 a.a. that is commonly found in signaling proteins (Javier and Rice, 2011). Viral proteins with PBMs often bind to cellular PDZ-containing proteins (Javier and Rice, 2011) to regulate signaling complexes at cellular membranes (Lee and Zheng, 2010), to control tight junction formation, cell polarity establishment, or to induce apoptosis (Javier and Rice, 2011). The PBM sequence consists of 4 a.a. at the C-terminal end of a protein, with the last residue always being hydrophobic (Castano-Rodriguez et al., 2018). The PBM residues of SARS-CoV-2 ORF3a are SVPL, which is highly conserved among all sarbecoviruses (Caillet-Saguy et al., 2021; Figure 1B). In a high-throughput holdup assay that measures the binding affinity of a PBM-carrying viral protein to PDZ-containing cellular proteins, SARS-CoV-2 E and ORF3a were used as bait against the entire human PDZome (Belotti et al., 2013). Eight PDZ-containing cellular proteins (TJP1, NHERF4, NHERF3_4, RGS3, PARD3B, PARD3, FRMPD4, and NHERF3) showed significant interactions with ORF3a. Among them, 2 proteins (TJP1 and PARD3) bind to both ORF3a and E proteins (Caillet-Saguy et al., 2021). siRNA knockdown of two PDZ-containing cellular proteins such as PARD3 and RSG3 in lung epithelial A549 cells showed significant decrease of SARS-CoV-2 replication. Conversely, silencing of PARD3B increased virus replication (Caillet-Saguy et al., 2021). PARD3 is involved in the formation of adherens and tight junctions. It binds to a transcription factor YAP (Yes-associated protein) that regulates the activation of the Hippo pathway, a signaling pathway modulating cell proliferation and cell death (Yu and Guan, 2013). RGS3 (G protein signaling 3) is largely a cytosolic protein and a member of the regulator of G protein signaling (RGS) family. It is a GTPase-activating protein that inhibits G protein-mediated signal transduction, but G protein activation leads to translocation of RGS3 to the plasma membrane (Lu et al., 2001). Although the specific mechanism involving PARD3 and RGS3 in ORF3a/E-mediated viral reproduction is currently unknown, it would be interesting to interrupt the interactions of ORF3a/E with these PDZ-containing proteins and to determine whether they would reduce virus reproduction.

Based on the necessary role of ORF3a and E proteins in viral reproduction and virulence, a single-round SARS-CoV-2 infection system was established to recapitulates authentic viral replication without major concern of viral virulence and biosafety (Zhang et al., 2021). To achieve this goal, both ORF3a and E genes were deleted from the viral genome. Instead, a Vero E6 cell line producing the ORF3a and E proteins under a doxycycline inducible promoter was used to provide these two proteins in-trans in such a way that the generated virions would infect naive cells for only one round, and would not produce wild-type SARS-CoV-2 due to the lack of ORF3a and E proteins (Zhang et al., 2021).




ORF3A–HOST INTERACTION AND ITS CLINICAL CONSEQUENCES

Increasing evidence suggests that ORF3a protein plays an important role in viral pathogenesis and contributes to the severity of SARS and COVID-19. For example, many convalescent SARS patients develop antibodies against ORF3a (Liu et al., 2004; Zhong et al., 2006), and sera from COVID-19 patients also show high levels of IgG and IgA reactivities specifically to ORF3a in addition to structural proteins (Camerini et al., 2021). High titers of anti-ORF3a antibody were also found in SARS-CoV-2-infected patients, suggesting active ORF3a-host interaction with clinical consequences (Hachim et al., 2020).


Host Cellular Innate Immune Response

SARS ORF3a protein triggers a range of host cellular innate immune responses, including cellular stress responses such as autophagy in infected cells. Autophagy is a normal cellular process that maintains cellular homeostasis, but autophagy can also be activated as an important cellular antiviral response to trap viruses in autophagosomes for their lysosomal degradation (Figure 4A; Choi et al., 2018). An autophagosome trapped with viruses will fuse with endosome to generate an amphisome, which then fuses with lysosomes, forming an autolysosome, where cargo with trapped viruses will be recycled by lysosomal enzymes (Corona and Jackson, 2018). Fusion of autophagosomes/amphisomes with lysosomes is a highly regulated process that requires the assembly of HOPS and SNARE protein complexes during cellular innate autophagic response to viral infection (Corona and Jackson, 2018).
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FIGURE 4. SARS-CoV-2 ORF3a–host cell interaction. Expression of SARS-CoV-2 ORF3a in infected cells triggers cellular innate immune responses such as autophagy (A). Autophagy is an important cellular antiviral response to trap viruses in autophagosomes for lysosomal degradation. An autophagosome with trapped virus fuses with an endosome to generate an amphisome, which then fuses with lysosomes, forming an autolysosome, where virus cargos can be recycled by lysosomal enzymes. ORF3a counteracts cellular autophagy activity by blocking fusion of autophagosomes/amphisomes with lysosomes. ORF3a also triggers cellular oxidative stress response leading to increased ROS production (B) and induces mitochondria-dependent and mitochondria-independent apoptosis (C). SARS-CoV-2 ORF3a induces cellular pro-inflammatory immune responses to activate cytokine (TNFα, IL-6, and IFN-1β) production through NF-κB, TLR4, or TLR3-mediated process (D). ORF3a interacts with TRAF3 triggering downstream NF-κB activation and cytokine induction leading to activation of NLRP3 inflammasomes. Formation of the NLRP3 inflammasome activates caspase-1 that converts pro-IL-1β to IL-1β through a proteolytic processing leading to pyroptosis (E), which is an inflammatory form of lytic cell death that promotes rapid clearance of invading viruses and enhances host antiviral response (Jorgensen and Miao, 2015). ORF3a-induced NF-κB activation could activate NLRP3 inflammasomes, which in turn activates HMGB1 and HIF-1α to promote the production of pro-inflammatory cytokines and possibly induction of cytokine storm (F). As a result, it induces cell death through apoptosis, necrosis, and pyroptosis, leading to tissue damage, COVID-19 or post-COVID conditions. This figure is generated using Adobe Illustrator 2020.


To counteract host cellular antiviral autophagic response, SARS ORF3a blocks the fusion of autophagosomes/amphisomes with lysosomes (Koepke et al., 2021; Miao et al., 2021), or highjacks autophagosomes to facilitate the formation of DMVs for its own viral transcription and replication on RTC (Fung and Liu, 2019; Gassen et al., 2019). Both SARS ORF3a proteins localize on endosomes/lysosomes (Padhan et al., 2007; Castano-Rodriguez et al., 2018; Zhang et al., 2020; Miao et al., 2021). SARS-CoV-2 ORF3a counteracts cellular autophagy activity by causing lysosomal damage and impairing its function (Miao et al., 2021), thus blocking fusion of autophagosomes/amphisomes with lysosomes (Koepke et al., 2021; Miao et al., 2021). Specifically, SARS-CoV-2 ORF3a sitting on endosomes blocks autolysosome formation through direct interaction with VPS39, a component of HOPS, to prevent the interaction of HOPS with a SNARE protein STX17 (Miao et al., 2021). The same counteract-autophagy activity by ORF3a was also demonstrated in a different study, where it was found that ORF3a interacts with VPS39 and prevents the binding of HOPS through a different protein, Rab7 (Zhang et al., 2021). Results of these two studies suggest that ORF3a blocks the fusion of autophagosomes/amphisomes with lysosomes through interactions possibly with a group of proteins, rather than an individual protein. Indeed, SARS-CoV-2 ORF3a also blocks autophagy by interacting with Beclin 1, an essential scaffold autophagy protein, to differentially modulate two Beclin-associated protein complexes, PI3KC3-C1 (Beclin-1-Vps34-Atg14) and PI3KC3-C2 (Beclin-1-Vps34-UVRAG; Qu et al., 2021). These results suggest a similar counteracting effect of SARS ORF3a protein on the host autophagic response. In addition, SARS ORF3a could also evade host cellular autophagy by hijacking autophagosomes in order to facilitate the formation of DMVs for its own viral transcription and replication on RTC (Fung and Liu, 2019; Gassen et al., 2019). For instance, SARS-CoV ORF3a triggers autophagy during endocytosis that promotes the formation of DMV and viral replication (Yang and Shen, 2020). Expression of SARS-CoV-2 ORF3a significantly increases SARS-CoV-2 replication in infected Calu-3 cells with an elevated autophagic response. Genetic abrogation of Atg3 and Atg5, two essential proteins for autophagosome formation, markedly reduced viral replication (Qu et al., 2021), indicating SARS-CoV-2 ORF3a facilitates viral replication through counteraction against host cellular autophagic responses.

SARS-CoV-2 ORF3a also elicits host cellular oxidative stress that contributes to ORF3a-induced apoptosis and necrosis (Zhang et al., 2022). Increased oxidative stress is another common cellular antiviral response to viral infection (Fernandes et al., 2020). Sustained viral infection leads to the accumulation of reactive oxygen species (ROS) in infected cells or tissues that could lead to cell death and tissue or organ damage (Li et al., 2017; Holze et al., 2018). Increasing evidence suggests that excessive ROS production is a major cause of local or systemic tissue damage and contributes to the severity of COVID-19 (Laforge et al., 2020; Kozlov et al., 2021). SARS-CoV-2 ORF3a-induced cellular oxidative stress and cell death appears to be a highly conserved activities, since elevated production of ROS and cell death are observed in both fission yeast and human A549 and 293 T cells (Zhang et al., 2022). However, the underlying molecular mechanism of SARS-CoV-2 ORF3a-induced ROS production and associated cell death are currently unknown. It is known, however, that SARS-CoV-2 ORF3a induces cell death through mitochondrial damage and mitochondria-mediated ROS production that facilitates SARS-CoV-2 infection and pro-inflammatory cytokines production (Tan et al., 2021; Figure 4B). Consistently, mitochondria-released ROS production and ion channel K+ efflux are required for the activation of NLRP3 inflammasome in lipopolysaccharide-primed macrophages and caspase-1 induced pyroptosis (Chen et al., 2019). Therefore, it is likely that ORF3a-induced cell death is at least in part mediated through mitochondria-mediated ROS production. Apoptosis induced by SARS ORF3a proteins are also mediated through mitochondria-dependent (intrinsic) and mitochondria-independent (extrinsic) pathways (Law et al., 2005; Waye et al., 2005; Padhan et al., 2007; Freundt et al., 2010; Ren et al., 2020; Zhang et al., 2021, 2022; Figure 4C). For example, SARS-CoV ORF3a activates caspase-8 via Bid to tBid conversion (Law et al., 2005), caspase-9 increase, and cytochrome c release from mitochondria (Padhan et al., 2008). In addition, Bax, p53, and p38 MAP kinase also play roles in ORF3a-induced apoptosis (Padhan et al., 2008). SARS-CoV-2 ORF3a-induced apoptosis is mediated through similar mode of action to SARS-CoV ORF3a, that is, it induces apoptosis through the cleavage of Bid, caspase-8, and caspase-9 or the release of cytochrome c (Ren et al., 2020) leading to caspase-3 cleavage (Ren et al., 2020; Zhang et al., 2022). Two ORF3a mutants, ORF3a-CS (C130S/C133S) and ORF3a-YA (Y160), which interrupt the cysteine-rich motif (a.a. 81–160) and the tyrosine-based sorting motif (YXXΦ; a.a.160–163), and reduce the association with the plasma membrane, reduced ORF3a-induced apoptosis. Interestingly, plasma membrane association is required for the pro-apoptotic activity of SARS-CoV-2 ORF3a, but not for SARS-CoV ORF3a, suggesting a subtle difference of these two ORF3a proteins in the induction of apoptosis (Ren et al., 2020).

SARS ORF3a-induced necrosis could also be mediated through different pathways (Freundt et al., 2010; Yue et al., 2018; Siu et al., 2019; Zhang et al., 2022). For example, ORF3a-induced necrosis is associated with Golgi fragmentation and membrane rearrangement (Freundt et al., 2010). SARS-CoV ORF3a induces necrosis by lysosomal damage through interruption of Rip3-mediated oligomerization of ORF3a (Yue et al., 2018). In addition, SARS-CoV ORF3a-induced necrosis is accompanied by the secretion of pro-inflammatory cytokines (Yue et al., 2018; Siu et al., 2019). SARS-CoV-2 ORF3a-induced apoptosis and necrosis also correlate with the activation of pro-inflammatory cytokine production and possibly link it to the induction of oxidative stress (Zhang et al., 2022). Additional study is needed to confirm these mechanisms.

Overall, ORF3a elicits host cellular innate immune responses that lead to apoptosis and necrosis. This cell death-inducing capacity appears to be a highly conserved cellular response among eukaryotic cells including fission yeast (Zhang et al., 2022), Drosophila (Wong et al., 2005; Yang et al., 2020), and mammalian cells (Ren et al., 2020; Zhang et al., 2022), suggesting ORF3a impinges upon fundamental cell death pathways.



Host Cellular Pro-inflammatory Immune Response

Besides the induction of host cellular innate antiviral immune responses, SARS-CoV-2 infection also triggers a series of host cellular antiviral and pro-inflammatory immune responses that result in the production and release of cytokines and chemokines (Mogensen and Paludan, 2001). The balance between a cellular antiviral immune response and a pro-inflammatory overreaction determines the clinical outcome. In the case of SARS-CoV-2 infection, over-inflammatory responses in patients with COVID-19 could induce the so-called cytokine storm that is a major cause of disease severity and death (Del Valle et al., 2020; Sayah et al., 2021).

The expression of SARS-CoV-2 ORF3a in human lung, kidney, heart, and cervical epithelial cells triggers moderate level of NF-κB-mediated cytokine production including TNF-α, IL-1β, IL-6, and IFN-β1 in a time-dependent manner (Su et al., 2021; Zhang et al., 2022). High serum IL-6 and TNF-α levels are two strong and independent survival predictors of patient with COVID-19 (Del Valle et al., 2020; Sayah et al., 2021). In addition, Toll-Like receptors 3 (TLR3) and TLR4 are also elevated by ORF3a (Zhang et al., 2022). Both TLR3 and TLR4 recognize double-stranded RNA and trigger antiviral production of type I IFNs and pro-inflammatory cytokines. TLR4 is a cell membrane receptor (Aboudounya and Heads, 2021) and TLR3 resides on the endosomal membrane in epithelial cells (Matsumoto et al., 2014; Figure 4D). TLR3 induces pro-inflammatory cytokine production through a TLR adaptor molecule, TRIF (Toll/IL-1R domain-containing adaptor inducing IFN; Matsumoto et al., 2014), whereas TLR4-mediated pro-inflammatory cytokine production is primarily through NF-κB. Both TLR3 and TLR4-mediated pro-inflammatory responses contribute to the severity of COVID-19 (Mather et al., 2020; Brandao et al., 2021). TLR4-mediated production of IL-6 and TNF-α is associated with the severity of COVID-19 in patients with cardiometabolic comorbidities (Brandao et al., 2021). Inhibition of TLR3 by famotidine decreases IL-6 (Mukherjee et al., 2021) and reduces the risk of intubation and death in patients hospitalized with COVID-19 and alleviates symptoms in non-hospitalized patients with COVID-19 (Mather et al., 2020). Therefore, it is likely that ORF3a-induced IL-6 and TNF-α production through NF-κB, TLR3 or TLR4 could all contribute to the severity of COVID-19. Additional study is needed to explore these possibilities.

Although moderate levels of NF-κB-mediated cytokines are induced by ORF3a (Su et al., 2021; Zhang et al., 2022), expression of a single a.a. deletion at residue 188 (∆G188) of ORF3a resulted in markedly increase of NF-κB and downstream cytokines of TNF-α, IL-6, and IFN-β1 (Zhang et al., 2022). The G188 residue is one of the two highly conserved glycine resides that separate two antiparallel β4/β5 sheets of the ORF3a homodimers (Kern et al., 2021; Figure 3C). Thus, the ∆G188 deletion may interrupt the configuration of β4/β5 sheets affecting dimerization of the protein and the C-terminal end, where ion channel activity or interaction of ORF3a with host cellular proteins may take place. One possible explanation for the stronger effect of the ∆G188 mutant than wild type is that the wild-type ORF3a protein might be restricted by host cellular protein(s) through direct protein–protein interaction (Caillet-Saguy et al., 2021), as shown in other viral infections (Gaddy and Lyles, 2005). This possibility warrants additional investigation.

SARS-CoV ORF3a activates NF-κB, TNF-α and promotes cytokines and chemokines productions (Kanzawa et al., 2006; Obitsu et al., 2009; Chen et al., 2019). Interestingly, ORF3a induces IL-6 and IL-18 production through activation of the NLRP3 (Nod-like receptor family, pyrin domain-containing 3) inflammasome (Chen et al., 2019), a multimeric protein complex that triggers the secretion of pro-inflammatory cytokines (Jorgensen and Miao, 2015; Yang et al., 2019; Freeman and Swartz, 2020). Clinically, over-regulated or dysregulated NLRP3 inflammasome activation in SARS-CoV and SARS-CoV-2-infected patients could trigger a cytokine storm that causes tissue damage and organ failure in patients with severe SARS or COVID-19 leading to death (Freeman and Swartz, 2020; van den Berg and Te Velde, 2020). SARS-CoV ORF3a-induced activation of the NLRP3 inflammasome requires K+ efflux and oxidative stress-induced ROS production, which results in further secretion of IL-1β and induction of pyroptosis (Chen et al., 2019). Pyroptosis is an inflammatory form of necrosis that promotes rapid clearance of invading viruses and enhances host antiviral response (Jorgensen and Miao, 2015; Figure 4E). Specifically, formation of the NLRP3 inflammasome activates caspase-1 that converts pro-IL-1β to IL-1β through a proteolytic processing leading to pyroptosis (Kayagaki et al., 2015; Shi et al., 2015). ORF3a-induced NF-κB expression also promotes activation of caspase-1 and IL-1β maturation through interaction with a ubiquitin ligase TNF receptor-associated factor 3 (TRAF3), which promotes ubiquitination of ASC, an adaptor protein that activates caspase-1 (Siu et al., 2019; Jin et al., 2021). Both SARS ORF3a proteins induce pyroptosis through the activation of caspase-1 and IL-1β maturation (Yue et al., 2018; Siu et al., 2019; Gowda et al., 2021; Figure 4E). These data suggest that the SARS-CoV-2 ORF3a function associated with the activation of NLRP3 inflammasome or a cytokine storm determines the severity of COVID-19 in patients. Although SARS-CoV-2 infection triggers activation of the NLRP3 inflammasome that results in tissue damage and severe COVID-19 (Freeman and Swartz, 2020; van den Berg and Te Velde, 2020), it is unclear at present whether ORF3a is directly involved in activating the NLRP3 inflammasome. The suspicion is that it might, because SARS-CoV-2 ORF3a activates one of the downstream effectors of the NLRP3 inflammasome, HMGB1 (high mobility group box 1), and induces caspase-1-mediated pyroptosis (van den Berg and Te Velde, 2020; Yang et al., 2020; Gowda et al., 2021). HMGB1 is a ubiquitous protein released by microglia or macrophages upon NLRP3 inflammasome activation and promotes TLR4- and receptor for advanced glycation end products (RAGE)-mediated pro-inflammatory cytokine production (Paudel et al., 2018; Peng et al., 2021; Figure 4F). Highly elevated serum levels of HMGB1 are found in COVID-19 patients (Bolay et al., 2021), which correlates with poor prognosis of these patients (Chen et al., 2020). An HMGB1 inhibitor, glycyrrhizin, reduces ORF3a-induced HMGB1 release and production of IL-1β, IL-6, and IL-8 and further prevents ORF3a-induced caspase-1-mediated pyroptosis (Gowda et al., 2021). Furthermore, glycyrrhizin inhibits SARS-CoV-2 replication in Vero E6 cells, suggesting SARS-CoV-2 ORF3a-mediated HMGB1 release is associated with host cellular pro-inflammatory responses and viral replication (Gowda et al., 2021).

Besides activation of the NLRP3 inflammasome and HMGB1, hypoxia-inducible factor-1α (HIF-1α) signaling pathway (Figure 4F) is also elevated in elderly patients with COVID-19 (Tan et al., 2021). The elevated HIF-1α is particularly interesting as it is associated with a hyper-pro-inflammatory response and cytokine production (IL-6, IL-1β, IFN-β, and TNF-α, etc.) with high mortality (Tan et al., 2021). Significantly, one of the major clinical manifestations in patients with severe COVID-19 infection is hypoxia, that is, insufficient oxygen level in affected tissue and blood, and HIF-1α mediates cellular responses to low oxygen concentration (Jahani et al., 2020). Consistent with this, elevated HIF-1α signaling is seen in patients with severe COVID-19 experiencing low levels of oxygen in affected tissues and blood, and HMGB1 activates HIF-1α to promote pro-inflammatory cytokine production via NF-κB in activated monocytes under hypoxic condition (Peng et al., 2021; Figure 4F). In vitro, SARS-CoV-2 infection induces elevation of HIF-1α and promotes cytokine production (Tian et al., 2021). Moreover, ORF3a promotes HIF-1α production through the ROS production from mitochondria, which in turn facilitates SARS-CoV-2 infection and pro-inflammatory cytokines production (Tian et al., 2021). Overall, these findings provide a possible framework on how SARS-CoV-2 ORF3a induces a cytokine storm in patients with COVID-19 especially under hypoxic conditions. In that situation, we hypothesize that SARS-CoV-2 ORF3a triggers a cytokine storm by activating NLRP3 inflammasomes, which in turn activates HMGB1 and HIF-1α to promote the overproduction of pro-inflammatory cytokines (Figure 4).




NATURAL ORF3A VARIANTS AND POTENTIAL ASSOCIATION WITH VIRAL PATHOGENESIS AND COVID-19


Origin and Evolution

Among the seven hCoVs, ORF3a only presents in SARS-CoV and SARS-CoV-2 (Kern et al., 2021), implicating its unique involvement in SARS viruses. Thus, ORF3a protein must have been acquired recently during viral evolution by SARS viruses from the CoV lineage. This is evident because no ORF3a homologues are detected even in its close relatives of embercovirus, a subgenus of β-CoV, γ-CoV, or δ-CoV that includes hCoV-HKU1 and hCoV-OC43 (Ouzounis, 2020; Kern et al., 2021; Tan et al., 2021). Protein sequence comparisons and computer protein structure modeling analyses suggest that ORF3a might be derived originally from M gene in the CoV lineage (Ouzounis, 2020; Tan et al., 2021). Using SARS-CoV-2 ORF3a protein structure as a template to search for possible structural homologues, several families of viral proteins were revealed including SARS-CoV M, ORF5 from MERS-CoVs, ORF3c from β-CoVs, and ORF3b from α-CoVs (Tan et al., 2021). All these structural homologues share a common 3-TM region followed by a β-sandwich domain. In addition, they show unique polar residues in the inner cavity of the proteins (Tan et al., 2021). The host range of those viruses might also provide a hint about the source of SARS ORF3a. While no structural homologues of ORF3a are found in CoVs that infect rodents, birds, or pigs, close protein structural homologues of ORF3a are found in CoVs that primarily infects bats, pangolin, and civets (Kern et al., 2021).

Phylogenetic analysis of the SARS-CoV-2 genome and calculation of evolutionary rates of a.a. changes overtime suggest that ORF3a is selected for its diversity and functional adaptation during viral evolution (Velazquez-Salinas et al., 2020; Jungreis et al., 2021; Tan et al., 2021). For instance, the residue 99 of ORF3a is selected for an adenine (A99; Lo Presti et al., 2020), which is highly conserved at the junction of TM2 and TM3 (Figure 3D). The residue 251 is also selected for from glycine to valine (G251V) that resides at a highly conserved region of the cytoplasmic C-terminal end, suggesting this residue might be important for its function (Velazquez-Salinas et al., 2020). Indeed, protein structural analysis predicts that mutations of G251V could significantly affect the overall protein structure of ORF3a (Wu et al., 2021).

There is also an intriguing idea emerging to suggest that SARS ORF3a might co-evolve with S protein as positive selection was observed in ORF3a along with S during the SARS outbreak in 2003 (McClenaghan et al., 2020; Tan et al., 2021). In addition, SARS-CoV ORF3a interacts with S protein (Tan et al., 2004; Zeng et al., 2004; Shen et al., 2005) by forming disulfide bonds (Zeng et al., 2004). Emodin, an ion channel inhibitor of SARS-CoV ORF3a, blocks the interaction of S protein with ACE2 (Ho et al., 2007), indicating that ORF3a may function as a modulator of S protein (Tan, 2005). Although no report has yet shown direct interaction of SARS-CoV-2 ORF3a with S protein, analysis of protein structures and molecular docking predict that SARS-CoV-2 ORF3a may interact with S protein. It was further predicted that Q57H and G251V mutant ORF3a also bind to S protein stronger than the wild-type ORF3a (Wu et al., 2021). Thus, it would be interesting to test whether these SARS-CoV-2 ORF3a proteins indeed bind to S protein and further to access their roles in viral infection.



Emerging Natural Variants and Potential Association With Viral Pathogenesis and COVID-19

Due to the error-prone nature of RNA viral replication, the SARS-CoV-2 genome mutates with high frequency resulting in continued emergence of new variants to improve its fitness in human infection (Domingo et al., 2021). Continued mutations of S protein are of major concern as they alter the ability of the virus to transmit, infect and cause COVID-19 (Chakraborty et al., 2021; Changrob et al., 2021). Continued emergence of ORF3a protein variants might also be of concern as its mutations could affect its role in viral pathogenesis, severity of COVID-19, and contribution to post-COVID conditions as described above (Majumdar and Niyogi, 2020; Hassan et al., 2021; Nagy et al., 2021). Using the first SARS-CoV-2 virus isolated from Wuhan, China as a reference sequence (Wu et al., 2020), continual monitoring and comparison of genome sequences in the GISAID database collected worldwide since the onset of the pandemic has revealed a large numbers of natural non-synonymous mutations of SARS-CoV-2 ORF3a that span throughout the entire protein (Issa et al., 2020; Azad and Khan, 2021; Bianchi et al., 2021; Nagy et al., 2021). Among those mutations, Q57H and G251V are the two most abundant ORF3a mutations (Issa et al., 2020; Bianchi et al., 2021; Figure 3D). Besides single a.a. changes, double mutants also are found to pair with Q57H or G251V (Issa et al., 2020; Bianchi et al., 2021). Although most of the mutations appear to be random, some a.a. changes could potentially be functionally relevant as they occur at relatively high frequencies in functionally relevant domains (Issa et al., 2020; Bianchi et al., 2021). For instance, among 17 unique ORF3a variants discovered out of 70,752 SARS-CoV-2 ORF3a variants, 10 are in the TM domains that are in contact with central pore or side tunnels of the protein, the other 7 mutations are at the extracellular N-terminus or the C-terminal cytoplasmic β-sheet domains (Bianchi et al., 2021). Nevertheless, whether those natural ORF3a variants affect the function of ORF3a is currently unknown.

One study found that 18 unique a.a. changes in the ORF3a protein are associated with higher mortality in patients with COVID-19 (Majumdar and Niyogi, 2020). This study compared the ORF3a mutational profile with the rate of infection and mortality in over 20,000 COVID-19 positive cases from 23 countries (Majumdar and Niyogi, 2020). They found that some ORF3a mutations were present only in those countries where high infection and high mortality rates were shown, but they were not present in countries with low infection and low mortality rates. It was suspected that those ORF3a mutations could alter ORF3a functions or skip recognition by B cell epitopes (Majumdar and Niyogi, 2020). No experimental data were provided to verify those predictions. However, in a different study, complete loss of T cell responsiveness was attributed to a Q213K mutation in the A∗01:01-restricted CD8+ ORF3a epitope FTSDYYQLY207-215 that is part of the β7 sheet (de Silva et al., 2021; Figure 3D).

Unique ORF3a mutations also associate with different levels of COVID-19 severity (Nagy et al., 2021). This study correlated ORF3a mutations that were discovered from a total of 149,061 genome sequences deposited in the GISAID database with a total of 7,702 individuals who were infected with SARS-CoV-2 with various degrees of disease severity. They found that a G196V mutant, which is between β5 and β6 sheets (Figure 3D), is associated with those patients who had mild disease, that is, asymptomatic or not hospitalized; the Q57H and G251V mutants are associated with those patients who were hospitalized in ICU or had severe outcome; and the S253P mutation links to those patients with deadly outcomes (Nagy et al., 2021). Both residues 251 and 253 are at the free C-terminal end, and Q57H is near the N-terminal end within TM1 (Figure 3D). A 4-a.a. deletion (a.a. 11–14) at the N-terminal end of ORF3a was also found to associate with an ICU COVID-19 patient who suffered severe disease (Lednicky et al., 2021). The virus with this ORF3a deletion mutant showed reduced viral replication and cytopathic effects compared with the wild-type control virus. Interestingly, no similar viruses were isolated from this hospital during the same time period, suggesting this mutant virus may have lost its ability to transmit (Lednicky et al., 2021). All these studies suggest that certain ORF3a mutations are indeed correlated with the severity of COVID-19 (Majumdar and Niyogi, 2020; Lednicky et al., 2021; Nagy et al., 2021).

Some ORF3a mutants are found in the virus of interest (VOI) and virus of concern (VOC) as defined by World Health Organization (WHO; Table 1). For instance, the Q57H mutation is present in Epsilon variant, whereas the Q57H/S171L mutations are found in Beta variant (Tzou et al., 2020). While Q57H mutation is in TM1 (Figure 3D), suggesting possible alteration of ORF3a function, a.a. at residue 171 are diverse within β3 sheet (Kern et al., 2021). Interestingly, the emergence of Q57H was reported to associate with the 4th wave of resurgence of SARS-CoV-2 in Hong Kong (Chu et al., 2021). ORF3a protein with the Q57H mutation was predicted to have stronger binding affinity to S protein than the wild-type ORF3a (Wu et al., 2021), and it also associates with disease severity (Nagy et al., 2021). Yet, in vitro experimental data show that the activities of Q57H ORF3a are comparable to the wild-type ORF3a in its ability to elicit host cellular innate and pro-inflammatory responses and induce cell death in lung and kidney epithelial cells (Zhang et al., 2022). However, these results cannot rule out the possibility that Q57H may have other activities that are different from wild type. The Gamma variant carries a single S253P alteration or combined S253P/D155Y mutations. Both D155 and S253 residues are highly conserved among sarbecoviruses. D155 is at the junction of β1 and β2 sheets, and S253 is within a stretch of the well-conserved cytoplasmic domain of the C-terminus (Figure 3D). Therefore, mutations of D155Y and/or S253P could potentially alter the ORF3a activities. In contrast to the potentially functionally relevant mutations described above, S26L mutation found in the Delta variant may not have any functional significance, as this residue is quite diverse among sarbecoviruses (Kern et al., 2021).



TABLE 1. Summary of the emerging SARS-CoV-2 ORF3a mutant variants.
[image: Table1]

Trending of viral protein mutation frequencies among SARS-CoV-2 that are circulating worldwide showed an overall decline of mutation frequency of ORF3a over time (Hassan et al., 2021). The significance of this decline in viral pathogenesis and ORF3a evolution is unclear. An intriguing observation is that in contrast to a significant and large number of mutations found in other part of the viral genome of Omicron variants (BA.1, BA.2, and BA.3), no ORF3a mutation is found in the BA.1 variant or a single T223I ORF3a mutant is found in BA.2 and BA.3 variants (Tzou et al., 2020). Most interestingly, all three Omicron variants were first detected at approximately the same time and from the same place (Desingu et al., 2022). Thus, they should have equal chances to spread. However, only BA.1 variant is spreading very rapidly and it is now the most predominant viral variant in the world, and it also shows significantly attenuated viral virulence with reduced death rate and hospitalization (Abdullah et al., 2021; Espenhain et al., 2021). Although BA.2 and BA.3 variants are also attenuated, but they somehow spread much slower than BA.1. There is a total of seven mutations shared by BA.2 and BA.3 that are distinct from BA.1. One of the mutations is T223I of ORF3a that resides at the junction of β7 and β8 sheets. It is unknow at present whether the lack of ORF3a mutation in BA.1 or the T223I mutation in BA.2 and BA.3 have any functional relevance to viral transmission and disease severity of COVID-19, it would be interesting to investigate whether there is an association of viral attenuation (Abdullah et al., 2021; Desingu et al., 2022) and viral transmission observed in the Omicron variants with the lack of ORF3a mutation or the emergence of the T223I mutation.




FINAL REMARKS AND FUTURE STUDIES

We have learned a great deal about the function of SARS-CoV-2 ORF3a and its importance in viral pathogenesis and COVID-19 since the beginning of this pandemic. We have also confirmed some of ORF3a functionalities by comparing the studies of SARS-CoV and SARS-CoV-2 due to their sequence and structural similarities (Figure 1). While SARS-CoV-2 ORF3a is functionally similar to SARS-CoV ORF3a in many ways, SARS-CoV-2 ORF3a has clearly evolved and adapted subtle but new activities.

SARS-CoV-2 is a viroporin that forms calcium ion channels or interferes with ion channel activities of host plasma and endomembranes. Although ORF3a is an accessory protein, it plays important roles in virus reproduction in conjunction with E protein, and it exerts its effect throughout the viral life cycle (Figure 2), including viral uptake through endocytic pathways, DMV-associated viral transcription and replication on RTC, and viral release through exocytosis. Its expression in infected cells triggers cellular innate and pro-inflammatory immune responses that can induce a cytokine storm, especially under hypoxic conditions, by activating NLRP3 inflammasomes, HMGB1 and HIF-1α to promote the pro-inflammatory cytokine and chemokine production through NF-κB, TLR3, or TLR4-mediated pathways (Figure 4). Consequently, it leads to various forms of cell death including apoptosis, necrosis, and pyroptosis that contribute to tissue damage, COVID-19 and post-COVID morbidity.

Many of the SARS-CoV-2 ORF3a functions need further investigation. It remains unclear whether SARS-CoV-2 ORF3a’s ion channel activity is an intrinsic activity or if ORF3a interferes with an endogenous ion channel. While ORF3a continues to mutate, resulting in many emerging new mutant variants, there is no clear indication how the new ORF3a mutations affect its functions or their impact on viral pathogenesis and severity of COVID-19. It would be interesting to test whether SARS-CoV-2 ORF3a is directly involved in the activation of NLRP3 inflammasomes and participates in the induction of a cytokine storm especially under hypoxic conditions. Since cellular oxidative stress and inflammation cause tissue damage and various post-COVID conditions such as pulmonary fibrosis and “brain fog,” it would be important to study exactly how ORF3a exerts its effects on those conditions so that we could design ways to alleviate associated symptoms. Because SARS-CoV-2 ORF3a is a SARS-specific protein and its functions are associated with viral pathogenesis, viral reproduction, and COVID-19, ORF3a may be an appropriate therapeutic target to reduce viral production, alleviate symptoms of COVID-19 and post-COVID conditions. In addition, ORF3a-induced cell death is a highly conserved cellular response among fission yeast (Zhang et al., 2022), Drosophila (Yang et al., 2020), and humans (Ren et al., 2020), suggesting that it impacts fundamental cell death pathways. Therefore, ORF3a-induced cell death could provide a measurable endpoint to target ORF3a-induced adverse and cytopathic effects and to facilitate high-throughput screening of antiviral drugs against ORF3a (Zhao, 2017; Zhang et al., 2022). Although various inhibitors are described to inhibit ORF3a-mediated activities, no specific SARS-CoV-2 ORF3a inhibitor has been reported to target ORF3a directly or to inhibit all its activities, a prerequisite of a bona fide ORF3a inhibitor.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a viral pathogen causing life-threatening diseases in humans. Interaction between the spike protein of SARS-CoV-2 and angiotensin-converting enzyme 2 (ACE2) is a potential factor in the infectivity of a host. In this study, the interaction of SARS-CoV-2 spike protein with its receptor, ACE2, in different hosts was evaluated to predict the probability of viral entry. Phylogeny and alignment comparison of the ACE2 sequences did not lead to any meaningful conclusion on viral entry in different hosts. The binding ability between ACE2 and the spike protein was assessed to delineate several spike binding parameters of ACE2. A significant difference between the known infected and uninfected species was observed for six parameters. However, these parameters did not specifically categorize the Orders into infected or uninfected. Finally, a logistic regression model constructed using spike binding parameters of ACE2, revealed that in the mammalian class, most of the species of Carnivores, Artiodactyls, Perissodactyls, Pholidota, and Primates had a high probability of viral entry. However, among the Proboscidea, African elephants had a low probability of viral entry. Among rodents, hamsters were highly probable for viral entry with rats and mice having a medium to low probability. Rabbits have a high probability of viral entry. In Birds, ducks have a very low probability, while chickens seemed to have medium probability and turkey showed the highest probability of viral entry. The findings prompt us to closely follow certain species of animals for determining pathogenic insult by SARS-CoV-2 and for determining their ability to act as a carrier and/or disseminator.

Keywords: SARS-CoV-2, COVID-19, livestock, ACE2, modeling


BACKGROUND

Three large-scale disease outbreaks during the past two decades, viz., severe acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), and swine acute diarrhea syndrome (SADS) were caused by three zoonotic coronaviruses (CoVs). SARS and MERS, which emerged in 2003 and 2012, respectively, caused a worldwide pandemic claiming 774 (8,000 SARS cases) and 866 (2,519 MERS cases) human lives, respectively (1), while SADS devastated livestock production by causing fatal disease in pigs in 2017. The SARS and MERS viruses had several common factors in having originated from bats in China and being pathogenic to humans or livestock (2–4). Seventeen years after the first highly pathogenic human CoVs, SARS-COV-2 is devastating the world with 87,808,867 cases and 1,894,632 deaths (as on January 07, 2021) (5). This outbreak was first identified in Wuhan City, Hubei Province, China, in December 2019 and notified by WHO on January 5, 2020. The disease has since been named as COVID-19 by WHO.

Coronaviruses are an enveloped, crown-like viral particles belonging to the subfamily Orthocoronavirinae in the family Coronaviridae and the Order Nidovirales. They harbor a positive-sense, single-strand RNA (+ssRNA) genome of 27–32 kb in size. Two large overlapping polyproteins, ORF1a and ORF1b, that are processed into the viral polymerase (RdRp) and other non-structural proteins involved in RNA synthesis or host response modulation, cover two-thirds of the genome. The rest one-third of the genome encodes for four structural proteins [spike (S), envelope (E), membrane (M), and nucleocapsid (N)] and other accessory proteins. The four structural proteins and the ORF1a/ORF1b are relatively consistent among the CoVs; however, the number and size of accessory proteins govern the length of the CoV genome (4). This genome expansion is said to have facilitated the acquisition of genes that encode accessory proteins, which are beneficial for CoVs to adapt to a specific host (6, 7). Next-generation sequencing has increased the detection and identification of new CoV species resulting in the expansion of the CoV subfamily. Currently, there are four genera (α-, β-, δ-, and γ-) with 38 unique species in CoV subfamily [International Committee on Taxonomy of Viruses (ICTV) classification] including the three highly pathogenic CoVs, viz., SARS-CoV-1, MERS-CoV, and SARS-CoV-2 are β-CoVs (8).

Coronaviruses are notoriously promiscuous. Bats host thousands of these types, without succumbing to illness. The CoVs are known to infect mammals and birds, including dogs, chickens, cattle, pigs, cats, pangolins, and bats. These viruses have the potential to leap to new species and in this process mutate along the way to adapt to their new host(s). coronavirus disease 2019 (COVID-19), a global crisis, likely started with CoV-infected horseshoe bat in China. The SARS-CoV-2 is spreading around the world in the hunt of entirely new reservoir hosts for reinfecting people in the future (9). Recent reports of COVID-19 in a Pomeranian dog and a German shepherd in Hong Kong (10); in a domestic cat in Belgium (11); in five Malayan tigers and three lions at the Bronx Zoo in New York City (12) and in minks (13) make it all more necessary to predict species that could be the most likely potential reservoir hosts in times to come.

Angiotensin-converting enzyme 2 (ACE2) is an enzyme that physiologically counters renin–angiotensin–aldosterone–aldosterone system (RAAS) activation that functions as a receptor for both the SARS viruses (SARS-CoV-1 and SARS-CoV-2)(14–16). The ACE2 human RefSeqGene is 48,037 bp in length with 18 exons and is located on chromosome X. ACE2 is found attached to the outer surface of cells in the lungs, arteries, heart, kidney, and intestines (17, 18). The potential factor in the infectivity of a cell is the interaction between SARS viruses and the ACE2 receptor (19, 20). By comparing the ACE2 sequence, several species that might be infected with SARS-CoV2 have been identified (21). Recent studies, exposing cells/animals to the SARS-CoV2, revealed humans, horseshoe bats, civets, ferrets, cats, and pigs could be infected with the virus and mice, dogs, pigs, chickens, and ducks could not be or poorly infected (16, 22). Pigs, chickens, fruit bats, and ferrets are being exposed to SARS-CoV2 at the Friedrich-Loeffler Institute and initial results suggest that Egyptian fruit bats and ferrets are susceptible, whereas pigs and chickens are not susceptible (23). In this cause of predicting potential hosts, no studies on ACE2 sequence comparison among species along with homology modeling and prediction, to define its interaction with the spike protein of SARS-CoV-2, are available. Therefore, this study is taken to identify the viral entry in potential hosts through sequence comparison, homology modeling, and prediction.



RESULTS


Sequence Comparison of ACE2

The protein and DNA sequence lengths of ACE2 varied in different hosts (Supplementary Table 1). Among the sequences that were compared, the longest coding sequence (CDS) was found in the order—Chiroptera (Myotis brandtii—811 aa) and the smallest in the order—Proboscidea (Loxodonta africana—800 aa). The within-group mean distance, the parameter indicative of variability of nucleotide sequences within the group, was found to be minimum in Perrisodactyla followed by Primates and was maximum among the Galliformes followed by Chiroptera (Supplementary Table 2). To establish the probability of SARS-CoV-2 entry into species of other orders, the distance of all the orders from Primates was assessed (Supplementary Table 3). This distance was found minimum for Perissodactyls followed by Carnivores and maximum for Galliformes followed by Anseriformes. Further, to decide a cutoff distance that can establish whether the species can be infected or not, the individual distance of each species from Homo sapiens was evaluated (Supplementary Table 3). Meleagris gallopavo (Turkey) is the species, which had the greatest distance from Homo sapiens. The minimum distance that corresponded to the species that was already established to be uninfected with the SARS-CoV-2, i.e., Sus scrofa, was 0.194. The codon-based test of neutrality to understand the selection pressure on the ACE2 sequence in the process of evolution was done. The analysis showed that there was a significant negative selection between and within orders for the ACE2 sequence. On sequence comparison of the spike-interacting domain of the alignments, both the protein and nucleotide (Data Sheets 1, 2) showed that the sequences were well conserved within the orders, suggesting that the structure defined by the sequence was conserved within the orders. The maximum variability with the Homo sapiens sequence within these regions was observed for Galliformes, followed by Accipitriformes, Testudines, Crocodilia, and Chiroptera. The protein sequence alignment at 30–41, 82–84, and 353–357 aa also showed similar sequence conservation and variability.



Phylogenetic Analysis

The protein sequences aligned were further subjected to find the best substitution model for phylogenetic analysis. The best model on the basis of BIC was found to be JTT + G. The phylogenetic analysis clearly classified the sequences of the species into their orders. All the sequences were clearly grouped into two clusters. The first cluster represented the Mammalian class and the second cluster was represented by two subclusters of Avian and Reptilian classes with high bootstrap values (Figure 1). Within the mammalian cluster, the artiodactyls were subclustered farthest to the primates and the rodents, lagomorphs, and carnivores were found clustered close to the primates with reliable bootstrap values. The Chiroptera subcluster had a subnode constituting horseshoe bat (Rhinolophus ferrumequinum) and the fruit bats (Pteropus Alecto and Rousettus aegyptiacus) (Figure 1).
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FIGURE 1. Phylogenetic analysis of angiotensin-converting enzyme 2 (ACE2) protein sequences. The tree was constructed using the neighbor joining method in MEGA 6.0. The bootstrap values are given at each node.




Homology Modeling, Docking, and Evaluation of Spike-Binding Parameters of ACE2

Homology modeling was done for all the ACE2 sequences based on the X-ray diffraction structures defined in Protein Data Bank (PDB) database—6LZG, 6VW1, and 6M0J. After homology modeling using SWISS-MODEL, the models (144 = 48 x 3) were validated using SAVES. The homology modeled structures used in this study showed no “error” in PROVE. Most of the homology modeled structures had >90% score in PROCHECK and >95% score in ERRAT2 showing the models were good enough for further analysis. All the models were assigned “PASS” by Verify 3D (Supplementary Table 4).

These models constructed were then studied for their interaction with the spike ACE2-binding domains defined in the same IDs using GRAMM-X (Supplementary Table 5). Out of the five docked complexes tested for each X-crystallography structure, the best three docked complexes were selected based on the delta G and the number of hydrogen bonds. Several spike-binding parameters for these selected complexes—432 were generated in FoldX (Supplementary Table 6). Initially, to classify the infected from the uninfected irrespective of the order(s), unpaired t-test was done. The spike-binding parameters—root-mean-square deviation (RMSD), delta G, intraclashesGroup1, Van der Waals and solvation hydrophobic, and entropy sidechain were found to be significantly different in the infected from the uninfected (Supplementary Tables 7, 8). These parameters were further used to classify an order as infected or uninfected (Supplementary Table 9). None of the parameters could clearly classify the orders to be infected or uninfected, i.e., for RMSD, the orders—Artiodactyla and Testudines, were significantly different from the infected and uninfected; however, the order—Chiroptera was significantly different only from the infected (Figures 2–4). Similar findings were observed with the rest of the significant parameters that were evaluated. This suggested that the use of a single parameter would not help in identifying a species with probable viral entry.
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FIGURE 2. Scatterplot showing the comparison of Artiodactyls with the infected and uninfected groups for all the six significant parameters (A) Root-mean-square deviation (RMSD)—significant difference on comparison of Artiodactyls with the infected and uninfected groups. (B) delta G—No significant difference on comparison of Artiodactyls with the infected and uninfected groups. (C) InterclashesGroup1—significant difference on comparison of Artiodactyls with the infected and uninfected groups. (D) Van der Waals—significant difference on comparison of Artiodactyls with infected and no significant difference with the uninfected groups. (E) Solvation hydrophobic—significant difference on comparison of Artiodactyls with infected and no significant difference with the uninfected groups. (F) Entropy side chain—significant difference on comparison of Artiodactyls with the infected group and no significant difference with the uninfected group. **Significance at p < 0.01; *Significance at p < 0.05 after unpaired t-test on comparing two groups at a time.
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FIGURE 3. Scatterplot showing the comparison of Testudines with infected and uninfected groups for all six significant parameters (A) RMSD—significant difference on comparison of Testudines with the infected and uninfected groups. (B) delta G—significant difference on comparison of Testudines with infected and no significant difference with the uninfected groups. (C) InterclashesGroup1—significant difference on comparison of Testudines with infected and no significant difference with the uninfected groups. (D) Van der Waals—no significant difference on comparison of Testudines with the infected and uninfected groups. (E) Solvation hydrophobic—significant difference on comparison of Testudines with infected and no significant difference with the uninfected groups. (F) Entropy side chain—no significant difference on comparison of Testudines with the infected group and the uninfected group. **Significance at p < 0.01; *Significance at p < 0.05 after unpaired t-test on comparing two groups at a time.
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FIGURE 4. Scatterplot showing the comparison of Chiroptera with infected and uninfected groups for all six significant parameters (A) RMSD—significant difference on comparison of Chiroptera with infected and no significant difference with the uninfected groups. (B) delta G—significant difference on comparison of Chiroptera with uninfected and no significant difference with the infected groups. (C) InterclashesGroup1—significant difference on comparison of Chiroptera with the infected and uninfected groups. (D) Van der Waals—significant difference on comparison of Chiroptera with uninfected and no significant difference with the infected groups. (E) Solvation hydrophobic—significant difference on comparison of Chiroptera with uninfected and no significant difference with the infected groups. (F) Entropy side chain—no significant difference on comparison of Chiroptera with the infected and uninfected groups. **Significance at p < 0.01; *Significance at p < 0.05 after unpaired t-test on comparing two groups at a time.




Logistic Regression and Prediction of Viral Entry Probability

The seven different combinations of data used for finding the best combination of X-crystallography models for predicting the viral entry can be accessed through Supplementary Table 7 (for details please refer to materials and methods). On analyzing the data against a single X-crystallography model, i.e., either 6M0J or 6LZG or 6VW1, the number of significant parameters at a 5% level of significance were found to be highest for 6M0J and lowest for 6VW1 (Table 1). Among these single model combinations, the highest reduction in null deviance and the greatest R square was observed for 6VW1. However, the akaike information criterion (AIC) value was the lowest for 6LZG. On considering the data against two models, the number of significant parameters were found to be highest for both the combinations—6LZG & 6M0J and 6LZG & 6VW1. These two combinations were better than the other combination vis-a-vis most of the evaluation parameters. Between, 6LZG & 6M0J and 6LZG & 6VW1, the former was having the lowest AIC value, the greatest reduction in null deviance, and the lowest p-value that determines a significant reduction in null deviance than the latter. However, the R square was higher in the later than the former. The analysis of data against the three-model combination, 6M0J & 6VW1 & 6LZG, also proved to have good estimates of evaluation parameters (Table 1). Among all the seven data combinations considered, based on the evaluation parameters, the best three combinations, 6LZG & 6M0J, 6LZG & 6VW1 and 6M0J & 6VW1 & 6LZG, were considered for evaluating the probability of viral entry by partitioning the data as training and test data. The predicted probability of all the infected species was closer to being infected with the data combinations—6M0J & 6LZG followed by 6LZG & 6VW1 and 6M0J & 6VW1 & 6LZG. Similar was the probability for the uninfected species except for a minor difference in S. scrofa. Considering these findings, the prediction equation obtained from the combination of 6M0J & 6LZG was selected for predicting the probability of the rest of the species in this study. The probabilities were predicted using the following equation:
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The Hosmer and Lemeshow goodness of fit (GOF) test showed no significant difference between the logistic model and the observed data (p > 0.05) indicating that the logistic model constructed is a good fit (Table 1). The predicted probabilities are given in Table 2. Within the Order Artiodactyla, all species except Bison bison bison (American bison), Ovis aries (Sheep), and S. scrofa (Pig) had more than 80% probability of viral (SARS-CoV-2) entry using ACE2 as a receptor. In American bison, Sheep and Pig, the probability of virus entry was 0.0036, 24.3, and 18.6%, respectively. In Perrisodactyla, the probability of viral entry was 48% in horses and 79.1% in donkeys. All the carnivores in this study had a high probability of viral entry. In bats, the probability of viral entry was high in all the species. Among the rodents, except for Hamster, mouse and rat had a low probability of virus entry. The lagomorphs—rabbits and American pika had more than 90% probability of viral entry. All the primates had close to a 100% probability of viral entry. The reptiles, Testudines and Crocodilia, showed medium to high probability of viral entry. However, in the viral entry varied of the bird probability, with chicken, golden eagle, and duck having a low probability and white-tailed eagles and turkey having a probability of 73.8 and 81%, respectively. Further, pangolins had a very high probability and African elephants had a very low probability.


Table 1. Evaluation of data combinations using logistic regression.
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Table 2. Probability of viral entry in different species.
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DISCUSSION

Recognition of the receptor is an important determinant in identifying the host range and cross-species infection of viruses (24). It has been established that ACE2 is the cellular receptor of SARS-CoV-2 (16). This study is targeted to predict viral entry in a host, i.e., hosts that can be reservoir hosts (Artiodactyla, Perrisodactyla, Chiroptera, Carnivora, Lagomorpha, Primates, Pholidota, Proboscidea, Testudines, Crocodilia, Accipitriformes, and Galliformes) and hosts that can be appropriate small animal laboratory models (Rodentia) of SARS-CoV-2, through sequence comparison, homology modeling of ACE2, docking the modeled homology structures with the spike—ACE2-binding domain and prediction of viral entry.

Initially for prediction of probability of viral entry, sequence comparison of ACE2 was done vis-a-vis, within-group distance; the distance of an order from the order primates, the distance of each individual taxa from humans; variability in the ACE2 spike-interacting domain at protein and nucleotide level; and phylogeny. Considering the pandemic nature of the disease in humans, the low within-group distance in primates indicated that all the species considered within the order primates are prone to be equally infected with SARS-CoV-2 as humans. On comparing the orders, Galliformes were most distant from the primates and carnivora was found proximal. This confirms the recent reports of chicken (Galliformes) and ducks (Anseriformes) not being infected with SARS-CoV-2 (22), and tigers and lions being infected (12). On comparing individual hosts, the pig was found to be the established taxa that is uninfected with SARS-CoV-2 (22). Considering the distance of pig from Homo sapiens as a cutoff, it would include all the carnivores, perissodactyls, and few artiodactyls, viz., goat, buffalo, bison, and sheep, to be infected, but, excludes cattle (Artiodactyla), all the bats (Chiroptera), and birds (Galliformes, Anseriformes, and Accipitriformes). Further, the negative selection observed on a codon-based test of neutrality, indicates that the variation at the nucleotide level, is translated synonymously, indicating that the structure of ACE2 is conserved through the process of evolution. The comparison of the spike-binding domains across all the orders also did not lead to meaningful conclusions on viral entry in different species.

On phylogeny, subclustering of the rodents, lagomorphs, and carnivores close to primates with reliable bootstrap values partially corroborates with the occurrence of SARS-CoV-2 infection in carnivores (22), as mice were found not to be infected with SARS-CoV-2 (16). Further, subclustering of fruit bat with horseshoe bat suggests possible entry of the virus in fruit bat, as COVID-19 outbreak in Wuhan in December 2019 was traced back to have a probable origin from horseshoe bat (16). The virus strain RaTG13 isolated from this bat was found to have 96.2% sequence similarity with the human SARS-CoV-2. These results again led to no concrete conclusions on viral entry in various hosts. Therefore, to assess the probability of viral entry in various hosts, after homology modeling of ACE2 and docking the modeled homology structures with the spike—ACE2-binding domain, 32 spike-binding parameters were evaluated.

A total of 9 data for each host for each spike binding parameter as described in the materials and methods are available to select the parameters that would clearly classify the Orders into infected/uninfected. However, none of the 6 parameters—RMSD, delta G, intraclashesgroup1, van der Waals, solvation hydrophobic, and entropy sidechain—that were significantly different in the infected from the uninfected could classify the orders into infected or uninfected. This suggests that a single parameter at a time, as has been considered in recent reports (21), may not be considered and evaluated for estimating the probability of virus entry. Therefore, logistic regression with all the estimated parameters was done with seven different combinations of data to predict the probability of viral entry. The best combination of X-ray crystallography models was identified based on evaluation parameters—number of parameters significant in the model at 1% LS, number of parameters significant in the model at 5% LS, McFadden R2, null deviance, residual deviance, AIC, p-value of the chi-square statistic associated with the null deviance model, p-value of the chi-square statistic associated with the residual deviance model, p-value to determine whether there is a significant reduction in deviance from null to residual, and Hosmer and Lemeshow GOF test.

McFadden R2 is a measure of fit in statistical modeling (25). However, this can be used only to compare models with the same number of covariates, i.e., this increase with an additional covariate. AIC is used to compare models fitted over the same datasets. Lower the AIC better is the model and better is the fit (26). Significant reduction in the null deviance is assessed by the change in the p-value of the chi-square statistic associated with the null deviance model to the p-value of the chi-square statistic associated with the residual deviance model. This can be further determined by the p-value that determines whether there is a significant reduction in deviance from null to residual. A non-significant p-value on Hosmer and Lemeshow GOF test indicates that there is no evidence that the model is not fitting well with the data considered. All these parameters were relatively better for the data against the combinations—6LZG & 6M0J, 6LZG & 6VW1, and 6M0J & 6VW1 & 6LZG than the other four combinations. The number of significant parameters at 1 and 5% levels of significance was greater in these combinations than the other four. The reduction in null deviance was found to be highly significant in 6M0J & 6VW1 & 6LZG followed by 6LZG & 6M0J and 6LZG & 6VW1. Considering several criteria as mentioned, the data against these models were finally considered to predict the probability of viral entry on the test data and the prediction accuracy was found to be higher for the data against 6LZG & 6M0J.

Root-mean-square deviation was the most significant parameter among the 32 spike-binding parameters of ACE2 in all the logistic models considered (Data Sheet 4). RMSD measures the degree of similarity between two optimally superposed protein three-dimensional (3D) structures (27). The smaller the RMSD between two structures, more similar they are. Docking predictions within an RMSD of 2 Å are considered successful, whereas values higher than 3 Å indicate docking failures (28). The average RMSD in the infected and uninfected known hosts was 0.068 and 0.113, respectively. In all the logistic models, the coefficient (i.e., the log of odds ratio) of RMSD was negative, indicating that RMSD is negatively connected with infection. This means that the increase in RMSD would lead to higher odds of not getting infected. In the combination that is finalized (i.e., combination of 6LZG & 6M0J) for predicting the probability of viral entry, the coefficient of RMSD was −5.575e+01. Further, the deviance residuals for this logistic model from this combination were symmetric as indicated by the median (0.01172), which is close to zero. The AIC for this selected combination is 64.348. Further, there was also a significant reduction in null deviance with an R-square of 0.652. The prediction equation on analysis of these data against the combination 6LZG & 6M0J was used to predict the probability of viral entry in various hosts.

As observed in this study, it has been predicted that Bos indicus (Indian cattle) and Bos taurus (Exotic cattle) can act as intermediate hosts of SARS-CoV-2 (29) and that pigs are not susceptible (22). Also, Camels, which are reported to be infected with SARS-CoV (30), are equally capable of SARS-CoV-2 infection. Among the rodents, hamsters had the highest probability of viral entry. It has been established that SARS-CoV-2 effectively infects hamster (31), and rats and mice were found less probable (32). All the Carnivores in the study had a high probability of viral entry. Reports of SARS-CoV2 infection in cats (22), tigers, and lions (12) substantiate our estimates obtained in the study. Rabbits also had a high probability of viral entry showing concordance to the recent evidence of SARS-CoV-2 replication in rabbit cell lines (33). All the primates close to the human species were identified to be highly probable. The variability within the Order(s) must be the reason for not being able to classify them as a group, to either being infected or uninfected using an unpaired t-test.



CONCLUSION

Most of the species considered under different orders, in this study, showed a high probability of viral entry. The findings hint toward the probable hosts that can act as laboratory models or as reservoir hosts and allow us to take a cue about the probable pathogenic insult that can be caused by SARS-CoV-2 to different species. This, however, warrants further research. Also, viral entry is not the only factor that determines infection in COVID-19 as viral loads were found to be high in patients with asymptomatic (34, 35). The important factors that determine disease/infection(COVID-19) in host(s) are—host defense potential, underlying health conditions, host behavior and number of contacts, age, atmospheric temperature, population density, airflow and ventilation, and humidity (36).



MATERIALS AND METHODS

Sequence analysis, phylogenetic analysis, homology modeling of ACE2, docking the modeled homology structures with the spike—ACE2-binding domain, and prediction of viral entry were done in this study (Figure 5).
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FIGURE 5. Flowchart showing the step-wise analysis for the work carried out to estimate the probability of virus entry.



Sequence Analysis

In this study, 48 (mammalian, reptilian, and avian species) ACE2 complete/partial protein and nucleotide sequences available on the National Center for Biotechnology Information (NCBI) were analyzed (Supplementary Table 1) to understand the possible difference(s) in the ACE2 sequences that may correlate with SARS-CoV-2 viral entry into the cell. The partial sequences are considered in the study after ensuring that these sequences completely cover the spike interacting domain of ACE2. Within the mammalian class, orders—Artiodactyla, Perrisodactyla, Chiroptera, Rodentia, Carnivora, Lagomorpha, Primates, Pholidota, and Proboscidea; within the Reptilian class, orders—Testudines and Crocodilia; and within the Avian class, orders—Accipitriformes, Anseriformes, and Galliformes, were considered in this study. These orders were considered keeping in view all the possible reservoir hosts/laboratory animal models that can possibly be infected with the SARS-CoV-2. The within- and between-group distances were calculated in Mega 6.0 (37). The ACE2 sequences in this study are compared as a group (average of the order) with the average of all the species in the order Primates or individually with the Homo sapiens ACE2 sequence. The codon-based Z test of selection [strict-neutrality (dN = dS)] to evaluate synonymous and non-synonymous substitutions across the ACE2 sequences among the orders was done. Further, for comparing the sequence of the spike-interacting domain, this was identified to be defined in the UniProt ID—Q9BYF1. The family and domains section of the UniProt ID Q9BYF1 clearly marks the sequence location of the ACE2—spike-interacting domains as 30–41 aa, 82–84 aa, and 353–357 aa. The nucleotide sequence alignments at positions that correspond to the spike-binding domain of Homo sapiens ACE2 are 90–123 bp, 244–252 bp, and 1,058–1,071 bp.



Phylogenetic Analysis

Phylogenetic analysis of the protein sequences was done using MEGA 6.0 (37). Initially, the sequence alignment was done using Clustal W (38). The aligned sequences were then analyzed for the best nucleotide substitution model on the basis of Bayesian information criterion scores using the JModelTest software version 2.1.7 (39). The tree was constructed by the Neighbor-joining method with the best model obtained using 1,000 bootstrap replicates. It is important to note that the missing data or gaps are treated in this analysis by using pair-wise deletion.



Homology Modeling

The structures of novel CoV spike receptor-binding domain complexed with its receptor, ACE2, that were determined through X-ray diffraction, are available at PDB database with IDs 6LZG (40), 6M0J (41), and 6VW1 (42). These available ACE2 models from PDB database were used for homology modeling using SWISS-MODEL (43), which was accessed through the ExPASy web server. The models (144 = 48 × 3) were validated through SAVES. SAVES is a conglomerate of different validating algorithms like PROCHECK, VERIFY 3D, ERRAT2, and PROVE (44). The models are assigned “PASS” by Verify 3D when more than 80% of the amino acids have scored ≥ 0.2 in 3D/1D profile. In the case of ERRAT2, models that scored more than 95% are considered to have good resolution. PROVE gives: error (>5%), Warning (1-5%), or Pass (<1%) based on % of buried atoms. From PROCHECK, Ramachandran plot with over 90% of the residues in core regions is considered to be a good model.



Protein–Protein Docking

The spike ACE2-binding domains of 6LZG, 6M0J, and 6VW1 were used in docking along with the respective homology modeled structures of ACE2 protein of all the hosts, i.e., ACE2 of 48 hosts as a receptor and spike ACE2-binding domain of SARS-CoV-2 as a ligand for protein–protein docking. GRAMM-X docking server was used for protein–protein docking, which generated a docked complex (45). Five docked complexes were generated from GRAMM-X for each X-ray crystallography model in each species and postdocking analyses were carried out using Chimera software (46) and PRODIGY (47). A total of 720 models (48 hosts × 3 X-ray crystallography models × 5 docking complexes) were analyzed. Chimera is an extensible program for interactive visualization and analysis of molecular structures for use in structural biology. Chimera provides the user with high-quality 3D images, density maps, trajectories of small molecules, and biological macromolecules, such as proteins. The number of hydrogen bonds in each docking structure was estimated using Chimera and the delta G of the docked models was estimated using PRODIGY.

Out of the five docked complexes generated through GRAMM-X, three best complexes for each host under each X-crystallography structure were selected (432 model = 48 × 3 × 3) for further analysis based on delta G and number of hydrogen bonds (Data Sheet 3; Supplementary Table 6). The docked models are expected to differ from the real structure and the differences are quantified by RMSD. To estimate RMSD, the three best-docked complexes of each X-ray crystallography model in each species were compared with the respective models—6LZG/6M0J/6VW1 using Chimera. Further, in addition to delta G and RMSD, in FoldX software (48) several parameters were estimated for all these selected docked structures for 432 models (48 hosts × 3 X-ray crystallography models × 3 selected docking complexes) were analyzed. These parameters include—IntraclashesGroup1, IntraclashesGroup2, Interaction Energy, Backbone Hbond, Sidechain Hbond, Van der Waals, Electrostatics, Solvation Polar, Solvation Hydrophobic, Van der Waals clashes, entropy sidechain, entropy mainchain, sloop entropy, mloop entropy, cis bond, torsional clash, backbone clash, helix dipole, water bridge, disulfide, electrostatic kon, partial covalent bonds, energy Ionization, Entropy complex, Number of Residues, Interface Residues, Interface Residues Clashing, Interface Residues VdW Clashing, and Interface Residues BB Clashing. All these 32 parameters (29 in FoldX, delta G, H bonds, and RMSD) are referred to as spike binding parameters of ACE2.



Statistical Analysis for Prediction

Till date, clear-cut information of 15 species that are either infected or uninfected with SARS-CoV2 is available (Supplementary Table 7). For each of these species, a total of nine models with their parameters were taken for the analysis, i.e., for each species, the three selected docked structures for each of the X-ray crystallography structures were selected (Data Sheet 3). A total of 135 data per parameter (15 hosts × 3 X-ray crystallography models × 3 selected docking complexes) were analyzed. Initially, for each parameter (spike-binding parameters of ACE2), the difference between the infected and uninfected is evaluated using unpaired t-test in GraphPad Prism 7.00 (GraphPad Software, La Jolla, California, USA). Welch correction was applied wherever necessary. For those parameters that were significant, the difference between order(s) means and the infected/uninfected groups was also further evaluated using unpaired t-test (Note: if a species is included in the infected/uninfected group, the same is not included in its Order on comparing the order(s) with the infected/uninfected group) (Supplementary Table 9 for more information).

Later, the backward stepwise logistic regression model was constructed on all the 32 parameters (29 from FoldX, RMSD, H bonds, and delta G) estimated above in the 15 known species of infected (11) and uninfected (4) (Supplementary Table 7). A total of 135 data per parameter were available across the three X-ray crystallography structures considered. These data were used in seven different combinations based on the combination of X-ray crystallography structures. The seven combinations include data against single model—6LZG, 6M0J, and 6VW1 (i.e., 45 data); data against two models—6LZG and 6M0J/6LZG and 6VW1/6M0J and 6VW1 (i.e., 90 data); and data against all the three models—6LZG and 6M0J and 6VW1 (i.e., 135 data). These seven combinations were evaluated based on the estimates of number of parameters significant in the logistic model at 1% LS, number of parameters significant in the logistic model at 5% LS, McFadden's R2, null deviance, residual deviance, AIC, p-value of the Chi-sq statistic associated with the null deviance model, p-value of the chi-square statistic associated with the residual deviance model, p-value to determine whether there is a significant reduction in deviance from null to residual, Hosmer and Lemeshow GOF test. After selecting the best combination(s), the best model (prediction equation) was selected after evaluation of the training and test data sets for each of the combinations. This prediction equation from the best combination of data was used to predict the probability of viral entry in the rest of the species using the average values of the top three models for all the parameters in the equation.

Further, with 32 parameters, the minimum sample size required to derive statistics that represent each parameter, is 1,700 (49) [n =100 + xi, i.e., here:- n = 100 + (50 × 32) = 1,700, with a minimum of 50 events per parameter]. The data were needed to be extrapolated to at least 1,700 to predict the CIs. This was based on the assumption that the ACE2 structure and sequence are conserved within a species. For the species—Homo sapiens, we compared several ACE2 sequences and found that all the compared sequences were identical. With this assumption that the spike-binding Parameters of ACE2 within a species are conserved and due to the pandemic nature of the disease, the data were extrapolated.
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Novel Coronary Pneumonia is the most infectious disease with the highest number of morbidity and mortality in 100 years. Despite aggressive and effective COVID-19 prevention and control measures, countries have been unable to stop its outbreaks. With the widespread use of vaccines, the occurrence of COVID-19 has declined markedly. April 21, 2021, New York scholars reported Vaccine Breakthrough Infections with SARS-CoV-2 Variants, which immediately attracted widespread attention. In this mini-review, we focus on the characteristics of SARS-CoV-2 and its mutant strains and vaccine breakthrough infections. We have found that outbreaks of vaccine-breaking SARS-CoV-2 Delta infections in many countries are primarily the result of declining vaccine-generated antibody titers and relaxed outbreak management measures. For this reason, we believe that the main response to vaccine-breaking infections with the SARS-CoV-2 variant is to implement a rigorous outbreak defense policy and vaccine application. Only by intensifying the current vaccination intensity, gradually improving the vaccine and its application methods, and strengthening non-pharmaceutical measures such as travel restrictions, social distancing, masking and hand hygiene, can the COVID-19 outbreak be fully controlled at an early date.

Keywords: SARS-CoV-2, variants, breakthrough, infection, Delta, virulent strains


INTRODUCTION

Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) is a highly contagious virus that is spread primarily by droplets or close contact and is spreading faster, in bizarre ways, and in larger numbers than anyone in the world expected (1–3). By September 2021, more than 2.2 billion cases of COVID-19 infection had been diagnosed and more than 4.6 million deaths had occurred. the COVID-19 pandemic not only poses a serious threat to human life and health, but has also significantly stalled global economic development and caused enormous losses to people around the world.

Despite aggressive and effective measures to control COVID-19, the epidemic has not yet subsided. Hopes were then raised that a vaccine could beat COVID-19 (4–6). Encouragingly, with the widespread use of vaccines in many developed countries, the incidence of COVID-19 has declined significantly (7). To date, vaccination in some countries, such as the USA and the UK, has approached the level of herd immunity. However, a new wave of COVID-19 outbreaks has recently occurred in the UK and USA, and these outbreaks are mainly due to SARS-CoV-2 Delta variant (8–12).

The critical issue of vaccine breakthroughs for Delta infections leading to new outbreaks has attracted the attention of many governments and academics. We searched the following databases: PubMed, Web of Science, EMBASE and CNKI for the search terms “SARS-CoV-2,” “COVID-19,” “Variants,” “Breakthrough,” “Delta,” “Delta,” “Infections.” A comprehensive analysis of SARS-CoV-2 mutations and vaccine breakthrough infections is presented, and active and effective countermeasures are proposed to avoid new outbreaks of the new COVID-19 epidemic.



SARS-CoV-2 AND ITS VARIANT STRAINS

SARS-CoV-2 is a beta genus coronavirus with an envelope membrane. It has five basic genes, four structural proteins (N, E, M and S) and an RNA-dependent RNA polymerase (RdRp). SARS-COV-2 enters the host cell through the spinosin (S protein) on the surface of its envelope and binds to the host cell surface-specific viral receptor, angiotensin-converting enzyme 2 (ACE2), so the airway mucosa, oral mucosa, which are in communication with the outside world, and the eyelids and conjunctiva are susceptible to exposure to infection (13, 14). Because the genetic material of SARS-COV-2 is single-stranded RNA, it is characterized by rapid mutation, high genetic diversity and high prevalence. The entry of SARS-CoV-2 into host cells is mediated primarily through the binding of its receptor-binding domain (RBD) to the cellular receptor human angiotensin-converting enzyme 2 (ACE2), making the S protein a key target for antibody therapies to prevent SARS-CoV-2 virus infection and limit its spread (15). Indeed, the RBD is recognized by potentially neutralizing and diverse monoclonal antibodies, thereby providing protection by preventing SARS-CoV-2 from entering host cells and binding to ACE2 (16). The SARS-CoV-2 spike protein contains several different antigenic sites, including multiple receptor-binding domain (RBD) epitopes and non-RBD epitopes, which may also generate immune escape (17).

The survival time of SARS-COV-2 depends on its own characteristics, physical and chemical properties of the surface and the environmental conditions, such as climate, light, temperature, humidity and so on (18–20). It was reported that SARS-COV-2 survived for 7 days on the plastic surface, 4 days on the stainless steel surface at room temperature, and relatively short on the commonly used paper documents, banknotes and mail wrapping paper (20).

Viruses are prone to mutation, and the longer they are transmitted, the more mutant strains are produced. Of course, virus mutations are random and may produce milder, less pathogenic variants, but also more pathogenic and infectious variants. A study published on 24 May 2021 concluded that SARS-CoV-2 mutates almost weekly, at a rate more than 50% higher than previously thought (21). Since the COVID-19 pandemic has been ongoing for nearly two years, the multiple mutations generated by SARS-CoV-2 are natural. Mutation itself is not a bad thing, and there is no indication that mutations in SARS-CoV-2 are faster or slower than expected. So far, we cannot say whether SARS-CoV-2 is becoming increasingly lethal and infectious.

The World Health Organization (WHO) classifies the various variants of the SARS-CoV-2 virus according to disease severity, infectivity, public health implications such as city closures, masks, social distancing and timely diagnosis, early treatment and vaccine application. On 31 May 2021, the WHO announced that it would use the Greek alphabet to identify important new coronavirus mutants and published a list of current mutants of concern (VOC) and mutants of interest (VOI) designations (22). Variants of Concern (VOC) are those that have been shown to cause more severe disease, to be more infectious, or to have an impact on the response. Four are currently classified as “Variants of Concern”: Alpha (B.1.1.7), first discovered in the UK, Beta (B.1.351) in South Africa, Gamma (P.1) in Brazil and Delta (B.1.617.1) in India (22).

The Delta variant has been described by WHO as the fastest spreading and most adaptive” virus due to its outstanding infectivity and immune escape profile. It is highly transmissible, has a high viral load and is highly pathogenic. It has a relatively short incubation period in the body, with onset of disease in two to three days, and in some cases in 24 h. The virus is highly infectious, and early in transmission, SARS-CoV-2 Delta VOC was transmitted for four generations in only 10 days, with a marked increase in viral load characteristic of the virus (23). Patients infected with the Delta strain were first detected on average four days after exposure to the virus, i.e. an incubation period of four days, compared to six days for patients infected with the original strain, suggesting a much faster replication rate of the Delta strain (23). Moreover, the virulence of the Delta strain is significantly enhanced, with patients infected with the Delta strain having a viral load 1,260 times higher than that of patients with the common COVID-19 strain and a turnaround time of 13 to 15 days, significantly longer than the 7 to 9 days of the original strain (23). Many studies have confirmed that the Delta strain is significantly more virulent and infectious and is the main SARS-CoV-2 variant responsible for this year's world pandemic (24, 25). Recently, a new variant, named as Omicron, was detected in South Africa in the November 2021.



VACCINE BREAKTHROUGH FOR SARS-CoV-2 DELTA INFECTION

An article published online 21 April by Hacisuleyman et al. (26) reinforces the understanding of SARS-CoV-2 mutation and vaccine breakthrough. Two women aged over 50 years were identified among 417 people who had received a second dose of BNT162b2 (Pfizer Biotech) or mRNA-1273 (Modena) vaccine at least 2 weeks earlier Presence of vaccine breakthrough infection. This suggests that despite high levels of neutralizing antibodies (where the vaccine remains effective), infection by variant viruses can occur even at high viral loads. Therefore there is still a potential risk of infection after vaccination and precautions for COVID-19 infection are also taken (26). Around a wedding outside Houston, Texas, two patients from India may have transmitted the delta-mutant virus to other guests, six of whom were fully vaccinated (Pfizer BNT162b2, Moderna mRNA-1273 and Covaxin BBV152). This means that the delta variant is highly transmissible and prone to vaccine breakthrough infections (25).

In the early days of COVID-19 some scholars proposed the use of herd immunization strategies to combat the epidemic. As COVID-19 outbreaks continued to cause high morbidity and mortality in many countries, herd immunization was found to be too costly to be feasible (25, 27). With the introduction of the vaccine, the incidence of COVID-19 began to decline markedly in many countries, and in late March 2021 India liberalized some public events, only to see a major outbreak of SARS-CoV-2 Delta infection began in India as local temperatures rose (28). The use of the vaccine caused many countries to let down their guard to eliminate non-pharmaceutical precautions such as travel restrictions, and the population grew tired of the COVID-19 outbreak and loosened their outbreak control measures. Because of the spillover of SARS-CoV-2 Delta infection in India and the simultaneous removal of travel restrictions for the outbreak in many countries such as Israel, the United Kingdom and the United States, there was a rapid outbreak of SARS-CoV-2 Delta infection in these countries (8–10, 29).

These variants show reduced neutralization in vitro by antibodies raised in humans in response to SARS-CoV-2 infection or vaccination (30). Indeed, early studies have reported that antibodies persist for about six months after SARS-CoV-2 infection in humans (31). These observations highlight the need to better understand the breadth of antibody responses induced by SARS-CoV-2 vaccine and to potentially adapt prophylactic and therapeutic agents to respond to emerging variants (32). Although vaccination is widespread in many countries, by the second half of 2021 it will have been partially half a decade since antibodies produced by the vaccine have declined significantly and vaccine breakthrough SARS-CoV-2 Delta infections have occurred successively (8–10, 23, 25, 33–42). See Table 1.


Table 1. Reports of vaccine breakthrough infection.
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SARS-CoV-2 vaccine protection is unlikely to be 100% (44, 45), and it makes sense that vaccine breakthrough SARS-CoV-2 Delta infections would occur as SARS-CoV-2 Delta variants reduce the rate of vaccine protection. Although SARS-CoV-2 Delta variants have caused multiple outbreaks of vaccine breakthrough infections, vaccine protection against SARS-CoV-2 Delta variants remains effective, particularly in preventing severe illness and reducing mortality. After two doses of BNT162b2 mRNA vaccine 2, 94% efficacy against symptomatic novel coronavirus was achieved. Vaccine efficacy estimates for the study results from day 14 to day 20 after the first dose and day 7 or more after the second dose were as follows: 46% and 92% for documented infections; 57 and 94% for symptomatic neocoronavirus-19; 74 and 87% for hospitalization; and 62 and 92% for severe disease, respectively. The estimated effectiveness of prevention of neocoronavirus-19 mortality was 72% from day 14 to day 20 after the first dose. Estimates of effectiveness for specific subgroups assessed for documented infections and symptomatic neocoronavirus-19 were consistent across age groups, with slightly lower potential effectiveness in those with multiple coexisting diseases (35). One dose of the vaccine (BNT162b2 or ChAdOx1 nCoV-19) was significantly less effective against the delta variant at 30.7% than against the alpha variant at 48.7%; the results were similar for both vaccines. Two doses of BNT162b2 vaccine provided 93.7% protection against the alpha variant and 88.0% protection against the delta variant. Two doses of the ChAdOx1 nCoV-19 vaccine provided 74.5% protection against the alpha variant and 67.0% protection against the delta variant (43). The vaccine and the multiple monoclonal antibodies against SARS coronavirus produced after infection acted together with other antibodies to produce beneficial effects (46).

Israel, which has the highest vaccination rate, had an outbreak of SARS-CoV-2 Delta infection in 2021.7 (29). The fact that the outbreak of SARS-CoV-2 Delta infection was quickly controlled in Israel following an enhanced control strategy and a third dose of vaccination also demonstrates that the vaccine remains effective against SARS-CoV-2 Delta infection. In the face of the relative weakness of the delta strain in the face of the vaccine, we humans would face a major crisis if a mutant virus emerged that had both the transmissibility of the delta strain and the tolerance of the beta strain.



PROACTIVE RESPONSE TO VACCINE BREAKTHROUGH OF SARS-CoV-2 DELTA INFECTION

It is an indisputable fact that vaccine breakthrough of SARS-CoV-2 Delta infection has caused a new outbreak. In the face of this problem, we need to take a variety of positive measures to actively respond in order to control the outbreak caused by SARS-CoV-2 Delta infection.

Neutralizing antibodies and cellular immunity against SARS-CoV-2 produced after COVID-19 infection and after vaccination are also important. Some studies have reported that the immune response generated by simple colds caused by coronaviruses also has a role against SARS-CoV-2, although it is limited (47). Neutralizing antibody against SARS-CoV-2 produced after vaccination usually show a gradual decline from three months onwards, with a marked decrease after six months (31). Neutralizing antibodies against SARS-CoV-2 have almost no effect six months after vaccination, but cellular immunity remains (48). The cellular immune response is primarily a T-cell response, including cytotoxic T cells and helper T cells. Memory B cells can survive for a long time after infection with COVID-19 or vaccination, especially after an MRNA vaccination. It can be reactivated and produce antibodies when the pathogen reinvades, even if the level of antibodies in the serum is low (48).

Although experts in countries such as Israel and the United States disagree on whether to give a third dose of vaccine, most scholars advocate the application of booster vaccinations. The more the vaccine is used over time, the more research findings show that the protective power of the vaccine decreases over time, making it necessary to give boosters after more than six months of vaccination in special populations (49). Therefore, until the new SARS-CoV-2 outbreak is under control, when there is an outbreak, we still recommend a third dose of vaccine six months after vaccination. Frontline staff in customs, airports, hospitals and CDC are to receive their third dose of vaccine. Hospital staff in fever clinics, infection units, respiratory units, emergency departments and nucleic acid testing units are given the third dose of the vaccine. The epidemic will not go away for a short time, maybe it is inevitable to accept the third vaccine injection for the adult. There were no significant side effects in vaccinated American children (50). We encourage that children were also advised to be vaccinated, When implementing a third vaccination strategy, it is best to administer the third dose using a vaccine with a different route of action. The vaccines used vary from country to country, with the most used being the Messenger RNA (MRNA) vaccine: BNT162b2 (Pfizer-BioNTech) mRNA vaccine, mRNA-1273 (Moderna) mRNA vaccine; Adenovirus vaccine: AZD1222;Inactivated vaccine: BIBP Corona VAC (Sinopharm), Corona VAC (SLC), Sputnik V. Studies have reported higher antibody production from different types of vaccines or from a combination of vaccines produced by different companies, suggesting that the actual effect on protection against COVID-19 infection may be better. This suggests a possible better practical effect against COVID-19 infection (51).

COVID-19 outbreaks can spread between different countries. Considering that underdeveloped countries such as Africa have difficulty accessing the vaccine for economic reasons, some experts have called for a vaccine equity programme to be implemented for people in poor countries who have not been vaccinated (52). We believe that equitable distribution of vaccines is necessary and that it shows fairness and love for humanity, but vaccines should be given priority to areas with severe outbreaks. At present, the flow of social personnel is fast, and the hardest hit area of the epidemic is the major source of infection. Giving priority to the use of vaccines in the hardest hit areas is a sign of being responsible for the global epidemic. Only in this way will we receive better results.

The development of an effective COVID-19 vaccine is a global imperative. Rapid immunization of the entire human population against widespread, evolving highly pathogenic viruses is an unprecedented challenge, and different vaccine approaches are being sought. As viruses mutate, it is even more important for scholars to work on improving vaccine aspects by targeting vaccine changes to mutated viral genes that are highly infectious and spread quickly enough to cause outbreaks or cause severe disease, or by pre-programming vaccines to target which gene segments are prone to mutations such as P384L, K417N, E484K, N501Y (53).

Current technology is capable of rapidly setting up a genetic vaccine based on the SARS-CoV-2 variant, but phase III clinical trials will take some time. Even so, vaccine experts will have to do their best to meet practical needs in the future (54, 55).

A study in September 2020 showed that nebulized Ad5-nCoV was well-tolerated, with two doses of nebulized Ad5-nCoV inducing a neutralizing antibody response similar to one dose of intramuscular injection. Nebulized booster vaccination induced a strong IgG and neutralizing antibody response 28 days after the first intramuscular injection (56). Prophylactic intranasal application of DNA vaccine significantly reduces pulmonary infection with SARS-CoV-2 via the nose. Because SARS-CoV-2 is transmitted by droplet and close contact transmission and the nose is the primary gateway to the respiratory system, prophylactic intranasal (vaccine, etc.) administration increases local defenses and resistance to disease in the respiratory tract and may produce good results when applied in conjunction with vaccination (57). Although this vaccine is restricted to ages 5–49, the majority of COVID-19 patients are in this age group. The injection-free nebulized inhalation vaccine is readily accepted by the general public and is necessary as a complementary means to injectable vaccines. In high-risk groups, especially (58) those with occupational exposure in medical personnel, subcutaneous injection of the combination of monoclonal antibodies casirivimab and imdevimab REGEN-COV is effective in preventing SARS-CoV-2 infection.

The traditional approach to infectious disease control focuses on controlling the source of infection and cutting off the route of transmission. This approach is better applied in countries such as China and New Zealand, so that the COVID-19 outbreak in these countries is well-controlled. In August 2021, there was an incident of SARS-CoV-2 Delta infection in Nanjing, China, transmitted through an airfield. Housekeeping staff at the airport were in a high-risk group for SARS-CoV-2 infection and they were routinely given two doses of vaccine. The housekeeping staff at Nanjing Airport were SARS-CoV-2 Delta breakthrough vaccine infected. They acquired the infection while cleaning the aircraft flown by SARS-CoV-2 Delta infected persons. SARS-CoV-2 Delta has since spread rapidly through airports to cities such as Yangzhou, Zhangjiajie, Chengdu and Dalian, resulting in over a thousand SARS-CoV-2 Delta infections across the country (59). It was with non-pharmaceutical interventions that China was able to completely control the spread of SARS-CoV-2 Delta infection in less than two months.

Non-pharmacological interventions to prevent COVID-19 are a low-tech approach, but it is difficult to enter the modern world with concrete implementation. This is because times have evolved, transport is easy and interactions between countries and people are intensive, conditions that can accelerate the spread of COVID-19 epidemics (60, 61). Some populations are not aware of travel restrictions and some of the measures to prevent and control the epidemic, so it is difficult to do so. We believe that scientists should step up their calls for governments to develop scientifically rigorous epidemic preparedness policies and to use a variety of forms to guide all people to take sensible and correct precautions. Although restricting people's travel can cause a lot of inconvenience, it can lead to long-term freedom, convenience and health. Only different regions and countries should share and learn from the experience of fighting the epidemic and work together to tackle the SARS-CoV-2 breakthrough vaccine infection.



CONCLUSION

For vaccine breakthrough infection, we have taken the following measures: Firstly, we must spread the use of the vaccine as soon as possible and further optimize and strengthen the quality of the vaccine; secondly, we must restrict travel in areas where the epidemic has struck, cancel or do our best to curtail gatherings such as conferences, competitions and holiday celebrations, as well as avoid public transport, minimize going out and all kinds of social activities, keep social distance, wear masks and hand hygiene outside, etc. Only in this way will it be possible to put SARS-CoV-2 in Pandora's box as soon as possible.
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The main route of the transmission of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) are through respiratory pathways and close contact of human-to-human. While information about other modes of transmission is comparatively less, some published literature supporting the likelihood of a fecal-oral mode of transmission has been accumulating. The diagnosis of SARS-COV-2 infected cases is based on the real-time reverse transcription-PCR (RT-PCR). The fecal excretion of SARS-COV-2 has been reported frequently, however, the role of fecal viral load with the severity of disease is not yet clear. Our study focused on the investigation of SARS-CoV-2 shedding in the fecal samples of patients with coronavirus disease 2019 (COVID-19). A total of 280 RT-PCR-positive patients were enrolled, among them 15.4% had gastrointestinal (GI) symptoms. It was shown that 62% of the patients were positive for SARS-CoV-2 RNA in fecal specimens. This positivity was not related to the presence of GI symptoms and the severity of disease. The next generation sequencing [NGS] of SARS-CoV-2 from fecal samples of patients was performed to analyze mutational variations. Findings from this study not only emphasized the potential presence of SARS-CoV-2 in feces, but also its continuing mutational changes and its possible role in fecal-oral transmission.

Keywords: SARS-CoV-2, COVID-19, fecal, real time RT-PCR, NGS


INTRODUCTION

Since December 2019, several cases of pneumonia have been reported globally. Pneumonia-associated respiratory syndrome is causing due to this sever acute respiratory syndrome coronavirus 2 (SARS-CoV-2) across the globe. This positive-sense single-stranded RNA virus can cause a wide range of symptoms in infected persons which includes problem in breathing, dry cough, fever, and diarrhea. The clinical spectrum ranged from asymptomatic or mild respiratory tract infection to severe pneumonia with acute respiratory distress syndrome or multiorgan failure leading to a fatal outcome (1, 2).

In the previous SARS outbreak (2002–2003), 16–73% of patients had a symptom of diarrhea during the course of the disease, mainly within the first week of illness (3, 4). RNA from the SARS-CoV-2 was detected in fecal only from the 5th day of illness onward, and the proportion of fecal specimens positive for viral RNA progressively increased and reached on maximum at the 11th day of the illness, a small proportion of patients showed the presence of viral RNA even after 30 days of illness (5). The process for gastrointestinal (GI) tract infection of SARS-CoV-2 is proposed to be the angiotensin-converting enzyme 2 (ACE2) cell receptor. There are published reports that viral RNA can be detected in clinical specimens, such as oral swabs, sputum, feces, urine, and tears of positive patients with coronavirus disease 2019 (COVID-19) (6–8). Genomes of RNA infections transform rapidly and go through fast development, which could eventually influence their infectivity and contagiousness. Observing of changes inside the genome of SARS-CoV-2 at the community level is critical for following the outbreak situations, following the transmission chains and understanding the evolution of virus (9). Be that as it may, there are still difficulties in getting a good quality SARS-CoV-2 genome straight forward from clinical examples, particularly for those with low viral load.

This study focused on the detection of SARS-CoV-2 infection, which subsequently trigger the development of various clinical symptoms from fecal specimens besides respiratory specimens. Along with this, we aimed to isolate the virus from SARS-CoV-2-positive samples to work out viral infectivity.



MATERIALS AND METHODS


Study Design and Patients

This was a multi-center study. The enrolled patients were admitted to Deenanath Mangeshkar, Jehangir, Lokmaanya hospitals Pune, Western India from May 2020 to August 2021. All the registered patients tested positive for SARS-CoV-2 RNA in oro/nasopharyngeal swab specimens by real-time reverse transcription PCR (RT-PCR).



Specimen Collection From Patients With COVID-19

In this study, 280 patients were recruited. Fecal samples were collected from a laboratory confirmed patients with COVID-19 (throat swab/nasal swab). All the fecal samples collected from the hospitals, transported to Indian Council of Medical Research (ICMR)-National Institute of Virology, Pune and stored at −20°C until SARS-CoV-2 testing. To avoid contamination, all types of samples must be transported in sterile containers. While collecting the sample, workers should wear protective equipment, such as disposable gloves, N-95 mask, solid front or wrap-around gowns with sleeves that fully cover the forearms, head coverings, shoe covers, and face shield. The fecal specimens of positive patients with COVID-19 were collected at two time points during the hospitalization and at the time of discharge, and tested for SARS-CoV-2 RNA by RT-PCR. Patients found positive at the time of discharge were further followed-up for testing on monthly basis.



Extraction of RNA From Fecal Specimens

Approximately 30% fecal suspensions in 0.01 M phosphate buffered saline (PBS), pH 7.4 were prepared by centrifuging the suspensions at 4,000 rpm (Hettich Universal 320R centrifuge) for 10 min to remove the debris. The viral RNA was extracted from 30% (w/v) suspensions of fecal specimens using spin columns Qiagen Viral RNA extraction Kit (Qiagen, Hilden, Germany) as per manufacturer's instructions.



RTPCR and Determination of the Copy Number

The detection of SARS-CoV-2 viral RNA (which genes) from the fecal specimen was done in accordance with the protocol described earlier (10). A 25-μl reaction was set up containing 10 μl of RNA extracted from fecal samples, 12.5 μl of 2 X reaction buffer provided with the Superscript III one step RT-PCR system with Platinum Taq Polymerase (Invitrogen), 0.5 μl of reverse transcriptase/Taq mixture from the kit, and 1.5 μl of primer probe mix for each reaction. Thermal cycling was performed at 55°C for 10 min for reverse transcription, followed by 95°C for 3 min and then 45 cycles of 95°C for 15 s, 58°C for 30 s.

A standard curve of RNA generated from SARS-CoV-2 of known titer was used to quantify viral load (10) and the number of viral genome equivalent copies was calculated (E and ORF 1b gene: 106 copy/μl, with 29 and 28 Ct, respectively).



Isolation of SARS CoV-2 From Fecal Specimens

For the isolation of SARS-CoV-2 from fecal samples that tested positive for the virus in real-time RT-PCR analyses, will further process for isolation in Vero CCl-81 cell lines as per earlier published methods (11). The virus isolation experiment was conducted in a biosafety Level-4 facility at institute.



Data Collection

Data were collected in the form of demographic information, epidemiological and clinical characteristics, which included medical history, comorbidities, signs and symptoms, laboratory investigations of all enrolled patients, from the record system of institute.



Whole Genome Sequencing

The representative number (50) of fecal positive samples with the maximum viral load were selected for NGS analysis. The genome sequencing of SARS-CoV-2 was performed on the Ion AmpliSeq technology and the Ion Torrent personal genome machine (PGM). cDNA was synthesized with the SuperScript VILO reverse transcriptase kit (Invitrogen, USA) and the libraries were prepared according to the manufacturer's instructions (12).

After sequencing, data were analyzed with the complete genome of the SARS-CoV-2 Wuhan-Hu-1 isolate (GenBank accession number MN908947.3) using programs Bowtie 2 version 2.3.3.1 and Burrows-Wheeler Aligner (BWA) version bwa-0.5.9. All the sequences were submitted in GISAID database [EPI_ISL_1334317, EPI_ISL_1334318, EPI_ISL_1334319, EPI_ISL_1334320 EPI_ISL_1334321, EPI_ISL_1334322 EPI_ISL_1334323, EPI_ISL_1334324 EPI_ISL_1334325, EPI_ISL_7873234 EPI_ISL_7873235].




RESULTS


Demographic and Baseline Data on the Basis of Fecal Sample Analysis

The demographics and clinical details of patients are shown in Table 1. The ratio of male to female patients with fecal samples positive for SARS-CoV-2 was 0.65:0.35 (182/98). The most cases were from age group of 31–70 years. The median age of positive patients with SARS-CoV-2 viral RNA was 47 years (range, 2–85 years). For patients whose fecal samples were positive and negative for SARS-CoV-2, the median time of intervals from disease onset to sampling was 9 days (range, 4–10 days).


Table 1. Demographics and baseline characteristics of enrolled patients.

[image: Table 1]

Mostly, patients admitted in the hospital with the compliant of body ache, sore throat, fever, and cough hypoxia. Only 15.4% patients showed symptoms related to GI disorders, such as diarrhea and abdominal pain (Figure 1).


[image: Figure 1]
FIGURE 1. Symptomatic characteristics of enrolled patients.




Positive Rate of SARS-CoV-2 Nucleic Acid in Fecal Samples

The results showed that fecal samples of 173 of 280 patients were positive for SARS-CoV-2 RNA, with a positive rate of 61.78%. Among them, the positive rate of SARS-CoV-2 RNA in fecal samples of critical/severe, moderate, and asymptomatic cases was 63.7% (51/80), 55.5% (60/108), and 67.39% (62/92), respectively. The Ct values in the fecal specimens were lower than in the throat specimens. We observed a significant difference (0.0061) between the PCR positive and negative groups in asymptomatic patients by using Mann–Whitney test (Figure 2).


[image: Figure 2]
FIGURE 2. Severity of illness in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infected patients.




Severity of Illness in Patients With COVID-19

In total, 62 (67.39%) patients, who tested positive for SARS-CoV-2 RNA in feces, were identified as asymptomatic cases. A total of 108 (38.5%) patients belonged to mild cases, 60 of whom tested positive for viral RNA in feces and the other 48 cases tested negative. A total of 80 (28.57%) patients were categorized into severe cases who were having complaint of hypoxia, SPO2 <94%. Among them, 51 patients showed positivity for SARS-CoV-2 viral RNA and the other 29 patients tested negative in feces. The severity of SARS-CoV-2 infection is shown in Figure 2.

Data were analyzed by using Mann–Whitney test. However, there was no significant association among GI symptoms, severity, and fecal viral load. No significant difference was observed for the severity of illness between the two subgroups in severely ill patients. We observed the significant difference between the subgroups of asymptomatic and mild cases.



Analysis of Viral Shedding Duration

The time course of real-time RT-PCR test results for viral RNA in the fecal specimens of patients with COVID-19 during the hospitalization and recovery stage is shown in Figure 3. We observed that there was no significant difference in the time course of real-time RT-PCR negativity in both symptomatic and asymptomatic cases. The median (interquartile range [IQR]) duration time between onset of symptoms and the first positive RT-PCR test result for viral RNA was 11 (7–13) days in the fecal specimens.


[image: Figure 3]
FIGURE 3. Real-time reverse transcription PCR (RT-PCR) results in asymptomatic and symptomatic individuals at different time period.


We were able to investigate the chronologic changes in real-time RT-PCR test results in both fecal and respiratory specimens of the four patients only (Figure 4). No re-testing is recommended. This is due to guidelines from the Indian Government authorities regarding no re-testing prior to discharge from a COVID-19 facility after clinical recovery. In all the patients, the results of respiratory specimens were positive on day 32–40, fecal specimens converted to negative on day 30–55 [in pt 4] and the negative results were sustained on day 60.


[image: Figure 4]
FIGURE 4. Chronologic changes in RT-PCR testing results.




Phylogenetic Analysis of SARS-CoV-2 Sequence Obtained From Fecal Specimens From Positive Patients With COVID 19

For the further confirmation of presence of SARS CoV-2 in fecal samples, whole genome sequencing (N = 50) was performed from the representative number of fecal positive samples. We obtained complete consensus SARS-CoV-2 genomes from 35 of 50 samples (31%) processed for sequencing. NGS identified the whole genome sequence of SARS-CoV-2 from fecal specimens from positive patients with COVID-19 (confirmed oropharyngeal RT-PCR positive). During analysis, we observed one interesting finding that repeat sample of one patient (2001676-4) tested positive for SARS-CoV-2 by NGS from fecal even after 44 days of positive nasopharyngeal RT-PCR test. Phylogenetic analysis revealed that fecal samples from SARS-CoV-2 positive strains are a close congener with the strains mostly reported in the throat specimen from the same region (Figure 5).


[image: Figure 5]
FIGURE 5. Phylogeny of SARS-CoV-2 genomes from fecal samples of SARS-CoV-2 positive patients from Pune, Maharashtra according to lineages.




Analysis of Trend of Strains in Fecal Samples in Two Waves of SARS-CoV-2 Infection

Sequence analysis identified a number of nucleotide variants at position 241 [C-T], 3037 [C-T], 23403 [A-G], 14408 [C-T] across all positive patients and variants at positions 313 [C-T], 5700 [C-A], 28881–28882–28883. A number of silent mutations (241, 3037) and non-synonymous mutations (14408, 23403 and 28881–28882–28883) were also observed. The non-synonymous mutations were observed in ORF1b, ORF3a, and ORF8 (nucleocapsid phosphoprotein) genes, resulting in the amino acid mutation Q57H (glutamine to histidine), P227L (proline to leucine), and S194L (serine to leucine), respectively. D614G, one of the predominant mutation which is located in the spike glycoprotein was observed in all the sequenced genome in the first wave. One sample showed mutations at E154K, L452R, E484Q, P681R, Q1071H along with D614G which belongs to kappa variant (B.1.617.1 lineage).

Our results showed that the SARS-CoV-2 variants Alpha and Kappa were highly prevalent in the first wave of COVID-19 infection from the stool specimens also. In the second wave, the infection by B.1.617.2 (Delta) and B.1.617.3 (Figure 5) responsible for spreading the infection in second wave. Phylogenetic analysis of fecal samples from patients revealed that B.1.617.1 (Kappa) was present in both the waves.



Isolation of Virus

We attempted culture of real-time PCR positive clinical samples multiple time from fecal specimens to understand infectivity. Fifty-five samples were taken for the isolation of SARS-CoV-2 based on Ct values. In addition, we amplified subgenomic RNA for E gene from these positive samples as a potential measure of replicating virus and observed Ct value in three of them. Virus isolation from fecal samples was not successful, irrespective of viral RNA concentration.




DISCUSSION

From the last 2 years, SARS-CoV-2 infection has spread and devastate the world at unusual rapid speed, emulating the 1918 flu pandemic. SARS-CoV-2, is highly contagious and stable in the environment and spreads mainly among humans through the respiratory route. To stop further spread of the infection, whole world is following the advice by the WHO which incorporates social distancing, self-isolation and quarantines or “lockdowns,” hand hygiene, and the use of private protective equipment (PPE) (3, 4). These current control measures are presumed on the understanding that SARS-CoV-2 infection is especially transmitted from infected persons via respiratory droplets during coughing and sneezing and through direct contact with infected persons and surfaces (3, 4). In our study, we found 62% from the fecal specimens of SARS-CoV-2 infected positive patients. The published literature suggest that SARS-CoV-2 may also be an enteric virus that can transmit through the fecal–oral route. Shedding of SARS-CoV-2 RNA in feces can be due to many reasons. SARS-CoV-2 entered through nose, eyes, and mouth to host cells with the help of angiotensin-converting enzyme-2 (ACE-2). ACE-2 has variable levels in GI tract, especially in esophagus, stomach, ileum, and colon (13). After entering through these receptors, SARS-CoV-2 enters the stomach. If the virus escapes gastric defenses, it could directly infect intestinal enterocytes and cause fecal shedding (7, 8). SARS-CoV-2 infected person sheds SARS-CoV-2 RNA for a mean duration of ~14–21 days, and the quantum of shedding ranges between 102 and 108 RNA copies per gram, but these viral load depends on the category of patients (14, 15). We analyzed similar observation in this study that the positive patients with complications or admitted in intensive care unit (ICU) were shedding virus for a longer duration (55 days) in comparison with asymptomatic/patients with mild symptoms (28–40 days). There was no significant difference in the mean duration of viral shedding between asymptomatic and symptomatic cases in GI tract. This raises the possibility of the fecal-oral route of transmission of SARS-CoV-2 in developing country where patients are asymptomatically infected and staying in crowded places, slums, etc. Such a hypothesis would also contribute to the rapidity and intensification of this pandemic.

Epidemiology of genomics uses NGS and high throughput sequencing of SARS-CoV-2 genomes to generate information related to recent transmission events, as well as the diversity of circulating variants in that particular region. By using the analyzed data from NGS of single nucleotide variants present in each sample, we detected the lineages present in that sample and compared them with lineages observed in Pune, India before to our sampling dates. SARS-CoV-2 sequence data generated from fecal samples indicates that there was a similar lineage circulating across the sampled communities. The study results indicating a shift in the SARS-CoV-2 sequence variation in fecal samples across the time. On November 26, 2021, the WHO distinguished the variant B.1.1.529 as a variation of concern, naming it Omicron, in the light of proof that Omicron contains various changes that might impact its behavior of transmissibility and vaccine effectiveness. A recent study done by Kumar et al. (16) observed that the Omicron variants had a higher fondness for human angiotensin-changing over catalyst 2 (ACE2) than the Delta variation because of countless transformations in the SARS-CoV-2 receptor-restricting area (RBD), showing a higher potential for transmission by using computational approaches.

The limitations in our study was that some patients were uncomfortable and reluctant to participate in a study that involved the collection of stool samples. As well as after getting discharge from hospitals, it was difficult to trace the patients for repeat samples to check the shedding of virus. SARS-CoV-2 is capable of infecting the GI tract and shedding via fecal samples of SARS-CoV-2 infected individuals within the environment could be playing a possible route from human-to-human transmission. From both clinical and public health view, it is vital to completely understand the route of transmission of SARS-CoV-2. As per in reference with public health issue, viral particles within the feces shed by infected individuals, if aerosolized, have great involvement in compact environments, such as cruise ships, hospitals, individual households, and densely populated housing, especially in regions with poor sanitation. There are several potential risk factors and risky practices predisposing human health to risks in developing countries, such as poor wastewater management, poor sanitation and hygiene, high risk of co-infections, and lack of surveillance systems, promoting the SARS-CoV-2 fecal-oral transmission. These risk factors and poor practices could also be one among the likelihood for fecal-oral transmission and therefore the related adverse human health outcomes might be apparently higher in developing than developed countries. To regulate the pandemic, every effort should be made to know all the possible routes of transmission of the infections, even the smaller ones.
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Early detection of SARS-CoV-2 variants enables timely tracking of clinically important strains in order to inform the public health response. Current subtype-based variant surveillance depending on prior subtype assignment according to lag features and their continuous risk assessment may delay this process. We proposed a weighted network framework to model the frequency trajectories of mutations (FTMs) for SARS-CoV-2 variant tracing, without requiring prior subtype assignment. This framework modularizes the FTMs and conglomerates synchronous FTMs together to represent the variants. It also generates module clusters to unveil the epidemic stages and their contemporaneous variants. Eventually, the module-based variants are assessed by phylogenetic tree through sub-sampling to facilitate communication and control of the epidemic. This process was benchmarked using worldwide GISAID data, which not only demonstrated all the methodology features but also showed the module-based variant identification had highly specific and sensitive mapping with the global phylogenetic tree. When applying this process to regional data like India and South Africa for SARS-CoV-2 variant surveillance, the approach clearly elucidated the national dispersal history of the viral variants and their co-circulation pattern, and provided much earlier warning of Beta (B.1.351), Delta (B.1.617.2), and Omicron (B.1.1.529). In summary, our work showed that the weighted network modeling of FTMs enables us to rapidly and easily track down SARS-CoV-2 variants overcoming prior viral subtyping with lag features, accelerating the understanding and surveillance of COVID-19.
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INTRODUCTION

The severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) causing coronavirus disease 2019 (COVID-19) has been running rampant all over the world since December 2019. The current pandemic has triggered an unprecedented scale of whole-genome sequencing and sharing of the virus’s genome. Surveillance of SARS-CoV-2 variants using sequence data provides insight into disease virulence, pathogenesis, host range or immune escape, as well as the effectiveness of SARS-CoV-2 diagnostics and therapeutics (Grubaugh et al., 2021; Tegally et al., 2021). Viral subtyping methods such as GISAID (Han et al., 2019), Pangolin (Rambaut et al., 2020) and CMM (Qin et al., 2021) have greatly aided this process. Designating a subtype (e.g., lineage) for each genome according to predetermined genetic features (e.g., mutations) followed by continuous risk assessment of these subtypes serves to identify clinically important emerging variants. However, subtype assignment depends on lag features that may delay the detection of newly emerging variants or the descendants of circulating variants. In addition, a too detailed subtyping (e.g., Pangolin) of the SARS-CoV-2 population has resulted in excess burden on risk monitoring while a rough categorization (e.g., GISAID) delays the detection and communication of dangerous variants (Oude Munnink et al., 2021; Qin et al., 2021; Tang et al., 2021).

It is well known that new SARS-CoV-2 variants with their specific mutation features gradually dominate through spatial and temporal expansion (Mascola et al., 2021). The frequencies of different mutations throughout the viral genome can now be tracked over time with high resolution and reliability. Mutations with synchronous frequency trajectories are likely to define a variant or a group of variants (Zhao et al., 2020; Bernasconi et al., 2021; Qin et al., 2021). Thereby, the frequency trajectories of mutations (FTMs) contain information that could allow very sensitive detection of prevalent mutations highlighting important variants, e.g., variants under investigation (VUI) or variants of concern (VOC). Leveraging FTMs to develop new analytics will allow truly real-time surveillance of SARS-CoV-2 variants and improve the lead time for public health interventions.

In this paper, we developed a module-based variant surveillance method that enables real-time tracking of historical and circulating SARS-CoV-2 variants without designating their subtypes in advance allowing newly emerging variants or the descendants of circulating variants to be tracked earlier. This method views mutations represented by FTMs as nodes of a network and describes their relationships using network connections. We found that closely connected nodes in the network forming a biologically meaningful module indicate a potential variant, and module clusters indicate potential contemporaneous variants. We demonstrate the FTM network construction and interpretation through analysis of worldwide data of SARS-CoV-2 genomes and validate its variant surveillance capability via tracking the variants circulating in two COVID-19 hotspots, India and South Africa.



MATERIALS AND METHODS

A comparison of the workflows between subtype-based and FTM-based variant surveillance methods has been shown in Figure 1A. The outline of our FTM-based SARS-CoV-2 variant identification framework using weighted network modeling is shown in Figure 1B. This framework uses FTMs as an input and is comprised of the following main steps: sequence curation, mutation calling, calculation, and filtering of FTMs, network construction, variant identification and determination using core mutations, and variant validation. We used the worldwide data and the pandemic variants (Supplementary Table 1) as a benchmark and further illustrate the surveillance features of our method using regional data from India and South Africa. Below, we focus on the delineation of each step.
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FIGURE 1. Workflows for SARS-CoV-2 variant surveillance. (A) Workflow comparison between subtype-based and FTM-based variant surveillance methods. (B) Outline of a weighted network framework for variant surveillance using FTMs.



Data Curation

SARS-CoV-2 genomes were retrieved from GISAID database (Shu and McCauley, 2017). Only viruses from human submitted before 2021-11-30 with sample collection date between 2020-01-05 and 2021-11-27 were extracted, filtering sequences with flags, “complete sample collection date”, “complete genome” (genome length > 29,000 bp) and “low coverage excluded” (exclude genomes with > 5% Ns). Consequently, a total of 5,043,950 genomes were collected. Because significant sampling date errors were found in metadata of some genomes (Supplementary Figure 1), they were firstly excluded from downstream analysis according to their mutation numbers (see below).



Bioinformatic Analysis for Mutation Calling

Whole genome genetic variations, including single nucleotide polymorphisms (SNPs) and insertions/deletions (INDELs), were determined and annotated using a bioinformatic framework proposed by Massacci et al. (2020) with Wuhan-Hu-1 (GenBank NC_045512.2) (Wu et al., 2020) as the reference. In summary, the viral sequences were first aligned against the reference using the nucmer command with default settings except requiring only the forward matching of the query sequences (–forward), provided by the MUMmer package (version 3.23) (Marcais et al., 2018). The generated delta encoded alignment files were then parsed by the show-snps command to produce a catalog of all SNPs and INDELs. Show-snps outputs were summarized and translated to proteins using a R script adapted from Mercatelli and Giorgi (2020). Eventually, an annotated list including 186,399,389 mutational events was exported. The number of mutational events for each study sample was firstly calculated. Since high mutation numbers are not likely to appear in the early stage of the COVID-19 pandemic (Supplementary Figure 1), we excluded genomes with mutation numbers far beyond other samples collected in the same month, where the cutoffs were set to be the average plus 5 standard deviations.



Calculation and Filtration of Frequency Trajectories of Mutations

Mutations present at least once across all genomes were extracted and their frequency time series were generated according to calendar weeks of sampling. Specifically, a mutation frequency, denoted by yst, at a sampling week t on a specific site s was calculated as the fraction of genomes with the mutation of all genomes sampled at that week. Then the frequency trajectory of a mutation s(1 = s = S) can be denoted as

[image: image]

where t denotes the week number and t = 1 represents the first complete calendar week of 2020 (from January 5 to 11, 2020). When aggregating the mutation events for each mutation site, a large amount of multi-directional mutations (e.g., C→T and C→G) were detected (Supplementary Figure 2). All possible mutation directions were considered in our study to allow the distinction of different variant branches (e.g., G23012A for B.1.351 and G23012C for B.1.617.1) and to avoid erroneous clustering in the network construction due to missing mutation directions.

A myriad of mutations (i.e., large S) were detected across the viral genome but most were less informative with the temporal frequency pattern of fluctuating near zero (Supplementary Figure 3). Therefore, FTMs with all mutation frequencies less than a threshold [e.g., 1%, a threshold above which a mutation is considered fixed in a natural population (Wong et al., 2003)] were first excluded. For worldwide data, 1,178 (1.4%) were kept after this filtration and the majority of these FTMs maintained a frequency of ≥1% only for a limited period, as described by Chiara et al. (2021). To facilitate the demonstration of the methodology features, a hierarchical clustering analysis using Ward’s method (Ward, 1963) was additionally applied to group and exclude them before investigating the temporal clustering patterns.



Weighted Network Construction

In the network model, nodes correspond to mutations, or more precisely to scaled FTMs with

[image: image]

where [image: image] and [image: image]. The edges between mutations are determined by the pairwise Pearson correlations between FTMs. Then two FTMs will have a correlation coefficient close to 1 if they are synchronous, and non-synchronous relationships will deviate from 1. The connection strength between mutation i and j were quantified with an adjacency score using a power function (Horvath, 2011),
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where[image: image]is the Pearson correlation coefficient between [image: image] and [image: image]. The transformation in the parentheses is applied to map the correlations onto the interval [0, 1] to satisfy the requirement of an adjacency matrix and the exponential transformation with β≥1 is used to emphasize strong correlations at the expense of weak correlations. This leads to a weighted network and β is determined based on the scale-free topology criterion (Zhang and Horvath, 2005).

The network connectivity (k_s) of the sth mutation is the sum of the connection strengths with the other mutations, ks = ∑i≠sAsi. The summation performed over all mutations in a particular module is the intra-modular connectivity (ks,intra).



Network Module Identification

In weighted networks, modules are subsets of mutations which are tightly connected. Identifying these modules facilitates rapid identification and designation of a variant. Since the adjacency between two nodes cannot reflect their connectivity with other intra- or inter-modular nodes, we use a topological overlap measure (TOM) instead. The topological overlap is defined by:
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where ∑l≠i,jAilAlj quantifies the indirect connection strengths between i and j through their shared neighbors and the denominator serves as a normalization factor. The topological overlap between mutation i and j reflects their relative interconnectedness as mediated through other mutation nodes (Yip and Horvath, 2007). Module identification was done using the TOM-based dissimilarity matrix dissTOM = (1−TOMij) coupled with average linkage hierarchical clustering. Modules corresponded to branches of the resulting hierarchical clustering tree. We used a dynamic cut-tree algorithm to determine the branches (Langfelder et al., 2008). All of these were realized with the R WGCNA package (Langfelder and Horvath, 2008).

To intuitively display the relationship between nodes of the weighted network, the topological overlap matrix was partitioned by different cutoffs (e.g., 0.1 or higher) and visualized using the R igraph package (Csárdi and Nepusz, 2006). To distinguish between modules, each module was designated with a visually friendly color.



Core Mutations for Variant Determination

According to our hypothesis, modules in our network are expected to be sets of synchronous FTMs that represent variants. Emerging variants develop mutations quickly, but they are characterized by a highly correlated set of characteristic mutations. These characteristic mutations form densely connected intra-modular sub-networks. These sub-networks represent the “core” of a module and are detected using a high-pass adjacency score threshold. The threshold value is determined empirically by mapping benchmark modules to the global phylogeny (see below) with statistical evaluation of specificity and sensitivity. The historical classification and nomenclature for these variants were extracted from the GISAID metadata.



Phylogenetic Assessment of Detected Variants

We assessed variants determined by our module “core” mutations against a global reference dataset provided by GISAID using the pipeline proposed by Nextstrain (Hadfield et al., 2018). First, the metadata of the global SARS-CoV-2 phylogenic tree, with 4,506,129 high quality genomes created on December 24, 2021, were retrieved from the GISAID database. A subsample randomly selected from these data was used for the skeleton construction of global SARS-CoV-2 phylogenic tree. Second, the module genomes determined by the module “core” mutations were extracted. Specifically, the pandemic module genomes pointing to S, V, G, GH, GV, GR, GRY, and GK were directly taken from the global reference dataset to show the consistency with the skeleton tree. Other module genomes were extracted from the source data but down-sampling was introduced if the number exceeded 200. Then, the pipeline successively performs an alignment of genomes in MAFFT (Katoh and Standley, 2013), phylogenetic inference in IQ-Tree (Minh et al., 2020), tree dating and ancestral state construction and annotation. The phylogenetic trees were visualized using the R ggtree package (Yu et al., 2018).




RESULTS


Variant-Specific Frequency Trajectories of Mutations Present Synchronous Temporal Changes

A total of 5,043,950 SARS-CoV-2 sequences during our study period were retrieved. After excluding those with probable sampling date error, 5,042,287 (>99.9%) were eventually included. These viral sequences have been accumulating over time at an unprecedented speed, from a few to hundreds of thousands a week according to their sampling time (Figure 2A). Changes in the prevalence of the SARS-CoV-2 variants over time have been imprinted through these sequences (Figure 2B). Using Wuhan-Hu-1 genome (NC_045512.2) as the reference, 186,253,697 mutation events were detected at 29,825 nucleotide sites, including 28,972 (97.1%) sites with 2 or more mutation directions (Supplementary Figure 2). The time series plots of FTMs showed that majority of them had very low occurrence rate over time (Supplementary Figure 3), indicating a high chance of random or unstable mutations, or even sequencing artifacts. A few mutations with synchronous temporal changes (e.g., C241T, C3037T, C14408T and A23403G) were also observed.
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FIGURE 2. Synchronous temporal changes between variant-specific FTMs and variant prevalence. (A) Weekly distribution of SARS-CoV-2 genome sequences according to sampling time. (B) Time course of major variant distribution in collected sequences. (C) A Wald’s linkage hierarchical cluster tree of frequency trajectories of mutations. One hundred and fifty-eight mutations passing filtration were analyzed, annotated and displayed. Variant-specific mutations were flagged.


To show the association of epidemic variants and genetic variations of SARS-CoV-2 across time, a clustering process using Ward’s method was done for the FTMs. Due to ultra-high analytic dimensionality, the cluster having randomly fluctuated series was firstly identified and excluded (see section “Materials and Methods”). In consequence, 158 time series were left. The clustering analysis showed that mutations with consistent temporal change patterns were clustered together and some of these clusters were clearly linked to variant features (Figure 2C). This suggests that frequency trajectories of variant-specific mutations can be used for identifying and tracking variants. Moreover, there exist other mutation trajectories within each cluster having synchronous temporal changes (Figure 2C), which indicates the availability of more information that can be used to trace the same variant.



Identification of Variants Using the Weighted Network

The weighted network workflow for SARS-CoV-2 variant tracking has been summarized in Figure 1B and detailed in section “Materials and Methods”. Briefly, the Pearson correlation coefficient is calculated for all pair-wise comparisons of the scaled FTMs across the viral genome. This correlation matrix is then transformed into a matrix of connection strengths using a power function (connection strength = (0.5 + 0.5 × correlation)β). Mutations with similar patterns of connection strengths are speculated to form network modules while each node represents an FTM-related mutation. Topological overlaps are used to assess the similarity of the synchronous relationship of two FTMs with all the other FTMs in the network. Modules with high topological overlaps are detected using average linkage hierarchical clustering coupled with a dynamic tree-cutting algorithm. Each module is analyzed separately to identify “core” mutations for variant determination.

We used the 158 most frequent mutations from worldwide data for module detection and variant identification to show the capability of the method to track variants using a weighted network. This may lead to some information loss about the endemic variants, but we will illustrate later that this workflow will be more sensitive when it is applied to regional data. As showed in Figure 3A, FTMs were grouped into 20 distinct modules with 5 module clusters. Most modules (19/20, 95.0%) point to well-defined variants supported by the module genomes, which were identified from the viral population through the module core mutations (Supplementary Table 2). More precisely, 8 modules were clearly linked to global epidemic clades (S, V, G, GH, GV, GR, GRY, and GK) and 11 were identified as variants or sub-variants causing tens of thousands of COVID-19 cases, including two sub-variants of GRY that were not assigned Pangolin lineages. All the identification showed a very high specificity approaching 100% and a high sensitivity exceeding 70% when using the global phylogeny as a reference with an adjacency cutoff 0.7, an appropriate compromise between area under the receiver-operating characteristic curve and module-based variant discovery (Supplementary Table 3). Another module showed low connection strengths (<0.4) between nodes indicating asynchronous FTMs; thus, it was ignored. In addition, the time course prevalence of the module-based variants suggested that the 5 module clusters represented the five worldwide epidemic stages until the late of November, 2021, with co-circulation of multiple major variants defined by intra-cluster modules during each period (Figure 3B).
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FIGURE 3. A benchmark to use weighted network framework for identification of worldwide pandemic variants. (A) Clustering dendrogram of 158 FTMs from GISAID worldwide data. The module numbers are labeled and module clusters are highlighted with different colors. (B) The heatmap of module-based variant prevalence. The variants were determined by core mutations within each module. The modules were reordered and colored according to their module clusters and time course. (C) Network graph with topology overlap values > 10– 3 to show the relationship between nodes and modules of the weighted network. (D) Network graph with topology overlap values > 0.1. (E) Phylogenic evaluation of detected worldwide pandemic variants. Time-resolved maximum clade credibility phylogeny is shown and identified variants are highlighted and annotated with visually friendly colors.


Network graphs were used to further demonstrate the relationships among nodes within a module as well as to inspect how any module is related to the rest of the network and how closely any two modules are related. The continuous network topology was dichotomized by different cutoffs, and modules were individually colored. These network graphs highlighted our FTM-based weighted network conglomerated variant-specific mutations as modules with contemporaneous variants forming module clusters. First, mutations pointing to the same variant were clustered together to form closely connected modules (Figure 3C). Second, the modules pointing to cotemporaneous variants were likely to be connected to each other (Figure 3C). Third, with the increasing cutoff, linkages were broken in turn, first between module clusters and then between intra-modular nodes (Figure 3D and Supplementary Figure 4). All of these method features provided us with fresh insights to track down the historical, current, or emerging variants.



Validation Using Phylogenic Analysis

Variants determined by core mutations (Supplementary Table 2) were evaluated using phylogenic analysis. Data randomly sampled from the global SARS-CoV-2 phylogenic tree of the GISAID repository were used to establish the phylogenic skeleton (Supplementary Figure 5A). Genomes with module “core” mutations of S, V, G, GH, GR, GRY, and GK in the skeleton showed almost perfect consistency with the expectation (Supplementary Figure 5B). Samples with other module “core” mutations were selected from the source data, an updated phylogenetic tree was generated, and nodes were colored by their modules. As shown in Figure 3E, module “core” mutations detected by our weighted network successfully identified their lineages.



Workflow Application for Variant Surveillance in India and South Africa

After showing the capability of weighted network analysis of FTMs in module-based variant identification, we applied this workflow for SARS-CoV-2 variant surveillance in regional data and further tested its efficacy. All 59,069 SARS-CoV-2 genomes in the study period from India were first included. Since the genome numbers in the sampling weeks showed a high fluctuation (Figure 4A), from zero to several thousand, we only kept mutations that have occurred in 10% or more of genomes with occurrences > 10 in at least one sampling week. This resulted in 165 FTMs left for the weighted network construction. Following the automatic parameter selection and clustering process, these mutations were grouped into 33 modules among which 30 (30/33, 90.9%) had sets of mutations with strong synchronous FTMs (Supplementary Table 4). Five module clusters were detected in this process (Supplementary Figure 6). According to this module clustering feature, the heatmap of module-based variant prevalence clearly showed the SARS-CoV-2 epidemic in India by November 2021 could be divided into at least five stages, with the major variants during each stage determined by the module core mutations (Figure 4A). Phylogenetic assessment through a module-based sampling confirmed the results of network analysis and showed the modules corresponded to B.1.617.2 (Delta), B.1.617.1 (Kappa), B.1.1.7 (Alpha), B.1.36, B.1.1.306, B.1.1.326 or their sub-variants (Figure 4B). It is noteworthy that the weighted network would provide much earlier warning of Delta (B.1.617.2) than the date it was reported as VUI by WHO (January 3 2021 vs. April 4 2021, Figure 4A), if the time delay between sample collection, sequencing and analysis could be sufficiently overcome. In addition, the phylogenetic tree suggested that the network analysis detected multiple descendants of the major SARS-CoV-2 variants previously or currently circulating in India. Specifically, four primary descendent variants of B.1.617.2 (Figure 4B), which continued circulating as a dominant lineage in India until the end of November 2021, were tracked down. In contrast, CMM classified this variant to G3.14.1 with no subtype surveillance and Pangolin gave various subtypes of this variant (Supplementary Table 5).
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FIGURE 4. A demonstration to identify SARS-CoV-2 variants prevalent in India using the weighted network. (A) Weekly distribution of SARS-CoV-2 genome sequences according to sampling time (top) and the heatmap of module-based variant prevalence (bottom). Core mutations within each module were used to define the variants. The modules were reordered and colored according to their module clusters and time course. The weeks when Delta (B.1.617.2) was identified as a prevalent variant by network model (green) or reported as a VUI by WHO (blue) are highlighted by rectangles. (B) Phylogenic evaluation of detected endemic SARS-CoV-2 variants in South Africa. The detected variants are highlighted and annotated with visually friendly colors.


The same pipeline was applied in South Africa for SARS-CoV-2 variant tracking. The weighted network modeling for FTMs generated by the total available 17,778 SARS-CoV-2 genomes showed viral population in South Africa has gone through four prevalent stages with variant cluster pattern (Figure 5A), including a rapid surging of suspected variants with numerous spike protein mutations detected since November 7, 2021 (Supplementary Table 6 and Supplementary Figure 7). The newly circulating variants seemed to split from module 25 with mutation C10029T and C22995A according to the prevalence rate. Phylogenetic analysis using module-based sampling data showed that the dominant variants at the four stages were B.1.1.529 (Omicron), B.1.617.2, B.1.351, and C.1, respectively, from near to far (Figures 5B–E). The descendants of these variants were also tracked down by the weighted network, having consistent but more dedicated subtypes compared with Pangolin classification and more detailed than CMM grouping (Supplementary Table 7).
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FIGURE 5. SARS-CoV-2 variant surveillance in South Africa using the weighted network. (A) Weekly distribution of SARS-CoV-2 genome sequences according to sampling time (top) and the heatmap of module-based variant prevalence (bottom). Core mutations within each module were used to define the variants. The modules were reordered and colored according to their module clusters and time course. The weeks when Omicron (B.1.1.529) and Beta (B.1.351) were identified as prevalent variants by network model (green) or reported as VUI or VOC by WHO (blue) are highlighted by rectangles. (B–E) Phylogenic evaluation of every major SARS-CoV-2 variant detected in South Africa, including Omicron (B), Delta (C), Beta (D) and C.1 (E). The module-based variants having consistent classification with Pangolin lineages are labeled.





DISCUSSION

Scientists are keeping their eyes open for the mutating SARS-CoV-2 virus and making every effort to detect, investigate, and monitor clinically important variants (Chakraborty et al., 2021; Grubaugh et al., 2021; Mascola et al., 2021). In this study, we proposed a module-based variant surveillance framework through weighted network modeling of FTMs, enabling us to rapidly gain insights into the time-scaled dispersal history of SARS-CoV-2 variants without requiring prior lineage assignment of each viral sequence (Figure 1A). This framework modularizes the FTMs, with synchronous FTMs conglomerating together to represent the variants and module clusters reflecting contemporaneous variants (Figure 3C). The module-based variants are assessed by phylogenetic tree through sub-sampling to facilitate communication and control of the epidemic.

The ad hoc viral classification may delay the detection of newly emerging variants or their descendants. Viral subtyping followed by their characterization, prevalence monitoring and risk assessment is continuing to be used in SARS-CoV-2 variant surveillance (World Health Organization [WHO], 2021). Either phylogenetic-tree-based partition of GISAID (Han et al., 2019), Nextstrain (Hadfield et al., 2018) and Pangolin (Rambaut et al., 2020), or genetic-feature-based grouping of CMMs (Qin et al., 2021) and ISMs (Zhao et al., 2020), captured viral subtype features according to historical data, resulting in lag signals of classification, and then false subtyping at the early stage of their emergence delayed the public health response. Our module-based variant surveillance would have provided much earlier warning about newly surging variants of B.1.617.2 in India (Figure 4A) and B.1.351/B.1.1.529 in South Africa (Figure 5A) prior to their announced VUI/VOC dates by WHO.

Our investigation also reveals other advantages of module-based variant monitoring. First, the surveillance system will automatically divide the whole epidemic period into multiple stages and detect variant co-circulation pattern during each stage (Figures 3B, 4A, 5A). This may give an important insight into viral evolution (Kostaki et al., 2021). Second, the methodology provides variant surveillance at moderate resolution, facilitating an overview of epidemic variants. Our framework focuses on the tracking of prevalent variants rather than comprehensive surveillance. In spite of a rough filtration process, the benchmark analysis using worldwide data tracked down all the major pandemic variants and some regionally epidemic variants (Figure 3E). National level analysis in India and South Africa further demonstrated that this approach not only provided a variant profile (Figures 4B, 5B–E) consistent with previous studies (Singh et al., 2021; Tegally et al., 2021), but also gave more detailed variant monitoring than CMM. The weighted network analysis also provided a much more enriched variant investigation than Pangolin (Supplementary Tables 5, 7), which were confirmed by previous reports. Third, our framework allows insertion, deletion and recombination events to be included. This highly extends the surveillance because current variant monitoring mainly involves substitution events (Zhao et al., 2020; Qin et al., 2021) and poses a great challenge in phylogenetic inference (Liu et al., 2021).

Our approach can be an alternative method for rapid investigation and early detection of prevalent variants to facilitate regional SARS-CoV-2 genomic surveillance. An efficient variant surveillance is firstly dependent on the timely availability of viral genomes (Kalia et al., 2021). To compensate and minimize the time delay between sample collection and submission, surveillance activities at national and sub-national levels, where first hand data are actually acquired, are highly recommended (World Health Organization [WHO], 2021). Meanwhile, simple surveillance systems, especially employing time-based analysis of SARS-CoV-2 mutations, are developed to assist in the identification of candidate variants of clinical importance. Nevertheless, most of them focus on trend survey of viral mutations (Wada et al., 2020; Showers et al., 2022) or their phenetic clustering (Yang et al., 2020; Chiara et al., 2021) but not real variant monitoring. Based on similar motivation, Bernasconi et al. (2021) applied standard time-series clustering to group 1-month-long FTMs for detection of all SARS-CoV-2 variants at national level. Due to the segmenting and complete analysis of FTMs, they have to face the challenge of handling the discrepancies between cluster features of the same variants, especially when these variants are new and not included in the lineage dictionary. Our module-based variant monitoring overcomes these difficulties by concentrating on high-frequency FTMs for prevalent variant identification.

Some limitations are also acknowledged. First, the mutation modules detected by our workflow may not represent a nominated lineage, but the analysis offers perceptive insights into novel variants which could be causing more transmission. Second, the independence between FTMs were assumed in the analysis. This might not be true especially for multiple direction mutations at the same nucleotide sites. However, as we can see in our analysis, the assumption may not highly influence our results. Lastly, the threshold value of FTM filtration is empirically chosen. This may result in the loss of less frequent variants. We believe it is a trade-off between detectability and discriminability in variant monitoring. When more samples are available and the cutoff is thought to be too big, analysis at a higher spatial resolution is recommended.

In summary, an efficient and easy-to-use weighted network framework was proposed for SARS-CoV-2 variants tracing that could help to accelerate the understanding, surveillance, and control of the emerging viral variants.
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Supplementary Figure 1 | Frequency distribution of mutational number of each SARS-CoV-2 genome at each sampling week.

Supplementary Figure 2 | Frequency distribution of number of mutation directions at each mutation sites.

Supplementary Figure 3 | Frequency trajectories of mutations by SARS-CoV-2 genome regions. UTR, Untranslated region; NSP, non-structural protein; S, Spike protein; ORF, Open reading frame; M, Membrane protein; N, Nucleocapsid protein; E, Envelope protein.

Supplementary Figure 4 | Network graphs with different topological overlap cutoffs for identification of worldwide pandemic variants.

Supplementary Figure 5 | The global SARS-CoV-2 phylogenic skeleton. (A) The SARS-CoV-2 phylogenic skeleton generated by the Nextstrain pipeline based on a random sample of the global phylogenic tree from the GISAID database, with the edges colored by the GISAID clade nomenclature system. (B) Comparison of the genome classification consistency between the expectation and those determined by the “core” mutations.

Supplementary Figure 6 | Clustering dendrogram of 165 FTMs from India, with dissimilarity based on topological overlap. The module numbers were labeled and module clusters were highlighted with different colors.

Supplementary Figure 7 | Clustering dendrogram of 223 FTMs from South Africa, with dissimilarity based on topological overlap. The module numbers were labeled and module clusters were highlighted with different colors.
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Background: As the SARS-CoV-2 Omicron variant spreads in several countries, healthcare workers' (HCWs) perceptions and worries regarding vaccine effectiveness and boosters warrant reassessment.

Methods: An online questionnaire among HCWs in Saudi Arabia (KSA) was distributed from Dec 1st−6th 2021 to assess their perceptions, vaccine advocacy to the Omicron variant, and their perception of the effectiveness of infection prevention measures and vaccination to prevent its spread, their Omicron variant related worries in comparison to the other variants, and their agreement with mandatory vaccination in general for adults.

Results: Among the 1,285 HCW participants, two-thirds were female, 49.8 % were nurses, 46.4% were physicians, and 50.0% worked in tertiary care hospitals. 66.9% considered vaccination to be the most effective way to prevent the spread of the Omicron variant and future variants. The respondents however perceived social distancing (78.0%), universal masking (77.8%), and avoiding unnecessary travel (71.4%) as slightly superior to vaccination to prevent the spread of SARS-CoV-2 variants. HCWs aging 55 or older agreed significantly with vaccine ineffectiveness to control Omicron spread, while those who believed in non-pharmacological infection prevention measures agreed significantly with vaccination for that purpose. Male HCWs had a significant agreement with mandatory vaccination of all eligible adult populations. On the other hand, unwilling HCWs to receive the vaccine had strong disagreements with mandatory vaccination.

Conclusions: The current study in the first week of Omicron showed that only two-thirds of HCWs felt that vaccination was the best option to prevent the spread of the Omicron variant, indicating the need for further motivation campaigns for vaccination and booster dose. HCWs had a strong belief in infection prevention measures to contain the spread of SARS-CoV-2 variants that should be encouraged and augmented.

Keywords: COVID-19 vaccine, SARS-CoV-2 Omicron variant, healthcare workers' perceptions, SARS-CoV-2 variants, Omicron variant


INTRODUCTION

The B.1.1.529 variant of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) was first reported to the World Health Organization (WHO) from South Africa on November 26, 2021 (1). This emerging variant was named Omicron and designated as a variant of concern (VOC). This variant has more than 30 mutations on its spike protein. And similar to the Alpha variant, it is associated with an S-gene target failure on a specific PCR assay due to the presence of 69–70 deletions (2). Preliminary evidence suggests an increased risk of reinfection with this variant and high contagiousness (3, 4). The Omicron variant had been reported in 110 countries across all six WHO regions as of December 22, 2021 (1, 2, 5). In addition, the B.1.1.529 variant was thought to have a higher transmissibility rate than other circulating variants (3, 6, 7). More concern has arisen from the questionable whether current vaccines provide adequate protection against this variant (8). A recent study showed a 41-fold decline of the geometric mean titer (GMT) inverse of the plasma dilution required for 50% reduction in infection (FRNT50) with Omicron compared to previous infection with the wild-type virus, with a three-fold reduction in FRNT50 with the mRNA vaccine BNT162b2 (9). However, it is likely that previous infection followed by vaccination, or a booster dose for those completing their primary series, will likely increase neutralization levels that would confer the needed protection against severe disease from the emerging Omicron variant (10). A recent study showed that even with Omicron, the rate of hospitalization was highest among unvaccinated and lowest among those who received a booster dose 0.88% likelihood to escape current vaccines (3, 11, 12).

As new variants emerge, HCWs must continue to serve COVID-19 and non-COVID patients while still fulfilling personal commitments for their families and themselves (13–15). Burnout, emotional exhaustion, mental distress, depression and psychological stress have been linked to HCWs during this pandemic, and research continues to reveal high rates of infection (16). In addition to patient care, HCWs must keep up with any developments in relation to emerging variants and their effects on clinical presentation, management, and measures of prevention—mainly vaccination and infection prevention practices (17, 18). As the Saudi Ministry of Health announced the first case of Omicron variant on Dec 1st, 2021 (19), we undertook this study to assess HCWs' awareness about the SARS-CoV-2 Omicron variant, their worry levels in relation to the different SARS-CoV-2 variants, their perception of the effectiveness of the current vaccines, and other preventive measures to inhibit the spread of the Omicron variant or other future variants, as well as to assess their agreement with mandatory vaccination of the adult population.



METHODS


Data Collection

This was a cross-sectional survey carried out among HCWs in Saudi Arabia (KSA), conducted between Dec 1 and 6, 2021. Participants were invited via a convenience sampling technique through various healthcare providers' social media platforms, such as WhatsApp, Twitter, and emails.

HCWs were surveyed regarding their Omicron variant awareness, perceptions of the effectiveness of COVID-19 vaccinations and other measures to prevent its spread and that of other future variants, and their agreement with mandatory vaccination for all eligible adults. The last part of the survey focused on HCWs' resilience, anxiety, and coping strategies, which was published as preprint (20). The current survey was adopted from our previously published studies, with modifications related to the new Omicron variant (21–24). The questionnaire was pilot-validated and sent through the SurveyMonkey© electronic platform as described previously (21–24).

Participants gave consent at the beginning of the survey, were notified about the purpose of the study, and participated voluntarily in the study. The Institutional Review Board at the College of Medicine and King Saud University approved the study (approval 21/01039/IRB).



Statistical Analyses

The mean and standard deviation were used to assess continuous variables (worry level for example), frequency and percentage were used for categorically measured variables (agreement with mandatory vaccination for example, age was analyzed as categories). The 5-point Likert score was analyzed by categorical method to assess agreement vs. disagreement, the participants' responses were grouped into two groups: 1. Agree including agree and strongly agree responses; 2. Disagree including disagree, strongly disagree and neither agree nor disagree responses. A histogram and the K–S statistical test of normality were used to assess the statistical normality assumption of the continuous variables, and Levene's test was used to assess the homogeneity of statistical variance assumption. A multiple-response dichotomies analysis was used to analyze the multiple response variables (participants' source of information for example). Pearson's correlations test (r) was used to assess the correlations between metric variables. Multivariate binary logistic regression analysis was used. The associations were expressed as the odds ratio and 95% confidence interval. The SPSS IBM statistical analysis program (Version#21. Armonk, NY: IBM Corp.) was used for the statistical data analysis. The statistical significance level (P-value) was considered at 0.01 if achieved, and 0.05 if 0.01 not achieved according to the used software.




RESULTS

A total of 1,285 HCWs completed the online survey. Table 1 shows the participants' baseline characteristics. The majority (64%) were female, and 70.9% aged between 25 and 44 years. The majority were expatriates (62.3%). Regarding their clinical role, 49.8% were nurses and 46.4% were physicians, of whom 24% were consultants. Fifty percent worked in tertiary institutes, while two-thirds worked in the outpatient department (OPD) or general wards.


Table 1. Baseline characteristics of the participating HCWs.
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Almost all (97.9%) of the participants did not recently travel to countries where the Omicron variant has been recorded. Most (71%) HCWs had not been in contact with COVID-19 patients during the last 3 months, while 22.3% of the HCWs had developed COVID-19 previously.

Regarding COVID-19 vaccination, 99.5% had received two doses, and the first dose was divided equally between AstraZeneca ChAdOx1-S and Pfizer vaccines, and 75% of the second dose was of the Pfizer–BioNTech COVID-19 vaccine. Regarding the booster dose, 94.1% either received or planned to receive it once eligible, according to time-based criteria of the local regulations (Table 2).


Table 2. Descriptive analysis of the HCWs' experiences of COVID-19 disease, screening, and immunization.
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Table 3 shows the participating HCWs' awareness and knowledge of the available literature concerning certain facts and queries related to the Omicron variant (key answers displayed in brackets). Almost all (93%) the participating HCWs knew that the Omicron variant was first described in South Africa; however, 81.7% believed that the Omicron variant was already reported in Saudi Arabia. Of the respondents, 66% knew that Omicron variant is more transmissible than the Delta variant, while 26.7% were not sure. The majority (71.8%) did not know that the Omicron variant spike protein has 22 mutations. Still, 56.2% expected that Omicron variant causes similar signs and symptoms to the original variant. Most (85.1%) of our cohort were aware that SARS-CoV-2 mutations are expected, while they were almost equally divided regarding their opinion on whether they were unsure or whether the Omicron variant may/may not cause more severe disease compared to previous variants. About half of the participants were unsure if mRNA or vector-based vaccines are effective against the Omicron variant. At least two-thirds of them were unsure if therapeutics such as monoclonal antibodies used against previous variants might be effective against the variant.


Table 3. Descriptive analysis of HCWs' awareness and knowledge of the Omicron variant.
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The mean participants' self-rated familiarity with the Omicron and Delta variants of the SARS-CoV-2 virus was 3.24 (SD 0.95) and 3.5 (SD 0.99), respectively, with strong and significant correlation between these scores p < 0.0001 (t = 6.7928, df = 2,568). When we explored the participants' sources of information about the Omicron variant, the MOH and WHO websites were the main sources, but social networks were also used to obtain information in equal measure (about 50%), followed by Official statements (41%), hospital announcements (38%), and the Center of Disease Control (CDC) and Saudi CDC websites, which were accessed almost equally (between 30 and 33%), while scientific journals were lower down on the list (28.7%).

Of the participants, 66.9% agreed with the vaccine's effectiveness to prevent the spread of Omicron or other future variants, while when considering other preventive measures, such as universal masking, social distancing, and avoiding unnecessary international travel, their agreement was higher (77.8, 78, and 71.4%, respectively). Participating HCWs (82.2%) felt that the COVID-19 vaccination should be mandatory for all eligible adult populations, while only 5.1% disagreed (Table 4).


Table 4. Descriptive analysis of the HCWs' beliefs, attitudes, and practices concerning the SARS-CoV-2 Omicron variant.
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Almost half (42.7%) of the HCWs perceived that any of the current mRNA vaccines (Pfizer–BioNTech COVID-19 vaccine or Moderna COVID-19 vaccine) would be the best COVID-19 booster vaccine, while 26.9% felt that a newly developed mRNA vaccine that would better target the Omicron variant is best, and 26.2% agreed to receive any of the available vaccines as a third booster dose (Table 4).

Regarding the participants' perceived risk from the Omicron variant, 16.9% felt that patients with immune deficiencies are at the highest risk, followed by the elderly (14.9%), HCWs (14.1%), and then patients with chronic medical illnesses (Table 4).

When assessing the participants' perceptions about future perspectives of the Omicron variant locally and internationally, 57.7% agreed that it has the potential to cause a new COVID-19 pandemic wave worldwide, while only 45.9% agreed that it may cause another COVID-19 wave in Saudi Arabia, and 46.1% agreed that it may cause a lockdown (Table 4). The current cohort of HCWs had the highest worry level in relation to international travel (3.19, SD 1.12), followed by the Omicron variant (2.18, SD 1.14), and their worry levels in relation to the original SARS-CoV-2 and Delta variants were comparable (1.96, SD 1.14 and 1.97 SD, 1.13, respectively), while their worry level in relation to the Alpha variant was the lowest (1.67, SD 1.1).


HCWs' Perceptions of Vaccination and Other Preventive Measures to Prevent the Spread of SARS-CoV-2 Variants

The HCWs' belief in universal masking, social distancing, and avoiding unnecessary international flights to prevent the spread of SARS-CoV-2 variants correlated strongly and significantly with their belief that vaccines are still the most effective way to prevent the spread of Omicron and other future variants (r = 0.707, 0.675, 0.603, respectively; p < 0.01). Their mean worry level in relation to international travel also correlated significantly with the above measures (r = 0.102, 0.134, 0.157, respectively; p < 0.01), which also correlated with their agreement with COVID-19 vaccine mandates for all adults (r = 0.139, p < 0.01). Their mean worry level in relation to the Omicron variant correlated significantly and strongly with their perception of the effectiveness of the above preventive measures, including vaccination to prevent its spread and mandatory vaccination (r = 0.082, 0.103, 0.132, 0.160, 0.114, respectively; p < 0.01). Self-rated familiarity with the Omicron or Delta variants correlated strongly and significantly only with their agreement of universal masking as a preventive measure to prevent the spread of other variants, including Omicron, (r = 0.090, 0.094, respectively; p < 0.01). Additionally, their familiarity with either variant correlated significantly with their agreement with mandatory vaccination (r = 0.167, 0.142, respectively; p < 0.01) (Table 5).


Table 5. Correlation between participants' perceptions about vaccines, universal masking and social distancing to prevent the spread of the Omicron variant.
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Multivariate logistic regression analysis of multi-variables related to the HCWs and their perception of the ineffectiveness of the currently available COVID-19 vaccines to prevent the spread of SARS-CoV-2 variants found that the HCWs' age correlated positively with their agreement with the ineffectiveness of the COVID-19 vaccines when they were aged over 35 years (OR = 1.25, p = 0.235), and significantly when they were aged 55 and above (OR = 1.96, p = 0.034) (Figure 1, Table 6). HCWs who strongly believed that universal masking and avoiding unnecessary international flights are still effective ways to prevent the spread of mutant variants were in significant disagreement with the ineffectiveness of the vaccines to prevent the spread of current and future mutant variants.


[image: Figure 1]
FIGURE 1. Odds ratio between the participants' ages and their agreement with the ineffectiveness of the COVID-19 vaccines to prevent the spread of mutant variants; the correlation is significant for those over 55 years old; p = 0.034.



Table 6. Multivariate logistic regression analysis of odds of agreement with the ineffectiveness of the COVID-19 vaccines to prevent the spread of mutant variants, especially Omicron.
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In addition, those who believed that COVID-19 vaccination should be mandatory for all adults or believed that mutant variants are an expected phenomenon also showed strong disagreement with the ineffectiveness of the vaccines. HCWs who worked in critical care areas showed significant agreement with the belief that the COVID-19 vaccines are ineffective in preventing the spread of mutant variants. Regarding the HCWs' sources of information, those who significantly relied on the WHO did not believe in the efficacy of the vaccines to prevent the spread of current or future mutant variants (Table 6).

An analysis of the characteristics of the surveyed HCWs found that males (compared to females) were in significant agreement with mandatory vaccination of all eligible adults, while age did not correlate with agreement with mandatory vaccination. HCWs who relied on social media as a source of information were in significant agreement with mandatory vaccination for all adults, self-rated familiarity level with the Omicron variant and the agreement that there could be further national lockdowns due to the Omicron variant. Furthermore, the level of agreement with the effectiveness of vaccines to prevent the spread of mutant variants correlated significantly with agreement with mandatory vaccination.

Those who were absolutely unwilling to receive the vaccine were five times more likely to disagree with mandatory vaccination, while those who agreed with the effectiveness of unnecessary travel avoidance to prevent the spread of mutant variants were 1.5 times more likely to disagree with the mandatory vaccination of all eligible adults (Table 7).


Table 7. Multivariate logistic regression analysis of odds of disagreement with mandatory COVID-19 vaccination.
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DISCUSSION

This study explored HCWs' perceptions and awareness of the SARS-CoV-2 Omicron variant after the initial WHO alert, in addition to their agreement with vaccine effectiveness to prevent its spread or other potential future variants. Most (64%) respondents were female, similar to a previous study about Delta variant concerns in KSA. This was also in agreement with other studies showing that the majority of HCWs are female (24–26).

One-fifth of study participants received a booster dose, while the majority reported plans to receive it once they became eligible, with a small percentage (6%) not planning to receive it. The majority (69.6%) in our study chose to receive the booster dose with any of the currently available mRNA vaccines or newly developed ones; this observation mirrors another study conducted in a neighboring country among HCWs, where they also preferred mRNA vaccines (27). Such behavior could be partly due to the hematological side effects that have been recorded with the viral vector vaccines (27). In addition, this could signal vaccine selectivity (VS), which is currently an emerging public health challenge due to the multiplicity of vaccine options. Another explanation is vaccine hesitancy (VH), which could be related to reliance on social media as the main source of information, which was reported by almost half of the participants, as opposed to less than one-third who reported utilizing scientific journals as a main source of information; therefore, increased access to peer-reviewed journals should be strongly encouraged among HCWs (24). Keeping in mind the double edge sword effects the social media plays on individuals' decision making, as social media spreads information that's not scientifically always verified, puts their personal touch or psycho-cognitive flavor that drives the audience, therefore our observation of social media being highly used source of information by the surveyed HCWs can explain some observations like (VS), (VH) and HCWs significant agreement with mandatory vaccination for all adults. Such agreement might be a reflection of their self-rated familiarity level with the Omicron variant (stemming from the information they acquired from social media) that also correlated significantly with their agreement with mandatory vaccination. Social media spread with the emergence of the Omicron variant a huge load of information that was potentially driving all sectors of the society to abide with all the measures of protection including vaccination, from SARS-CoV-2 including its new Omicron variant.

The primary concerns regarding Omicron are whether it is more contagious, more virulent, or both, in comparison to other variants, and how likely it would be to evade natural (post previous COVID-19 infection) and vaccine-induced immunity (3, 28–30). However, with more than 30 mutations and some deletions that are similar to other variants, increased transmissibility and higher antibody escape were expected (31). However, with few clinical and epidemiological data to help define the true threat of Omicron, participants' mixed knowledge responses are expected, as has been observed in our study, in which they even extended to their belief in the effectiveness of the vaccines to control its spread (32).

Among our study participants, regarding the perceived effectiveness of various methods to control the spread of the Omicron variant, social distancing and universal masking scored the highest, followed by avoiding international flights and, lastly, vaccination. Again, such observations shed light on their questioning of the vaccine's effectiveness against Omicron due to its many mutations, especially involving the spike protein. Their perceived effectiveness of the current COVID-19 vaccines against the Omicron variant was 67%. This represents a decline in HCWs' perception of vaccine efficacy compared to our earlier study, performed in December 2020 during the initial rollout of the COVID-19 vaccines, which was 80.2% (33). Such findings reflect declining confidence in vaccine efficacy against emerging variants, which is noteworthy since their concerns about efficacy have been stated as one of the main reasons for vaccine hesitancy (34). COVID-19 vaccine-related uncertainty and challenges persist in the face of combacting emerging SARS-CoV-2 variants. Immune escape is a real concern with the Omicron variant. According to findings from South Africa, the efficacy of the Pfizer-BioNTech vaccine against the Omicron variant was significantly reduced, with a 41-fold lower level of neutralizing antibodies when compared to the wild-type variant of SARS-CoV-2 (10).

The fact that 82.2% of HCWs agree with mandatory COVID-19 vaccination for all adults is an interesting finding. Mandating immunizations for HCWs or other business employees is not only ethical, but also legal. Employers have the right to require vaccination as a condition of employment, as the Equal Employment Opportunity Commission and courts have stated (35) and a multi-society statement on COVID-19 vaccination had been also released (36). This right applies to both vaccinations approved for emergency use and those that have been fully approved by the FDA. Mandates, however, can erode public support, causing a backlash and even lowering vaccine uptake. There are no established processes to enforce population-wide vaccination obligations in most countries, despite the fact that employers, healthcare providers, and educational institutions can monitor compliance with mandates. Requiring COVID-19 immunizations for HCWs, for example, is not a new practice; rather, it is a continuation of a long-standing policy. Vaccination against influenza, hepatitis B, and other infectious diseases has long been mandatory in many health-care settings (37). Whether to mandate COVID-19 vaccination for HCWs and/or all employees and how to implement such a policy is ultimately a local authority decision. For instance, the local authorities in both New York and California announced a vaccine mandate for state employees (38).

We observed that HCWs' beliefs in infection control measures that have been mandated and optimized during the COVID-19 pandemic namely, universal masking, social distancing, and vaccination as preventive methods for the spread of the Omicron variant or other future variants (39, 40) all correlated positively and significantly with their belief in mandatory vaccination for all eligible adults. They still believed that avoiding unnecessary international travel is an effective measure in preventing the spread of SARS-CoV-2 variants, even after widespread vaccination, perhaps due to the emergence of at least three variants, one of them with high transmissibility and serious clinical morbidity and high mortality (the Delta variant). However, there is a huge consequence of travel ban and lockdown with any emerging variant (41, 42).

HCWs who believed that SARS-CoV-2 mutations are expected and will reoccur were significantly less in agreement with the belief that the vaccines are ineffective against the spread of the Omicron variant or other potential future variants, which is an expected and healthy belief, as the best preventive measure to contain the pandemic at present is widespread vaccination This has been observed in HCWs' stringent behavior of abiding by the infection prevention measures, such as universal masking and social distancing, for the same purpose (39, 40), which has also been observed in our results, in which agreement with the effectiveness of vaccination to prevent the spread of mutant variants is significantly and positively associated with agreement with mandatory vaccination.

HCWs in critical care areas believed significantly in the ineffectiveness of the vaccines to prevent the spread of mutant variants, including Omicron. This might be explained by the multiple mutations that the Omicron variant has and the critical care workers' anxiety regarding the current vaccine's efficacy against it, being frontlines exposed to severe cases. In the same vein, we observed that HCWs who relied on the WHO as a main source of information disagreed with the vaccine's effectiveness to prevent the spread of the mutant strains, including Omicron, as it is a scientific source that releases only evidence-based information, which has not thus far proven the vaccine's efficacy in that regard.

Male gender was significantly associated with agreement with mandatory vaccination of all eligible adults. This attitude has been observed in multiple studies, as males were more inclined toward vaccine uptake and had much less vaccine hesitancy, while age did not correlate with mandatory vaccination agreement (27, 43).

The level of agreement with the effectiveness of vaccines to prevent the spread of mutant variants was significantly associated with agreement with mandatory vaccination, and the same was observed with the level of agreement with the belief that there might be a second national lockdown due to the Omicron variant. This behavior from HCWs—of stringent abidance with vaccination—correlates with their expectation of its effectiveness to prevent the spread of any mutant variant, and their fear of a national lockdown, not unexpectedly, drove them to have an unwavering belief in mandatory vaccination as the best modality to prevent it. However, they did not perceive the effectiveness of unnecessary travel avoidance to be effective in preventing the spread of mutant variants or being superior to mandatory vaccination. Early lockdown and social distancing in the initial phase of the pandemic were useful in slowing the spread of SARS-CoV-2 in Saudi Arabia (44). In addition, during the peak of the initial lockdown the level of anxiety was associated with being with family members at risk of SARS-CoV-2 infection. Thus, it is understandable that HCWs fear the occurrence of second lockdown with the emergence of the Omicron variant (45).


Study Limitations and Strengths

While this research is subject to the limitations of cross-sectional studies, such as sampling, response rate, and uneven geographical representation, the fact that we carried out the study early on in the spread of the Omicron variant also limited our ability to assess the awareness of the HCWs in relation to the variant, especially given the scarce scientific data available after it was first identified. Despite this, the scientific evidence regarding the current vaccines' effectiveness against the Omicron variant will take a significant amount of time to materialize. As with the evolving situation in regard to variants, HCWs' experiences and perceptions are also likely to change. Moreover, HCWs' experiences may differ from one setting to another.




CONCLUSION

This is the first national survey in Saudi Arabia that was conducted in the first week of the WHO Omicron variant announcement, to address HCWs' awareness of the variant, acceptance of vaccine booster doses and agreement with vaccination to prevent the spread of SARS-CoV-2 Omicron variant or future variants. Only about two-thirds of HCWs perceived that vaccination is the best option to prevent the spread of the Omicron variant, indicating the need for future studies to explore the performance of currently available vaccines in terms of the protection they offer against the current variants. At the same time, the HCWs had a strong belief in preventive measures, such as universal masking and social distancing, to prevent the spread of Omicron or future variants, which should still be maintained in practice, at least in healthcare institutions, to prevent nosocomial spread until further evidence can be elucidated.
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India witnessed a very strong second wave of coronavirus disease 2019 (COVID-19) during March and June 2021. Newly emerging variants of concern can escape immunity and cause reinfection. We tested newly diagnosed COVID-19 cases during the second wave in Chennai, India for the presence of Immunoglobulin G (IgG) antibodies to estimate the extent of re-infection. Of the 902 unvaccinated COVID-19 positive individuals, 53 (26.5%) were reactive for IgG antibodies and non-reactive for Immunogobulin M (IgM) antibodies. Among the 53 IgG-positive individuals, the interval between symptom onset (or last contact with the known case in case of asymptomatic) was <5 days in 29 individuals, ≥5 days in 11 individuals, while 13 asymptomatic individuals did not know their last contact with a positive case. The possible re-infections ranged between 3.2% (95% CI: 2.2–4.5%) and 4.3% (95% CI: 3.4–6.2%). The findings indicate that re-infection was not a major reason of the surge in cases during second wave. The IgG seropositivity among recently diagnosed unvaccinated COVID-19 patients could provide early indications about the extent of re-infections in the area.

Keywords: SARS-CoV-2, reinfection, IgG antibody, genomic sequencing, COVID-19


INTRODUCTION

After the first wave of COVID-19 in India, the transmission of wild Wuhan virus strain was relatively lower between October 2020 and February 2021 (1). The seroprevalence of Immunoglobulin G (IgG) antibodies against SARS-CoV-2 at the national level was around 25% at the end of December 2020 (2). India witnessed a very strong second wave of COVID-19 since March 2021 (3). The upsurge of COVID-19 cases seen in India in March 2021 was thought to be on account of several factors including high population susceptibility [75%, per national serosurvey in Dec 2020 (2)], non-adherence to non-pharmaceutical interventions, mass gatherings, and the emergence of variants of concern (VOC). Although there were limited data about predominantly circulating VOC from different Indian states before the second wave, the sequencing of >10,000 samples indicated circulation of viruses of B.1.1.7 (alpha variant), B.1.351 (beta), P.1 (Gamma) lineage, and delta (B.1.617) (4). Some VOCs can escape immunity and cause re-infection (5). A similar resurgence of COVID-19 occurred in Manaus, Brazil, despite high seroprevalence (6).

The definition of reinfection for COVID-19 has evolved over time. Most studies defined reinfection as infections with two distinct virus variants with any sequence variation between the two episodes (7). However, the confirmation of re-infection based on next-generation sequencing (NGS) is challenging, as specimens from the first infection are often not available. Moreover, in several countries, the facilities for genomic sequencing are limited. Some studies also used a time interval of at least 3 months between two real-time PCR (RT-PCR) positive tests as a criterion for defining reinfection (7). Most COVID-19 infections are mild or asymptomatic in nature, and several of such individuals with asymptomatic or mild infection would not undergo RT-PCR testing. During the upsurge of COVID-19 cases in Chennai, a metropolitan city in Southern India during March 2021, we attempted to quantify the proportion of reinfection among RT-PCR-confirmed COVID-19 cases, using serological signatures created by SARS-CoV-2 due to previous exposures. During October-November 2020, about 40% of the population aged >10 years had IgG antibodies against SARS-CoV-2 (8).



METHODS

As per the triaging protocol followed in Chennai, a line list of RT-PCR-positive individuals from the public and private laboratories in the city was sent to frontline health workers in the community. The frontline health workers identified the listed patients and referred them to the nearest screening centers, where the patients who are RT-PCR-positive were clinically evaluated by a physician. Based on the clinical, laboratory, and radiological findings, patients were triaged for home quarantine or hospital admission.

We conducted the study in two triaging centers in Chennai: one in the northern and another in the southern part of Chennai, which handled the maximum number of cases. All RT-PCR-positive individuals triaged at these centers during March 31, 2021 and April 13, 2021 were enrolled in the study. After obtaining written informed consent, we collected information about demographic details, symptoms of COVID-19, previous infection history, and vaccination details. A total of 3-ml of blood was collected from the patients and sera were tested for the presence of SARS-CoV-2 IgG antibodies against nucleocapsid (Abbott, USA), S1-RBD (Siemens, Germany), and IgM antibodies against S1-RBD (Abbott, USA). The individuals with the presence of IgG antibodies but negative for IgM antibodies, and whose date of onset of symptoms (for symptomatic cases) or last contact with COVID-19 case (for asymptomatic cases) was <5 days prior to blood sample collection were considered as possibly re-infected. We collected nasal and oro-pharyngeal (N/OP) swabs from such individuals for the NGS using the Illumina Miniseq (Illumina, USA) platform. We also collected swabs from those who reported laboratory-confirmed COVID-19 in the past and those who received COVID-19 vaccines at least 14 days prior to RT-PCR confirmation.

Viral Nucleic acid was extracted from the nasopharyngeal/oropharyngeal swabs specimens using a MagMAX™ Viral pathogen nucleic acid isolation kit (Thermo Fisher Scientific, USA). The extracted RNA was quantified using the Qubit® 2.0 Fluorometer (Invitrogen, USA) with a Qubit RNA High Sensitivity kit. The host ribosomal RNA (rRNA) depletion was carried out using the NEB-Next rRNA depletion kit (New England Biolabs, USA) and the extracted RNA was re-quantified. Quantified RNA was used to generate genomic libraries for sequencing. The quantified libraries were normalized and loaded on the Illumina machine for sequencing. The paired-end FASTQ files generated from the MiniSeq machine were analyzed on the CLC Genomics Workbench version 20 (CLC, Qiagen, Germany). A reference-based assembly method, as implemented in the Workbench, was used to retrieve the (Severe Acute respiratory Syndrome-2) SARS-CoV-2 sequence. The SARS-CoV-2 isolate Wuhan-HU-1 (Accession No.: NC_045512.2) was used as the reference for mapping. The retrieved sequences were deposited in the public repository, global initiative on sharing all influenza data (GISAID). Representative sequences were used in the analysis along with the sequences retrieved in this study. The aligned file was manually checked for correctness. A neighbor-joining (NJ) tree was constructed 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 tree. The amino acid variation for each gene was identified using the MEGA software version 7.0 (9).

The study was approved by the Institutional Ethics Committee of ICMR-National Institute of Epidemiology, Chennai.



RESULTS

We enrolled 1,006 consecutive RT-PCR positive individuals between March 31 and April 13, 2021. Their mean age was 37.5 years (SD: 14), 808 (80.3%) were symptomatic, 5 had a history of COVID-19, and 104 reported receipt of the COVID-19 vaccine (Table 1).


Table 1. Demographic and clinical characteristics of the study participants.

[image: Table 1]

Of the 902 unvaccinated RT-PCR-positive individuals, 702 (77.8%) were seronegative for IgG and IgM antibodies. A total of 147 (73.5%) of the remaining 200 were positive for IgM antibodies, whereas 53 (26.5%) were reactive for IgG antibodies (19 against nucleocapsid, 11 against S1-RBD, and 23 against both), and non-reactive for IgM antibodies. Three of the 5 individuals with a history of COVID-19 were reactive for IgG S1-RBD, while the remaining 2 were seronegative. Among the 53 IgG positive individuals, the interval between symptom onset (or last contact with a known case in case of asymptomatic) was <5 days in 29 individuals, ≥5 days in 11 individuals, while 13 asymptomatic individuals did not know their last contact with a positive case (Figure 1). Thus, the number of possible reinfections among the 902 RT-PCR-positive individuals ranged between 29 (3.2%, 95% CI: 2.2–4.5%) and 42 (4.3%, 95% CI: 3.4–6.2%) (assuming the interval between blood sample collection and last contact with the confirmed case was <5 days for all 13 asymptomatics).


[image: Figure 1]
FIGURE 1. Flow chart describing the enrolment of study participants and their serological details.


We collected N/OP samples from 42 COVID-19 cases at the time of triage (29 with a history of vaccination and 2 with a history of COVID-19) or after serological testing (n = 11). We could retrieve 12 sequences; five belonged to B.1.1.7 (alpha variant) lineage, six belonged to B.1.617.2 (delta), and one B.1.617.1 (kappa) (Figure 2). Complete genome sequences could not be retrieved from 10 of 11 samples collected from possibly reinfected individuals and one belonged to B.1.617.2 lineage.
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FIGURE 2. Phylogenetic trees of recovered 12 severe acute respiratory syndrom coronavirus 2 (SARS CoV-2) sequences and GISAID representative sequences to depict the presence of different lineages of the virus in Chennai.




DISCUSSION

Our study findings indicate a low proportion (<5%) of isolated IgG antibodies among unvaccinated COVID-19 cases, suggesting re-infection was not a major reason for the surge of cases in Chennai during March-April 2021. Genomic analysis indicated alpha and delta variants as the predominant VOCs circulating in Chennai. The B1 has been a widely circulating strain in India, but alpha and delta VOCs were not reported in Chennai until November 2020 (10) and were possibly introduced subsequently. The surge was primarily driven by the Delta variant as indicated by the studies conducted in due course of time (11).

Since estimating reinfection through NGS had logistics issues, we attempted to use a serological approach to estimate the extent of reinfection at the population level. A systematic review on time to seroconversion post-infection indicates that in previously uninfected individuals, the mean or median time for IgG seroconversion was 12–15 days post-symptom onset, with wide variation ranging between four to 73 days. For IgM antibodies, the mean or median time to seroconversion ranged from four to 14 days post symptom onset (12). Hence, we operationally defined that the presence of IgG antibodies before 5 days of symptom onset could be due to the persistence of IgG antibodies on account of the previous infection. Using this approach, we estimated that <5% of the RT-PCR-positive unvaccinated individuals in Chennai were possible re-infections. The seroprevalence of IgG antibodies against SARS-CoV-2 in Chennai during October-November 2021 was around 40%. If reinfection was driving the surge, we expected a larger proportion of our study participants with isolated IgG antibodies on account of prior infection.

Our study has certain limitations. The IgG antibodies against SARS-CoV-2 wane over time. Also, some of the infected patients could develop IgG antibodies before 5 days of illness (13). Hence, we might have under-estimated the proportion of re-infections in our study. We could collect N/OP swabs from 38% of the possibly re-infected individuals and their NP swabs were collected after serological testing and not at the time of triage. Furthermore, using the serological approach to estimate the extent of reinfection in a community might not be a suitable strategy to adopt in highly vaccinated areas. Our study was a snapshot of a specific community in a specific period of time, where seroprevalence estimates were known. We tried this approach in March to April 2021, when vaccination rates were very low in the community.

In lower- and middle-income countries (LMICs), where facilities for NGS are limited, the anti SARS-CoV-2 IgG seropositivity among recently diagnosed unvaccinated COVID-19 patients could provide early indications about the extent of re-infections in the area.
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The number of coronavirus disease (COVID-19)-positive cases has increased in Jeju Island, Republic of Korea. Identification and monitoring of new mutations in severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) are extremely important to fighting the global pandemic. We report a breakout of the B.1.620 lineage, harboring the E484 mutation in the virus spike protein in a general hospital on Jeju Island. A cluster of cases was detected between August 4 and September 10, 2021, involving 20 patients positive for COVID-19 of 286 individuals exposed to the virus, comprising hospital patients, staff, and caregivers. We analyzed the epidemiological characteristics and spike proteins mutation sites using Sanger sequencing and phylogenetic analysis on these 20 patients. By analyzing genomic variance, it was confirmed that 12 of the confirmed patients harbored the SARS-CoV-2 B.1.620 lineage. The breakthrough rate of infection was 2% in fully vaccinated individuals among these patients. Next clade analysis revealed that these SARS-CoV-2 genomes belong to clade 20A. This is the first reported case of SARS-CoV-2 sub-lineage B.1.620, although the B.1.617.2 lineage has prevailed in August and September in Jeju, which has a geographical advantage of being an island. We reaffirm that monitoring the spread of SARS-CoV-2 variants with characteristic features is indispensable for controlling COVID-19 outbreaks.
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INTRODUCTION

Outbreaks of coronavirus disease (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and its various lineages are being reported worldwide (Tegally et al., 2020; Hodcroft et al., 2021). The distinct SARS-CoV-2 lineages may affect transmissibility, diseases severity, and vaccine efficacy (Dudas et al., 2021). Here, we describe an outbreak of the B.1.620 lineage in Jeju Island, Republic of Korea.

The first case of B.1.620 was reported from Lithuania. It has also been reported from Central Africa and several European states, including France, Germany, and Spain (Dudas et al., 2021; Singh et al., 2021). In Republic of Korea, B.1.620 was imported from Kenya and Malawi in March, 2021 (Park et al., 2022). B.1.620 carries 26 mutations and numerous deletions (Dudas et al., 2021) in its genomes, which are different from that of the reference Wuhan Hu-1 strain (Rambaut et al., 2020; O’Toole et al., 2021). In the Pangolin nomenclature, these genomes are assigned to clade 20A (Rambaut et al., 2020; Pirnay et al., 2021). They also carry the D614G mutation, which promotes the infectivity of SARS-CoV-2 by enhancing its interactions with the host angiotensin-converting enzyme 2 (ACE2) receptor via increasing the affinity of its receptor-binding domain (RBD) for ACE2 (Hou et al., 2020; Korber et al., 2020; Yurkovetskiy et al., 2020; Plante et al., 2021). The E484K mutation in the RDB occurs at the periphery of the RDB–ACE2 interface and may introduce new salt bridges with E35/E75 of ACE2 (Lan et al., 2020; Dudas et al., 2021). Therefore, B.1.620 may escape antibody-mediated immunity via interaction with ACE2 (Dudas et al., 2021). A previous study reported that B.1.620 is found 2.4 times in vaccine breakthrough cases compared with its population prevalence (Dudas et al., 2021; Šimaitis, 2021).

B.1.620 was formerly variants under monitoring (VUM) as of July 14, 2021 but was reclassified as formerly monitored variants on November 9, 2021 (WHO, 2021). Formerly monitored variants must meet at least one of the following criteria: (i) no longer spreading at the level of global public health significance, (ii) have been circulating over the long term without any epidemiological concern, or (iii) do not have any concerning properties based on scientific evidence (WHO, 2021).

In this study, we describe the outbreak of the SARS-CoV-2 B.1.620 lineage, the first outbreak in the general hospital of Jeju Island, Republic of Korea. What remains unknown is the influence of B.1.620 lineage on transmission dynamics in 286 individuals, comprising staff, patients, and caregivers, who may or may not be fully vaccinated. Therefore, we describe the epidemiological profile, including vaccination status, type, and symptoms. Over 10% of polymerase chain reaction (PCR)-positive SARS-CoV-2 cases were sequenced and analyzed phylogeny of B.1.620 lineage compared with other SARS-CoV-2 B.1.620 cases in Jeju Island.



MATERIALS AND METHODS


RNA Isolation and Reverse Transcription (RT)-PCR

COVID-19-positive specimens were provided by the Jeju Special Self-Governing Province Institute of Environment Research. The specimens were handled in a Class II biosafety cabinet (Thermo scientific 1300 series A2) at a biosafety level 2 (BL2) laboratory. RNA was isolated using an RNA extraction kit (Qiagen, Valencia, CA, United States) according to the manufacturer’s instructions. cDNA was synthesized using SuperScript IV First-Strand Synthesis System (Invitrogen, Carlsbad, CA, United States). PCR was conducted using PrimeSTAR GXL DNA Polymerase (Takara, Shiga, Japan) from February to August, 2021. RT-PCR was conducted using a DiaStar 2 × OneStep RT-PCR premix kit (SolGent, Daejeon, South Korea) and a SEQMAX qPCR one-step master mix (Nine Korea, South Korea). Sequences of the primers used for RT-PCR are shown in Table 1. To detect mutations of SARS-CoV-2 spike protein, L71/R75, L76/R79, L80/R84 primer sets were used to conduct RT-PCR, independently. RT-PCR was performed under the following conditions: an initial reverse transcription step at 50°C for 30 min followed by a denaturation step at 95°C for 5 to 15 min. This was followed by 35 cycles of 30 s at 95°C, 30 s at 58°C, 1 min 30 s at 68°C, and a final extension step at 68°C for 7 min.


TABLE 1. A list of primer sequences used for RT-PCR analysis and sanger sequencing of spike protein.
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DNA Sequencing and Analysis

DNA sequencing was performed using a standard protocol (Cosmo Genetech, Seoul, Korea). To analyze the sequences, L71/R75, L76/R79, L80/R84 and inner primers, including L73/R73, L78/R77, L83/R82, were used (Table 1). With sequence data from the COVID-19-positive specimens in Jeju Island, full-length sequences of SARS-CoV-2 spike proteins from different geographical origins were downloaded in FASTA format from GISAID1. The non-coding 3′ and 5′ regions were trimmed using CLC Genomic Workbench 5.0.1 software (CLC bio, Denmark). Multiple sequence alignment was performed using the MAFFT algorithm. Phylogenetic analysis was performed using the maximum likelihood method using Molecular Evolutionary Genetics Analysis version 10.2.5 (MEGA X). Branch support was calculated using bootstrapping, consisting of 1,000 alignments. SARS-CoV-2 B.1.620 lineage genomes from the outbreak cases of the hospital in Jeju Island were classified using Nextclade2. The hCoV-19 genome sequences of B.1.620 strain in Jeju were deposited in GISAID (Table 2).


TABLE 2. Spike protein mutations with their locations identified using 12 sequences of general hospital cases.
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Calculation of Infection Attack Rate (IAR)

We calculated the attack rate in 286 individuals of a hospital by vaccination status. We estimated 95% confidence interval (CI) and relative risk (RR), which is the ratio of the attack rates of a disease among vaccinated and not-vaccinated individuals.




RESULTS


Epidemiological Characteristics of the COVID-19 Outbreak Cases

A cluster of cases occurred in the general hospital in Jeju Island between August 4 and September 10, 2021. This cluster included 286 individuals, comprising staff, patients, and caregivers of the hospital. Among them, 20 people, that is, 8 patients, 8 caregivers, and 4 family caregivers, were confirmed to be COVID positive by September 2 (Table 3). Among general hospital individuals exposed to the virus, 12.9% (37) had received their first dose of COVID-19 vaccine, 69.9% (200) were fully vaccinated, and 17.1% (49) were not vaccinated. The vaccinated individuals had received the AstraZeneca, Pfizer-BioNTech, Moderna, or Janssen vaccine. Among the fully vaccinated persons, 60.8% (174) were AstraZeneca vaccine recipients, 7.3% (21) had received the Pfizer-BioNTech vaccine, and 1.7% (5) were Moderna vaccine recipients and were vaccinated 14 days before the outbreak. Therefore, the breakthrough rate of infection was 2% in completing primary COVID-19 vaccination. Of the 20 positive patients, 7 had been vaccinated one time, 6 were completely vaccinated, and 7 had not been vaccinated. The most common symptoms of the positive patients were shiver/chills (20%), cough (10%), sore throat (5%), muscle ache (5%). Thirteen patients did not show any symptoms (Table 3).


TABLE 3. Epidemiological characteristics of confirmed cases for the COVID-19 outbreak at the general hospital in Jeju Island, Republic of Korea, in August 2021.
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The attack rate was 14.3 and 5.5% in the not-vaccinated and vaccinated individuals, respectively. The relative risk (RR) was 5.5% in vaccinated individuals. The vaccinated individuals were lower than unvaccinated individuals (RR < 1, 95% confidence interval < 0.02). In addition, the total vaccine effectiveness against infection was 96.2%. The vaccine effectiveness was 84.9 and 98.3% in the first dose of COVID-19 vaccine and fully vaccinated individuals, respectively.



Phylogenetic Analysis of SARS-CoV-2 B.1.620 Lineage From the Outbreak Cases

The genome sequences obtained were compared with the reference SARS-CoV-2 isolate, Wuhan Hu-1, genome sequence (accession number: NC_045512.2). The hospital outbreak strains clustered closely around the other B.1.620 lineages in Jeju Island (Figure 1). The group of B.1.620 sequences was closer to the root of the B.1.1.7 lineage (i.e., the alpha variant) than to B.1.351 (the beta variant), P.1 (the gamma variant), and B.1.617.2 (the delta variant). The phylogenetic tree of B.1.620 lineages was composed of the outbreak cases (EPI_ISL_9167163 ∼ EPI_ISL_9167172, EPI_ISL_9173037, and EPI_ISL_9173038) and the other cluster in Jeju Island (EPI_ISL_9175620 ∼ EPI_ISL_9175628). SARS-CoV-2 sequences belonging to the B.1.620 lineages, which were detected in Jeju, were closely related to each other. In addition, we included the B.1.620 lineage, such as hCoV-19/Lithuania/LSMULKKGMMK10C170/2021 (EPI_ISL_1540683), hCoV-19/England/CAMC-13B04C1/2021 (EPI_ISL_1275749), Belgium/Aalst-OLVZ-8042639/2021 (EPI_ISL_1620228), and England/CAMC-139AFAE/2021 (EPI_ISL_1276088). The Nextclade analysis revealed that SARS-CoV-2 genomes from outbreak cases of hospitals in Jeju belong to clade 20A (Supplementary Table 1). Among clade 20A, B.1.620 lineages of Jeju closed with the other B.1.620 lineages, such as hCoV-19/Lithuania/LSMULKKGMMK10C170/2021 (EPI_ISL_1540683), hCoV-19/England/CAMC-13B04C1/2021 (EPI_ISL_1275749), and England/CAMC-139AFAE/2021 (EPI_ISL_1276088) (Figure 1).
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FIGURE 1. Phylogenetic analysis of the SARS-CoV-2 B.1.620 lineage in the general hospital of Jeju Island. Phylogenetic analysis of alpha, beta, gamma, delta variants, and B.1.620 lineage with outbreak cases in Jeju Island. Red circles indicate the genomes from hospital outbreak cases in Jeju Island.





CONCLUSION

We described the first outbreak of SARS-CoV-2 lineage B.1.620 in Jeju Island. B.1.620 has been associated with many VOC-like mutations and deletions. Our phylogenetic analysis revealed that the cluster of hospital outbreaks was closed compared with those of other variants. Furthermore, the clustering pattern with branching suggested that this B.1.620 lineage hospital outbreak could indicate community spread with the other B.1.620 lineages in Jeju from April to September 2021.

B.1.620 was introduced to Jeju on April 27, 2021. After introduction, the proportion of B.1.620 increased from April (2.1%) to June (18.9%) (Supplementary Figure 1). However, B.1.617.2 (the delta variant) has become dominant since July (59.3%) to September (96.8%) in Jeju Island (Supplementary Figure 2). Interestingly, the hospital outbreak of the B.1.620 lineage occurred in August and September 2021, although the B.1.617.2 lineage prevailed all over Jeju Island.

Hospitals could be the susceptible place to outbreaks because of highly transmissible variants with less-effective vaccines (Susky et al., 2021). In this study, the outbreak in the hospital of Jeju might contain several epidemiological aspects of learnings. First, most of COVID-19 sub-lineage B.1.620 positive cases were asymptomatic or have only mild symptoms. Secondly, despite vaccination, hospital exposers from the virus may result in transmission of the B.1.620 lineage. Thus, we conclude that continuous monitoring of COVID-19 cases and SARS-CoV-2 variants in Jeju Island is essential for controlling virus transmission and subsequent outbreaks.
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The Global Evaluation of SARS-CoV-2/hCoV-19 Sequences 2 (GESS v2 https://shiny.ph.iu.edu/GESS_v2/) is an updated version of GESS, which has offered a handy query platform to analyze single-nucleotide variants (SNVs) on millions of high coverages and high-quality severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) complete genomes provided by the Global Initiative on Sharing Avian Influenza Data (GISAID). Including the tools in the first version, the GESS v2 is embedded with new functions, which allow users to search SNVs, given the viral nucleotide or amino acid sequence. The GESS v2 helps users to identify SNVs or SARS-CoV-2 lineages enriched in countries of user’s interest and show the migration path of a selected lineage on a world map during specific time periods chosen by the users. In addition, the GESS v2 can recognize the dynamic variations of newly emerging SNVs in each month to help users monitor SNVs, which will potentially become dominant soon. More importantly, multiple sets of analyzed results about SNVs can be downloaded directly from the GESS v2 by which users can conduct their own independent research. With these significant updates, the GESS v2 will continue to serve as a public open platform for researchers to explore SARS-CoV-2 evolutionary patterns from the perspectives of the prevalence and impact of SNVs.
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INTRODUCTION

In December 2019, the first-ever human coronavirus disease 2019 (COVID-19) case was found in Wuhan, China. This disease was found to be caused by the novel coronavirus called the “severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)” (1). For the past 19 years, there have already existed two emergences caused by coronavirus SARS (2002–2003) and the Middle East respiratory syndrome (MERS, from 2012 to till present). This time, the outbreak of SARS-CoV-2 has been causing a huge socioeconomic problem all over the world with more critical challenges to the research, public health, and medical communities (2). As of January 21, 2022, over 350 million cases of COVID-19 with about 5 million deaths have occurred globally. In a rapid response to the pandemic, the vaccines have been successfully developed followed by broad clinical trials. Several vaccines were finally approved by the Food and Drug Administration (FDA) with the authorization of emergence uses and by WHO and other countries or organizations. More than a billion vaccine shots have been distributed to a large population, but it is still urgent to explore and understand the evolution and transmission of SARS-CoV-2 to make correct public health policy.

At present, over 7 million SARS-CoV-2 viral genome sequences have been submitted and made public via the well-known online platform, the Global Initiative on Sharing Avian Influenza Data (the GISAID).1 The huge amount of available data unlock the potentials to unveil the evolution of SARS-CoV-2, even though retrieving the useful information from the database becomes a big challenge. The GISAID itself incorporates various tools for the analyses on SARS-CoV-2-related functions (3, 4). The platform implements data searching, downloading, and hCoV-19 submission/variants tracking functions. But, the function of variants tracking in the GISAID can only show the cumulative numbers of the variants, given a timeframe, without providing a clue about the exact country/area where the variants/lineage migrated from. There also exist many other COVID-19 databases. For example, users can check SARS-CoV-2 variants and mutations on the “Coronavirus antiviral and resistance database”2 (5) from Stanford and the “outbreak.info”3 (6) by Scripps Research. Users can utilize these databases to view COVID-19 trends and explore the SARS-CoV-2 lineage and mutation information, while searching research papers related to COVID-19 or SARS-CoV-2. The “Nextstrain”4 (7) is another web tool that can conduct a viral evolution analysis on COVID-19 and others such as influenza. For example, they can assign a viral sequence to the corresponding SARS-CoV-2 clade and locate it on the SARS-CoV-2 tree by comparing the sequence against the SARS-CoV-2 reference genome. From animated plots, users can learn the locations where the clades were born and know the proportion of each variant in each geographical area. However, their global visualization has a limitation on the sample numbers. The Pango nomenclature from the “COV-Lineages”5 (8) is used to show the dynamic changes of SARS-CoV-2 lineages in terms of occurrences in different countries at different time points. It has several online tools for sequence analysis and visualization, such as “Pangolin” that assigns the most likely lineage to SARS-CoV-2 sequences. It also provides more information about the sub-lineages and variants of concern reports. Some other platforms allow users to upload their own SARS-CoV-2 sequences to identify the alterations online, such as the “COV-GLUE,”6 which is still in the development phase and hopefully can help users recognize amino acid replacements, insertions, and deletions.

People have put efforts to develop databases regarding vaccine designs and targets for the COVID-19. For example, “COVIDep”7 (9) is devoted to vaccine target recommendations based on the data from the GISAID and Virus Pathogen Resource (VIPR) databases (10). This platform provides overall patterns of SARS-CoV-2 sequences, e.g., geographical distributions, temporal distribution, and temporal distribution on specific locations/countries, regardless of the sequence mutations. They can judge the epitopes by the genetic matching scores with the SARS-CoV-2 consensus sequence in the targeting region while considering the sequence conservations.

There is no doubt that web-based databases introduced above and others unmentioned in this study are very useful from their own perspectives. However, to our knowledge, most SARS-CoV-2 databases focus on the lineages and/or amino acid changes on specific variants without more detailed information about single-nucleotide variants (SNVs) at the level of the single nucleotide. Hence, we developed the Global Evaluation of SARS-CoV-2/hCoV-19 Sequences (GESS) (11), which analyzes the variations in both nucleic acid and amino acid levels on millions of high-quality complete SARS-CoV-2 genomes. The GESS allows users to browse and search individual SNVs based on viral genome positions or regions of interest. It provides users with detailed information about SARS-CoV-2 SNVs, including the time and locations the SNVs were first time identified, distinct dynamic transmission and evolution patterns for SNVs in different countries/areas, and co-occurrence relationship among SNVs. The embedded tools can assist users in performing diverse functional analyses. Results can be downloaded directly from the website as well. Since it was made public in October 2020, the GESS has attracted extensive attention. According to a Google analysis tool, the GESS has been visited 9,191 times from 5,437 IP addresses in 116 countries as of January 21, 2022. In this study, we presented the advanced version of GESS, named GESS v2, with multiple improvements in the older version and more newly developed functions.

The GESS v2 analyzes over 4 million high-coverage SARS-CoV-2 complete genome sequences as of January 21, 2022. Due to the increasing volume of the sequencing data, the processing method for the older version of GESS made the database loading very slow. In GESS v2, we have saved precalculating results and optimized the data format by truncating results into multiple small data blocks, which can reduce the loading time significantly. We have also improved the designs for user interface (UI) and user experience (UX) including, but not limited to, changing the font size and background color to make GESS v2 more efficient and user-friendly. The bootstrap4 framework (12) has been adopted in the GESS v2 so that the web-based platform can be recognized by different devices/operating systems and its layout of contents can be automatically adjusted to fit the device. Based on users’ feedbacks, a table has been added in the “Summary Info” on the “Home” page to show monthly numbers of SARS-CoV-2 genomes collected in each country/area, by which users may obtain a rough idea about the surging and dropping time of cases in a specific country/area. A new tab named “SNV Annotation” is appended next to the “Summary Info,” where users can download the full annotation profile or search an individual SNV of interest with the embedded search function. Additionally, the GESS v2 has developed multiple embedded functions for users to quickly extract more information on SNVs and conduct more analyses online, e.g., “Viral Sequence Search,” “Emerging SNVs,” “SNV Enrichment,” and “Lineage Analysis.” The “Viral Sequence Search” allows users to search for SNVs located on interested sequences, given either nucleotides or amino acids or protein names. The “Emerging SNV” explores new SNVs emerging in a specific month under the thresholds chosen by the users. As we have known, the strain/lineage monitoring plays a very important role in public health. The routine analysis of the available genetic sequence data will enable organizations including the Centers for Disease Control and Prevention (CDC) and its public health partners to identify variant viruses for further characterization (13). For example, the B.1.1.7 was first identified as a UK lineage, associated with variants of N501Y, P681H, and numerous other mutations (8). The feature of “Lineage Analysis” in the GESS v2 can help users find lineages enriched in a selected country in regard to their occurrences. Another function entitled “Lineage Migration” shows the dynamic migration paths of a selected lineage over the world within a chosen timeframe on an interactive map. The final feature of “SNV Freq Heatmap” explores the monthly frequencies of SNVs in a heatmap, where the SNVs are clustered based on their dynamic occurrences.

With the power of diverse functions embedded in the database, the GESS v2 can serve as a more comprehensive platform to aid users in analyzing SARS-CoV-2 sequences regarding the distinct transmission and evolution patterns of SNVs and corresponding lineages at different countries/areas during the pandemic period. It also helps monitor newly emerging SNVs at different time points. Diverse enrichment analyses of SNVs and lineages can be conducted directly on the website or performed by users based on the information and results provided by the GESS v2.



MATERIALS AND METHODS


Data Collection

The second version of GESS database contains over 4 million high-quality and high-coverage SARS-CoV-2/hCoV-19 genome sequences downloaded from the GISAID as of January 21, 2022. As the numbers of genome sequence are growing rapidly and today scientists heavily rely on the sequence information to study the evolution of the virus (14), we planned to update our database weekly or biweekly.



Database Structure

The second version of GESS is created with the R programing language and Shiny/ShinyDashboard framework. The main structure and the UI of the landing page are shown in Figure 1.
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FIGURE 1. Overview of the global evaluation of SARS-CoV-2/hCoV-19 sequences 2 (GESS v2). (A) The GESS v2 functions/tools including the updated ones and those existing in the first version of the GESS. (B) Landing page of the GESS v2, where new functions are marked with “new” badges.




Data Preprocessing

The raw complete viral genome sequences of SARS-CoV-2 are collected from the GISAID database and processed as described in Ref. (15). First, the low-quality, low-coverage samples and white spaces in the sequences are removed. Then, the minimap2 (16) is used for the alignment from the sequences to the reference genome Wuhan-Hu-1 (NCBI reference sequence: NC_045512.2). The Wuhan-Hu-1 genome is a full-length viral sequence of SARS-CoV-2, which was discovered in China, December 2019 (17). This reference sequence information derived from Wuhan-Hu-1 provides a basis for almost all SARS-CoV-2 research, especially viral mutation and phylogenetic analysis (18–21) and design of the mainstream vaccines, including BNT162b2 (22), mRNA-1273 (23), and Ad5-nCoV (24). Hence, the Wuhan-Hu-1 is adopted as the reference genome in our study as well. SNVs are annotated based on NC_045512.2 using the ANNOVAR (25).



Enrichment Analysis

The enrichment analysis is conducted in the “SNV Enrichment” and “Lineage Enrichment” to identify SNVs or lineage significantly enriched in certain country. The statistical significance is calculated based on the cumulative hypergeometric model:
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where x and N are the numbers of samples with the SNV/lineage in a specific country and in the world, respectively, whereas K and M are the total number of samples in the desired country and in the world, respectively. All p-values are conducted with multiple-test correction using the false discovery rate (FDR) approach without further specifications.



Identification of Emerging Single-Nucleotide Variant

The emerging SNV in a specific month can be determined by the ratio of the SNV prevalence in the inquired month to that in the previous month. The ratio is named as fold enrichment (F.E.). However, if the number of samples with the SNV is zero in the previous month, it will cause an infinity issue. In that case, we will manually force the number of samples with the SNV as 0.5 instead of zeros during the calculation.




RESULTS


Viral Sequence Search

The page of “Viral Sequence Search” contains three subpages, namely, “Nucleotides,” “Amino acids,” and “Proteins.” The “Nucleotides” tab allows users to search SNVs, given a nucleotide sequence. The result is shown in a table with corresponding “start” and “end” positions and the gene regions for the matched sequence. After clicking the region of interest, users will be redirected to the “Genome region search” for further details. The “Amino acids” tab provides a similar function, that is, searching SNVs for amino acid sequences instead of nucleotide sequences. For instance, searching the furin cleavage site PRRAR leads us to the webpage (Figure 2), indicating the number of samples with individual genome sites in this region. If the user is more interested in the protein, the “Protein” search tab will generate a plot to show the mutation numbers along the protein with a table including more detailed information, e.g., all amino acids in the protein, the start position of each, and its corresponding three nucleotides. Clicking on the index of the AA, the user will be redirected to the “Genome region search” for further details. The user can also click on the start position, which will show the “Genome position search” for checking if this position contains any SNV. If it does, the user can further check its distribution on a map with a time series plot.
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FIGURE 2. Overview of viral sequence search. (A) An example of searching the furin cleavage site “PRRAR” using the “Viral Sequence Search.” The table lists the search results including start and end positions of the sequence. (B) More detailed information about the viral genome positions 23,603–23,615 for the sequence “PRRAR” achieved on the page of “Genome region search” after the outcome in the table (A) was clicked.




Emerging Single-Nucleotide Variant

The “Emerging SNV” tab unlocks the function to trace or monitor any SNV “emerging” on monthly basis. For example, by selecting “2021-06” in the “Select Month” tab, the user can obtain 13 emerging SNVs in June 2021 if the cutoff values were set as 40 for frequency (%) and 4 for F.E. with minimum 1,00,000 samples carrying the SNVs (Figure 3A). In the result table, each identified SNV is represented in a row, which contains the genome position of the SNV with nucleotides before and after alteration, the frequency of the SNV in the previous month and the selected month, respectively, and its F.E. This allows users to obtain detailed information about the SNVs identified. For the example above (Figure 3A), all these SNVs passing the filters we set are from the B.1.617.2, which is identified as the delta variant, contributing to an enormous number of cases during the past few months (26). With the severe transmission rate around the globe, the group of mutations has mostly occurred in the United Kingdom (B.1.1.7), South Africa (B.1.351), and Brazil (P.1) (27). These changes in the viral genome can vastly affect the diagnostics and even efficacy of the vaccines. Effective surveillance tools for mutations at scientists’ hand can potentially unlock the abilities to improve the existing viral test, treatment, and even vaccines for future variants.
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FIGURE 3. Overview of the function “Emerging SNV.” (A) Emerging single-nucleotide variants (SNVs) identified in June 2021 with at least 40% SNV frequency, more than 4-F.E., and at least 1,00,000 samples. It turns out that all the SNVs passing the filter consist of B.1.617.2 (i.e., the delta variant). (B) Another example for December 2021 with cutoff of 20-F.E. and more than 3,000 samples harboring the SNV. All 14 SNVs identified, including A27259C, represent the omicron. (C) Distribution of A27259C around the world. (D) Distribution of the SNV in the United States. (E) The temporal pattern of A27259C prevalence, revealing its breakout in December 2021 and significantly a huge increase in January 2022.


Indeed, the tool of “Emerging SNV” implemented in the GESS v2 can help users in time to monitor individual SNVs or groups of SNVs roaring out of the silence during the past months, which may play a pivotal role in the public health domain. For instance, the tool can be used to uncover new emerging SNVs. In December 2021, 14 SNVs have been detected from more than 3,000 samples with at least 20-F.E. compared to their occurrences in the previous month, November 2021 (Figure 3B). All of them belong to the omicron variants (28), indicating the sudden surge of the omicron since the end of 2021. However, these SNVs can be traced back to different earlier times at different countries/areas during the COVID-19 breakout. For example, 10 out of these 14 SNVs are in S protein, including C22686T (S:S375F) originating in January 2020 in the United States, both A23040G (S:Q493R) and G22578A (S:G339D) in April 2020 in the United Kingdom, T23599G (S:N679K) in April 2020 in France, T22679C (S:S373P) in August 2020 in the United States, C23854A (S:N764K), T23075C (S:Y505H), A24424T (S:Q954H), T24469A (S:N969K), and A23055G (S:Q498R) during the end of 2020 to January of 2021 in the United Kingdom and the United States.

After clicking individual SNV in the table, e.g., A27259C, users are automatically led to the page of “Genome Position Search” for the corresponding SNV, where more information will be popped up (Figures 3C–E). Until present, A27259C has been detected in 4,704 samples collected from Denmark, followed by 963 samples in the United States and 569 in Australia and others (Figure 3C). In the United States, users can see the distribution of SARS-CoV-2 samples carrying A27259C in different states (Figure 3D). The temporal pattern of the SNV has clearly shown the surge of A27259C in December 2021 and a huge increase of its prevalence in January 2022 (Figure 3E).



Single-Nucleotide Variant Frequency Heatmap

Another new function of the GESS v2 called as “SNV Freq Heatmap” provides a generally temporal pattern of all SNVs with at least 1% prevalence in terms of the occurrence frequency from December 2019 to the last updated date (Figure 4A). An overview of monthly numbers of all analyzed samples is attached at the top of the heatmap. The SNVs are clustered by their dynamic prevalence and are presented in the heatmap (Figure 4A) by the ComplexHeatmap (29). Users can take advantage of the zoom tool embedded in the website to explore the details about dynamic changes of these SNVs. Three major group variants are zoomed as examples (Figures 4B–D). Almost all individual SNVs composing of the B.1.1.7 (i.e., alpha) and AY lineages (i.e., delta) variants were first detected during the early of 2020 (Figures 4B,C), when they originated independently from different patient samples. After that, these SNVs occurred simultaneously to form diverse viral strains and ruled over during different time periods. For example, B.1.1.7 (i.e., alpha) variant reached its peak around April 2021 (Figure 4B), then decreased, and disappeared when the AY (i.e., delta) outcompeted it. AY (i.e., delta) has become dominant since June 2021 until the end of 2021 (Figure 4C), when the B.1.1.529 (i.e., omicron) outbreak started (Figure 4D). We could clearly see a significant decrease in the majority of delta variants, which dropped down to about 50% in January 2021 (Figure 4C), except a few of them still kept high frequencies (Figure 4C, top panel), including two non-synonymous mutations in the S protein, namely, C22995A and G21987A.
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FIGURE 4. Overview of the “SNV Frequency Heatmap.” (A) The full-size heatmap of SNV frequencies as of January 21, 2022. (B) The heatmap of B.1.1.7 (i.e., alpha) SNVs. (C) The heatmap of AY lineages (i.e., delta) SNVs. (D) The heatmap of B.1.1.529 (i.e., omicron) SNVs, including SNVs specific to BA.1 or BA.2. (E) The increasing path of a group of SNVs, including C7851T and T17040C from AY.4 and AY.4.2. (F) The wave pattern of C22227T, showing that its frequency reached the peak in October and November 2020, then dropped in January and February 2021, followed by a rise again since June 2021.


The AY.4 is a sub-variant of the delta and is considered as one of the causes of the fourth wave of the pandemic in Pakistan (30). Two AY.4 representative SNVs, namely, C7851T and T17040C, have shown a trend of rising since July 2021 (Figure 4E). Moreover, C7851T and T17040C share another AY.4.2 variant (some refer this as “Delta plus”) on an increasing trajectory. According to the United Kingdom Health Security Agency,8 the delta sub-lineage AY.4.2 (been given the official name VUI-21OCT-01) was designated a Variant Under Investigation (VUI) by the UKHSA in October 2021.

The omicron has two major sub-variants, namely, BA.1 and BA.2, consisting of different sets of SNVs in addition to common ones (Figure 4D). Users can find detailed information about them by utilizing the search tools embedded in the GESS v2. For instance, SNVs G22898A (S:G446S) and A22688G (S:T376A) are observed from omicron BA.1 and BA.2, respectively (Figure 4D). With the function of “Genome position search,” we can see that G22898A has been detected mostly in the United States, followed by Australia, whereas most of the samples bearing A22688G have been identified in Denmark, suggesting the different paths and transmission patterns of these two omicron sub-variants.

In Figure 4F, a non-synonymous mutation on Spike, C22227T (S:A222V), is distinguished from others. The SNV C22227T reached its peak in October and November 2020 as reported (31) and then almost disappeared during the following few months. However, it rose again in July 2021 and kept being active in around 10% of the total population each month. This is in line with other observations (32). The concurrence ratio (C.R.) analysis (11, 15) from the GESS v2 reveals that the SNV has a very low C.R. (<1%) with all alpha representative mutations. However, C22227T presents a high C.R. (about 70%) with many representative SNVs of delta, e.g., T22917G (S:L452R) and C23604G (S:P681R), and a few omicron mutations such as a synonymous mutation on Spike, C22792T (C.R. > 80%), which has been detected mostly in Denmark, England, and other European countries. Although S:A222V was not found associated with significant conformational changes of SARS-CoV-2 S protein as well as aberrant effects on the virus entry (33), the wave pattern of C22227T prevalence and its appearance of co-occurrence with other specific mutations imply a dynamically selective advantage of the SNV as well as uncovered functional roles of S:A222V in viral transmission for special variants.



Single-Nucleotide Variant Enrichment

The tab of “Country/Area Search” lists all SNVs detected from the samples collected in a selected country. After downloading the numbers of samples carrying corresponding SNVs in the country for each month, users are able to perform the enrichment analysis to identify surging SNVs in this country within a specific time period of their interest, e.g., from February 2021 to June 2021. Another new function “SNV Enrichment” is implemented in the GESS v2 as well. It unveils SNVs significantly enriched in a selected country compared with those in all countries. Taking the United States as an example, we can see 6,949 SNVs with significantly (FDR < 0.05) higher (at least 2-F.E.) prevalence in the United States compared with that in all countries (Figure 5). The outcome table lists the detailed information for SNVs significantly overrepresented in the country, including SNV information, F.E., and FDR-adj p-values, together with other more details, e.g., number of samples with the SNV in this country or in the world, and ratios. The results can be downloaded in the format of either csv or excel.
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FIGURE 5. Function of “SNV Enrichment.” The United States is taken as an example to list SNVs significantly [false discovery rate (FDR) < 0.05] enriched (F.E. > 2) in the country.




Lineage Analysis

The section “Lineage Analysis” includes two functions, namely, “Lineage Enrichment” and “Lineage Migration.” The “Lineage Enrichment” allows users to identify lineages instead of individual SNVs significantly overrepresented in the selected country. The outcome table is similar to what we see from the “SNV Enrichment” analysis, including the information about the lineage, F.E., FDR-adj p-value, number of samples with the lineage in the selected country or in the world, and the ratios in the country and the world, respectively (Figure 6A).
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FIGURE 6. The overall look of the “Lineage Analysis.” (A) An example of “Lineage Enrichment” results in the United States with the cutoffs, F.E. > 2, and FDR < 0.05. (B) “Lineage Migration” patterns for B.1.1.7 (i.e., alpha); six key frames correspond to the time from January 2021 to June 2021 captured from the animated lineage migration map, indicating that the variant spread to the world from January to May 2021, then started to disappear since June 2021.


The second tab for the section “Lineage Analysis” is the “Lineage Migration.” In this tab, users can choose lineages of their interests from top 50 lineages to check their dynamic transmission pattern on the map, which exhibits where and when the lineage firstly identified and how the lineage spread to the world. Figure 6B contains six key frames captured from the animated lineage migration maps of the B.1.1.7 (i.e., alpha) variant from January to June 2021. It clearly shows that the B.1.1.7 was first detected from a sample collected in September 2020 and then outbroke in the United Kingdom in January 2021. After that, it has kept increasing vastly in the United States for 3 months (from February to May 2021), and then the alpha variant started to decrease since June 2021.




DISCUSSION

The first version of the GESS (11) provided several useful and efficient tools for users to search individual SNVs of their interests. The GESS v2 enhances the power in many ways to provide users with diverse detailed information about SARS-CoV-2 sequences, SNVs, and lineage information intuitively by implementing more comprehensive novel features with convenient clicking and choosing operations. With magnified capacities of the multiple search functions and over 4 million samples achieved from the GISAID as of January 21, 2022, the GESS v2 brings users multiple approaches to search viral sequences and check if a lineage/SNV is enriched in the interested countries. Users can see how an interesting lineage has spread among countries on the interactive map. The highlighted functions of the GESS v2 are “Emerging SNV” and “SNV Freq Heatmap,” which provide a straightforward toolset to allow researchers to check the emerging mutations in time. These tools can monitor or even predict new SARS-CoV-2 variants, which will become potentially dominant after an incubation period. The updated database with vigorous approaches helps people understand how the SARS-CoV-2 has been evolving and adjust diagnostic tests to prevent the variants from evading detection. The sequence conservation information from over millions of SARS-CoV-2 genomes also has the power to assist scientists in the design of new vaccines against emerging dominant variants.
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FOOTNOTES

1
https://www.gisaid.org/

2
https://covdb.stanford.edu/

3
https://outbreak.info

4
http://nextstrain.org/

5
http://cov-lineages.org/

6
http://cov-glue.cvr.gla.ac.uk/#/home

7
http://covidep.ust.hk/

8
https://www.gov.uk/government/news/covid-19-variants-identified-in-the-uk
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The ongoing pandemic Coronavirus Disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a matter of global concern in terms of public health Within the symptoms secondary to SARS-CoV-2 infection, hyposmia and anosmia have emerged as characteristic symptoms during the onset of the pandemic. Although many researchers have investigated the etiopathogenesis of this phenomenon, the main cause is not clear. The appearance of the new variant of concern Omicron has meant a breakthrough in the chronology of this pandemic, presenting greater transmissibility and less severity, according to the first reports. We have been impressed by the decrease in anosmia reported with this new variant and in patients reinfected or who had received vaccination before becoming infected. Based on the literature published to date, this review proposes different hypotheses to explain this possible lesser affectation of smell. On the one hand, modifications in the SARS-CoV-2 spike protein could produce changes in cell tropism and interaction with proteins that promote virus uptake (ACE-2, TMPRSS2, and TMEM16F). These proteins can be found in the sustentacular cells and glandular cells of the olfactory epithelium. Second, due to the characteristics of the virus or previous immunity (infection or vaccination), there could be less systemic or local inflammation that would generate less cell damage in the olfactory epithelium and/or in the central nervous system.

Keywords: COVID-19, anosmia, Omicron variant, inflammation, vaccines


INTRODUCTION

Neurological symptoms such as loss of taste and, specifically, olfactory dysfunction have been consistently reported within the different SARS-CoV-2 variants (1, 2). Olfactory dysfunction, defined as the reduction (hyposmia) or total loss (anosmia) of smell during sniffing or eating, better predicts the disease than other well-known symptoms such as fever and cough (3, 4). Despite the high incidence of these symptoms, underlying mechanisms have been unclear (5). Hyposmia was not initially recognized to be linked to COVID-19 and was only mentioned to affect about 5% of COVID-19 patients in one of the first studies from China (1). However, a much higher prevalence was reported in subsequent studies from Europe, the Middle East, and North America (6–9). A recent systematic review and meta-analysis with 23,353 patients diagnosed with COVID-19 (10) pointed out that prevalence of smell loss and taste loss were 38 and 30.35%, respectively, with significant differences between Western countries and East Asian ones. Although there is a great plethora of factors related to the appearance of this phenomenon, we must not forget the important advances that are being made with regard to host genetic factors (11) and their implication in susceptibility to infection, immune response, and even symptomatology accompanying SARS-CoV-2 infection.

One of the possible rationales could implicate that Caucasians have more often an Angiotensin-converting enzyme 2 (ACE2) variant expressed in the olfactory epithelium (12, 13) (presumably in the sustentacular cells of the olfactory epithelium). Because this protein is one of those used by the receptor binding domain (RBD) of the SARS-CoV-2 Spike Protein to infect the cell (14), genetic variability and the mutation rate within the RBD domain is of particular interest in the context of population differences in the prevalence of hyposmia.

Recently, the Norwegian Institute of Public Health reported the demographics of 117 cases infected with Omicron variant (15). Strikingly, loss of smell and taste was reported in 12% (median duration 2 days) and 23% (median duration 2.5 days), respectively (15). This feature has also been supported by US State Department of Health (16) and by others studies (17, 18).

Vihta et al. (17) showed loss of smell and taste was found to be less common among Omicron compared to Delta cases (13% of Omicron cases, 34% of Delta cases, odds ratio 0.22, 95% CI: 0.21–0.23). Moreover, Boscolo-Rizzo et al. (18), in a pre-printed version, presented data on a prospective study on mild-to-moderate symptomatic adult patients and reported that 24.6% of patients had smell alterations during the proxy Omicron period compared to 62.6% during the comparator period mainly driven by the delta variant (p < 0.001). Finally, a recent report led by Maisa et al. collecting 468 Omicron cases in different regions of France reported an 8.3% of anosmia (19).

The Omicron (B.1.1.529) COVID-19 variation of concern (VOC) was first identified in South Africa on November 9, 2021 (20). This variant was accounted for to the World Health Organization (WHO) by South African experts on November 24, 2021, after which the WHO's Technical Advisory Group on SARS-CoV-2 Virus Evolution (TAG-VE) was reconvened on November 26, 2021, which prompted B.1.1.529 to being meant as a VOC (21).

The omicron variant seems to be highly transmissible, presenting many substitutions in the spike glycoprotein and appeared at a time when a large part of the world population had received SARS-CoV-2 vaccination.

We hypothesize that Omicron variant features or previously acquired immunity, either due to previous infection or vaccination, could explain the lower incidence of olfactory disturbances. Omicron could produce less hyposmia due to differences in cell tropism, mechanism of entry into cells and by producing less inflammatory dysregulation (Figure 1).
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FIGURE 1. Schematic mechanism proposal of anosmia/hyposmia in COVID-19. (A) SARS-CoV-2 alpha variant. (1) Infection and destruction of olfactory epithelial supporting cells (olfactory sustentacular cells), resulting in inflammation, and abnormalities in local homeostasis; (2) infection or immune-mediated damage of surrounding cells (vascular cells) resulting in hypoperfusion, inflammatory cell recruitment, cytokine release, and the production of chemical neurotoxins. (B) SARS-CoV-2 Omicron variant. Omicron mechanism of cell entry based on a TMPRS22 dependent and non-dependent manner may involve a more heterogenous tropism with less replication and the consequent minor local inflammation produced. (C) SARS-CoV-2 vaccines may not alter the levels of replicating virus in the olfactory epithelium once viral infection establishes but may instead protect through accelerated clearance or enhanced neutralization of infectious viral particles.




MECHANISMS OF HYPOSMIA

Due to its significant prevalence, hyposmia has been one of the neurological symptoms that has aroused the greatest interest in the scientific community. A wide-variety of scenarios such as olfactory cleft syndrome (22), systemic and local inflammation in the olfactory epithelium, apoptosis of the olfactory receptor neurons and sustentacular cells, changes in the olfactory cilia and odor transmission, injury of microglial cells, effect on the olfactory bulb, epithelial olfactory injury (e.g., Sustentacular cells), as well as damage of olfactory receptor neurons and olfactory stem cells neurons have been described as possible mechanisms (23). Damage to these olfactory stem cell neurons may be the cause for persistent anosmia after COVID-19 recovery despite having acquired specific immunity.



HYPOSMIA IN OMICRON SARS-COV-2 VARIANT


Tropism and Entry Mechanism

The omicron variant seems to be highly transmissible, presenting many substitutions in the spike glycoprotein. Several mutations in the RBD and S2 region of the spike protein are predicted to impact transmissibility and affinity for the ACE-2 receptor (24). Brann et al. found that the gene encoding the ACE2 receptor protein, which SARS-CoV-2 utilizes to enter human cells, is not expressed in olfactory sensory neurons (OSNs) (25). Nevertheless, two specific cell types in the olfactory epithelium expressed ACE2 at similar levels to what has been observed in the lower respiratory tract cells. These included sustentacular cells, which embraced sensory neurons and are thought to provide structural and metabolic support, and basal cells, which act as stem cells that regenerate the olfactory epithelium after damage. ACE2 receptors are also found in glial cells, neurons and capillary endothelium and the interaction with the virus could be one of the mechanisms that allows it to enter into the central nervous system (26).

The key to understand such differences in infectivity of SARS-CoV-2 may lie in the frequency of variants in the virus entry proteins, ACE2, and Transmembrane serine protease 2 (TMPRSS2), which may depend on cell type and racial or ethnic groups (27, 28).

Recently, Bentley et al. studied Omicron features using an established K18-hACE2 mouse model of SARS-CoV-2 (29). The infection of hACE2 mice with Omicron variant led to less viral load in oral swabs and nasal tissue and to less severe clinical signs and less severe pneumonia compared with Delta variant. However, more studies are needed because McMahan et al. suggested that Omicron infection may lead to increased upper respiratory tract disease but reduced lower respiratory tract disease (30) compared with WA1/2020 variant. These results should be taken cautiously since no animal model can predict with absolute certainty the consequences of infection in humans. Meanwhile, Hong Kong investigators studied Alpha, Beta, Delta and Omicron variants in ex vivo explant cultures of human bronchus and lung. They suggested that B.1.1.529 replicates faster in the human bronchus and less in lung cells, which may explain its greater transmissibility and putative lower disease severity (31). At the same time, they propose a less-dependent TMPRSS2 activation in Omicron variant compared with Delta, suggesting that Omicron may have a broader spectrum of target cells compared to Delta (32). This last proposal was also supported by Thomas et al., showing that Omicron achieved this rapid replication rate by becoming less specialized in its cellular tropism, entering cells in both a TMPRSS2-dependent and –independent manner (33). Recently it was proposed by Meng et al. that TMPRSS2 usage may be impacted by ACE2 levels after studies in organoid systems and human nasal epithelial cultures (34).

While the switch in passage pathway has expanded its intrinsic contagiousness, the less effective utilization of cell surface TMPRSS2 by Omicron Spike protein has also brought about a diminishing affinity for syncytia arrangement (34). This may explain the decreased disease severity impression since syncytia have been reported in the autopsy of COVID cases and the efficient cleavage at the furin site that underlies syncytia formation has been associated with enhanced disease severity in animal models (35).

Lastly, another essential aspect that should be considered is the fusogenic capacity of this new SARS-CoV-2 VOC. Recently, Meng et al. showed Omicron spike is relatively poorly cleaved and impaired in mediating cell-cell fusion and syncytia formation (34). This observation is of interest because, for syncytia formation, Transmembrane 16F (TMEM16F) protein is one of the proteins that are activated by the SARS-COV-2 spike (35). This calcium-activated chloride channel is also located on the cilia of olfactory sensory neurons and appears to be involved in olfactory signal transduction (35, 36). Perhaps Omicron variant does not alter these proteins, and this could explain, in part, the lower incidence of olfactory alterations.

In summary, the different data from ex vivo, mouse model or in vitro studies suggest that the Omicron variant has a particular cellular entry mechanism that may explain the lower incidence of olfactory impairment. Still such interpretations need to be qualified because the semiotics of COVID-19 is determined not only by virus replication but also by dysregulated innate immune responses.



Inflammation

Olfaction is a complex process comprising multiple components, including receptors, nerves, and structures of the brain. Cell-signaling processes are critical in any complex sensory system such as olfaction, where a myriad selection of cytokines (37) or even intermediate metabolic substances such as zinc play an essential role (38).

Before the COVID-19 breakthrough, IL-6 was already considered a possible causal factor for initiation of hyposmia reflective of local or systemic immunological/inflammatory changes in blood, saliva, or nasal mucus (39). This hypothesis is consistent with finding smell loss among patients with inflammatory rheumatoid arthritis (40). Elevated IL-6 level has been previously reported in nasal lavage fluid from patients with naturally acquired parvovirus (41), in addition, other viruses have been found in turbinate epithelial cells of patients with post-viral olfactory dysfunction (42).

Sensorineural olfactory loss could occur due to destruction of the olfactory neuroepithelium by toxic inflammatory factors (such as TNF-α, IL-6, and IL-1β) (43). Cazzolla et al. observed in 67 COVID patients that the resolution of olfactory alterations is accompanied by a progressive decrease of IL-6 levels to normal values (44). Thus, a new approach is opened in which the decrease of IL-6 from the beginning to the disappearance of the symptoms would have greater clinical relevance than the initial peak values of IL-6. Elevated IL-6 level could act as an endogenous substance regulating olfactory neuronal activity because it has been shown to regulate neuronal (45) and glial cell activity (46). For instance, Neuropoietin, an IL-6–related cytokine that affects signaling through ciliary neurotrophic factor receptor (47), could directly inhibit smell function because inhibition of several ciliary factors has induced smell loss in patients with other syndromic disorders (48, 49).

In contrast to these findings, Bax et al. failed to associate different inflammatory markers (CRP, IL-6) with the presence or absence of anosmia in 93 COVID patients (50). However, it is possible that any nasal IL-6 production within the olfactory epithelium is insufficient to contribute significantly to serum IL-6 levels.

Finally, Torabi et al. analyzed TNF-α and IL-1β levels in olfactory epithelial biopsies from patients with confirmed COVID-19 and uninfected controls (51). In this study, the authors proposed that the inflammatory infiltration that occurs in response to local TNF-α expression may lead to a considerable expansion of the olfactory submucosa and causes damage to OSN (52).

A plausible scenario would be one in which the Omicron variant would not markedly produce such a pro-inflammatory environment in the olfactory epithelium and/or central nervous system, providing additional explanation for the low rate of anosmia and hyposmia reported with this variant.



Role of Acquired Immunity

About 50 mutations have been detected in the Omicron variant (30 in the spike protein) (20). These mutations, especially those of the spike protein, make the virus capable of evading, at least in part, the neutralizing antibodies generated by vaccination or previous infections.

However, beyond generating a specific humoral response, both vaccination and previous infections produce a longer-lasting cellular response mediated by CD4 and CD8 T-cells. This response seems to be maintained at 70–80% against the Omicron variant (53–55).

In addition to the intrinsic characteristics of the Omicron variant, this previous specific immunity could explain why the new variant generates less severe infection and causes a lesser and less lasting cytokine storm.

The fact of generating a lower inflammatory response in the olfactory epithelium and a faster elimination of the virus could explain the lower incidence of hyposmia. It has already been shown that vaccinated patients (especially with two doses), who are re-infected by SARS-CoV-2 (before the appearance of the Omicron variant) had a lower incidence of smell alterations and duration of symptoms was shorter (56, 57). However, the only data we have found from the smell loss registry in symptomatic COVID-19 patients after fully vaccination suggest that anosmia/hyposmia may be an existing finding in these subjects (58). Further studies involving close and personalized symptom monitoring together with a correct genome characterization of SARS-CoV-2 are necessary to shed light on this topic.




WHERE NEXT?

Since the advent of the Omicron variant, the general impression in the medical community is that there is a lower incidence of hyposmia in infected people. Despite the lack of studies with large sample size, preliminary data from Norway have reported only 12% alterations in smell compared to 38% in the other variants (15).

Among the causes that may explain this lower incidence are the characteristics of the new variant and its interaction with the organism and its response to infection, and, finally, the role of previously acquired immunity (by previous infection or vaccination).

The Omicron variant presents a series of mutations in the spike protein that affect the affinity for the ACE2 receptor, generate a less specialized cell tropism (cell entry based on a TMPRS22 dependent and non-dependent manner) and, finally, a lower capacity for cell fusion. On the other hand, because the new variant appears less pathogenic, it may generate a lower viral load and less local or systemic inflammation (e.g., IL-6, TNF-α, IL-1β, etc.).

Finally, one of the most plausible explanations is that the previous immunity generated by vaccines or past infections causes less local or systemic inflammation for less time and faster viral elimination.

However, we must not ignore that the different possible explanations that we propose in this manuscript should be taken cautiously. Several elucidations have been suggested (55); nevertheless; we are aware that some of them may not be verified in the future and others are based on unreviewed preprinted articles which will be needing future validation. In order to delve into this phenomenon, more studies are required to establish the exact mechanisms of how SARS-CoV-2 elicits olfactory system damage.

In conclusion, less direct damage by the virus and less inflammation—either due to virus characteristics or previous immunity—could explain less damage to the olfactory epithelium and/or central nervous system. Larger sample size studies are needed to establish the incidence of olfactory alterations in patients with Omicron, to be able to associate them with certain risk factors and to better understand the etiopathogenesis.
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Polymerase chain reaction (PCR) remains the gold standard in disease diagnostics due to its extreme sensitivity and specificity. However, PCR tests are expensive and complex, require skilled personnel and specialized equipment to conduct the tests, and have long turnaround times. On the other hand, lateral flow immunoassay-based antigen tests are rapid, relatively inexpensive, and can be performed by untrained personnel at the point of care or even in the home. However, rapid antigen tests are less sensitive than PCR since they lack the inherent target amplification of PCR. It has been argued that rapid antigen tests are better indicators of infection in public health decision-making processes to test, trace, and isolate infected people to curtail further transmission. Hence, there is a critical need to increase the sensitivity of rapid antigen tests and create innovative solutions to achieve that goal. Herein, we report the development of a low-cost diagnostic platform, enabling rapid detection of SARS-CoV-2 under field or at-home conditions. This platform (Halo™) is a small, highly accurate, consumer-friendly diagnostic reader paired with fluorescently labeled lateral flow assays and custom software for collection and reporting of results. The focus of this study is to compare the analytical performance of HaloTM against comparable tests that use either colloidal gold nanoparticles or fluorescence-based reporters in simulated nasal matrix and not in clinical samples. Live virus data has demonstrated limit of detection performance of 1.9 TCID50/test in simulated nasal matrix for the delta variant, suggesting that single-assay detection of asymptomatic SARS-CoV-2 infections may be feasible. Performance of the system against all tested SARS CoV-2 virus variants showed comparable sensitivities indicating mutations in SARS-CoV-2 variants do not negatively impact the assay.
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INTRODUCTION

On March 11, 2020, the World Health Organization declared novel coronavirus COVID-19 a global pandemic1. Plague and pandemic in recent years are not unprecedented—diseases are traveling farther and faster thanks to a dramatically transient global population and highly interconnected global economies. Indeed, in just the last 20 years H1N1 (2009, death toll = 200,000), Ebola (2014, death toll = 11,000), SARS (2002, death toll = 770), and MERS (2015, death toll = 850) have been major epidemics threatening to become pandemics or full-fledged pandemics (1–3). Some are still ongoing; the HIV/AIDs pandemic has claimed the lives of >25 million people since 1981. What sets the COVID-19 pandemic apart from these other modern diseases is the rapid spread, relatively high number of deaths globally even with low mortality rates, and prevalence of asymptomatic carriers (4)2.

As of March 9th, 2022, more than 448 million cases and 6 million deaths have been reported globally from the COVID-19 pandemic3. With the rollout of multiple vaccines from Pfizer, Moderna, Astra Zeneca, and other government sponsored vaccines such as Sputnik, the world now has weapons that offer some protection against the serious side effects of the disease. Unfortunately, due to sustained and unhindered transmission of the virus, the risk of new variants and/or strains remain, and it is widely believed that COVID-19 is here to stay (5). An additional aid in the fight is the availability of widespread testing. Polymerase chain reaction (PCR) testing remains the gold standard in testing for the presence of the virus in clinical samples but is hindered by expensive and specialized equipment and the personnel needed to run the tests. Additionally, time delays in getting samples to the testing facility, analyzing them, and returning results, makes PCR tests less than ideal for use in public health decisions to curtail the spread. Rapid antigen tests (6–8) with results obtained in <20 mins are available and can be convenient but may not be sensitive enough to detect early stages of the disease when viral loads are low. Given this gap in sensitivity between the PCR and rapid tests and the need to obtain results as early as possible, there is a need for a technology to bridge the gap. The Halo SARS-CoV-2 Test aims to address this gap by offering a highly sensitive antigen test capable of confirming a COVID-19 infection within 20 mins through the use of a fluorescent immunoassay coupled with a low-cost reader using commercially available components to minimize cost and reduce the risk of supply chain issues upon scale-up.

Lateral flow assays (LFAs) are commonly used as rapid diagnostic tests and are well known as at-home pregnancy tests. Compared to traditional colorimetric (visually read) LFAs, fluorescent assays can greatly enhance the sensitivity of an assay when coupled with an appropriately designed reader. Conversion of an LFA test from colorimetric to fluorescent reporters has been shown to yield significant gains in performance, typically producing greater than 800% improvements in sensitivity (9–11). Because luminescence-based tests require a light source for excitation of the emitters, a reader is typically needed to supply this illumination as well as record the intensity of the light emitted from the fluorescent particles captured by the test and control lines. In addition to offering greater sensitivity, the use of a reader provides an opportunity to seamlessly compile results into an electronic database for reporting and surveillance purposes, critical for understanding the trajectory of a disease and influencing pandemic response decisions.

Here we describe a reader (Halo) that was developed to analyze and adjudicate the results of a lateral flow immunoassay that uses europium-based fluorescence reporters and a companion mobile phone app that displays the results and relays them to a cloud database. As a proof of concept, we report the results of a florescence based COVID-19 antigen LFA test using europium-labeled reporter beads and compare the results to an analogous gold nanoparticle-based visual test. We also present data on testing live SARS-CoV-2 wild type and variants viral stock and the impact of mutations present in the variants on assay performance.


Halo Reader Design

The Halo reader uses a commercially available single-board computer (Raspberry Pi Zero 2 W) with Bluetooth capability coupled with a simple excitation source composed of a UV LED and driver circuit as well as an off-the-shelf CMOS (complementary metal-oxide-semiconductor) camera, used to acquire images which are then processed by the system. Any smartphone with Bluetooth connectivity can be used to interact with the reader through the use of an app. The result is a small, highly accurate, diagnostic reader that can be paired with fluorescently labeled lateral flow assays, and supportive software for consumer and/or professional use (Figure 1). By leveraging commercial-off-the-shelf (COTS) components and a simple circuit design, the cost of goods sold (COGS) for the reader is < $100 USD including assembly in the United States, when manufactured at volume.


[image: Figure 1]
FIGURE 1. (A) SARS-CoV-2 stocks were diluted with simulated nasal matrix. Serial dilutions were then prepared to assess the preliminary limit of detection for each strain of the virus. (B) 80 μl of a given dilution was then added dropwise to the assay cassette via pipette and the assay developed for 15 mins. (C) The cassette was then inserted into the Halo reader to record the test line intensity.


The Halo Reader is a digitally connected solution with best-in-class sensitivity at an extremely reasonable cost. A key feature is the ability to use low-cost, readily available CMOS imagers to perform laboratory quality fluorescence measurements in both steady-state and time-delayed modes. This capability is fully compatible with existing commercially available emissive labels (e.g., europium beads) and therefore has access to the pipeline of LFAs targeting current and future challenges.




METHODS


Sample Preparation, Testing, and General Usage of the Halo Reader

After unpacking the swab, reagent vial, and test cassette the user opens the Halo phone app and ensures that the appropriate lot-specific data for the assays has been obtained (either pre-loaded or downloaded from the cloud). Specimen collection is done through a nasal swab (anterior nares) or by laboratory prepared samples, as in this study (see Live Virus Testing). The specimen is then added to lysis buffer and mixed with the sample for 1 min to ensure any nucleocapsid protein present in the sample is exposed and able to be captured by the assay. Next, after the cassette is placed on a level surface, 80 μl (approximately 3 drops) of the lysed sample is added to the sample port in the assay cassette, and the 15-min assay incubation period is started. After the sample is added to the sample port, the fluid is absorbed by the sample pad. Liquid then flows by capillary action from the sample pad to a conjugate pad that contains additional reagents to condition the specimen and prepare it for optimal reactivity. While migrating through the conjugate pad, the diluted sample encounters detecting antibodies conjugated to the fluorescently labeled (europium) beads. The luminescent europium conjugate binds to any SARS/SARS-CoV-2 nucleocapsid antigen present in the sample and will ultimately produce a positive test result. The liquid moves along the test strip onto the nitrocellulose membrane containing two immobilized reagent lines [in order of sample contact: Test Line (anti-SARS-CoV-2 nucleocapsid antibody) and Control Line (anti-immunoglobulin antibodies)]. The sample mixture, including the detection antibody conjugate, will continue to migrate along the nitrocellulose membrane. The detection antibody conjugate will bind to the control line, forming a fluorescent line, to indicate the test was run correctly and establishes assay validity (if no control line is readable, the Halo reader will indicate an invalid test and prompt the user to repeat the test). The liquid will continue to be drawn toward the absorbent pad, which is placed after the nitrocellulose membrane, until the fluid has been exhausted from the sample and conjugate pads located at the beginning of the assay.

If SARS-CoV-2 nucleocapsid antigen is present in the sample, the europium reporter detecting antibody/antigen complex is captured by the test line antibodies, providing the Halo reader with a quantifiable signal that is subsequently analyzed by proprietary algorithms on the device. The intensities of the test and control lines are recorded relative to the overall range of the detector. The maximum value is set to 1 and the test and control line intensities are reported as a fraction of that value (e.g., a test line intensity of 0.1 would correspond to an intensity peak that was 10% of the full scale). Test line signal intensity above a pre-determined threshold and the presence of a control line indicates a SARS-CoV-2 antigen positive test result.



Live Virus Testing

The average retention volume of the swabs was determined gravimetrically using simulated nasal matrix (SNM). A sample volume of 12 μl was determined to be the average amount of material retained by the ClearTip swabs (Yukon Medical, Durham, NC) used in the studies. Briefly, ten ClearTip swabs were unpackaged, individually weighed and added to separate tubes containing 0.5 mL of simulated nasal matrix4. The swabs were allowed to soak for 30–45 s and then removed from the liquid allowing any excess solution to drip off. The weight of the individual swabs including any residual SNM were recorded, and this information was used to determine the retained weight of the SNM captured on the swab. The values were averaged, converted to volumes, and multiplied by 0.5 to obtain the sample volume used for the analytical sensitivity (limit of detection) studies.

Previously prepared and frozen SNM was used for the study and was thawed and brought to room temperature before use. Similarly, SARS-CoV-2 stocks were thawed prior to use but were kept on ice during the procedure to preserve the sample integrity. These stocks were diluted with SNM to the appropriate concentration for a given experiment, and then 12 μl of virus-laden SNM was pipetted onto a ClearTip swab contained in a 1.5 mL tube. Separate tubes were prepared for performing replicates at each concentration. 300 μl of lysis buffer was then added to the tube, and the swab mixed by twirling and swirling in the lysis buffer for 15 s while pressing the swab tip against the sides of the tube. The swab was left in the lysis buffer for 1 min after mixing to lyse the viral particles, if any, in the sample. The test cassette was placed on a level surface and 80 μl of the solution was then added dropwise to the assay cassette via pipette. The assay was left to run for 15 min at controlled room temperature (15°C - 25°C). Following the 15-min incubation, the tests were read by inserting the cassette into the Halo reader and using a phone to obtain the test line intensities. In cases where a second reader was used, the assay was read within 2 min after the initial analysis. The preliminary limit of detection (LoD) was determined by the lowest concentration of SARS-CoV-2 at which all five test replicates were positive. Sensitivity was also measured for the delta variant by conducting 20 additional tests at the preliminary LoD concentration.



Positive/Negative Threshold Determination

The positive/negative threshold was determined by analyzing a series of 10 samples of SNM with no SARS-CoV-2 present (Supplementary Table S1). The average and standard deviation of these samples were calculated, and the threshold was set at a value corresponding to the mean plus three times the standard deviation.



Halo Reader Operation for Use in Laboratory Testing

The reader was removed from any packaging, placed on a level surface, and powered on by plugging in the supplied power cord. After a short boot-up sequence, a status light indicated that the reader was ready to accept a Bluetooth low energy connection. An iPhone 11 was provided with the HaloHost app preinstalled, which is a custom application for communication with the reader. After launching the app on the phone and connecting to the reader via Bluetooth, a sample identification number could be entered into the app to identify the test. Subsequent screens contained timers for the 1-min lysis buffer immersion and the 15-min assay incubation time. After the 15-min incubation time, the sample analysis could be initialized and once the data collection and analysis were complete, the test and control line intensities were displayed5 on the phone screen to be recorded. Two versions of the Halo reader were tested simultaneously. The first (Gen 1) was a functional prototype and the second (Gen 2) was a designed-for-manufacture (DFM) version.



RT-PCR Testing of SARS-CoV-2 Variant Spiked SNM Samples at C2Sense LoD Concentration

To estimate RT-PCR Ct values of samples at the previously determined LoDs of the C2Sense Halo SARS-CoV-2 test, mock nasal samples at 1 ×, 0.1 ×, and 0.01 × the C2Sense LoD concentration were prepared for the SARS-CoV-2 isolates listed in Table 1. Ten-fold dilutions of virus stock in SNM were prepared for each isolate and 50 μl of sample added to the head of a dry nasal swab (unspiked SNM served as a negative control). To simulate a nasal swab collected for RT-PCR testing, the swab was transferred to a tube containing 3 ml of viral transport media (VTM), mixed by swirling, and left in the tube. A single nucleic acid extract was prepared from each VTM sample using the Qiagen QIAamp Viral RNA Mini Kit per the manufacturer's instructions, with a final elution using 140 μl of AVE buffer.


Table 1. Preliminary LoD in SNM—Halo Reader Live Virus in SNM.
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Nucleic acid extracts were tested on the CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel per the Instructions for Use (Rev 7, 07/21/2021). Each nucleic acid extract was tested in triplicate wells with the N1 primer/probe set, while a single well was used for the RNaseP endogenous control primer/probe set.




RESULTS AND DISCUSSION


Setting the Positive/Negative Threshold

To establish the positive/negative cutoff value for the LoD studies, a total of ten (10) negative SNM replicates were tested and read after 15 mins on both the Gen 1 and Gen 2 instruments (1/100 dilution of SARS-CoV-2 in SNM was tested as a positive control). The results from the SNM testing are summarized in Supplementary Table S1. The Halo reader returns values from 0 to 1 depending on the intensity of the light emitted from the test and control lines. Using the criteria of the mean plus three standard deviations, the positive/negative cutoff values calculated for the Gen 1 (prototype) and Gen 2 (designed for manufacture) readers were 0.0328 and 0.0323, respectively. These cutoff values are specific to SNM for use in the subsequent LoD studies and may not be applicable to actual clinical samples.



Determination of the Limit of Detection of C2Sense SARS-CoV-2 Assay

Preliminary LoD studies were performed using wild type and four variants, in addition to confirmatory determination of the LoD with delta variant live viral samples. The LoDs in units of TCID50/test are presented in Table 1 and ranged anywhere from 0.4 to 4.1 depending on the variant (experimental data can be found in Supplementary Tables S2–S20). The TCID50/test value is indicative of the amount of virus that is added to a test cassette for a given experiment. The values were calculated based on the concentration of the virus in SNM added to the swab (TCID50/mL), the volume of SNM added to the swab (12 μl), the dilution of that material by the addition of the lysis buffer (300 μl), and volume of diluted sample loaded onto the test cassette (80 μl). Data for the preliminary LoD studies displayed consistent performance across variants [see Figure 2 (left)] as well as consistent increases in signal when the amount of virus delivered to the assay was increased [Figure 2 (right)], which indicates that the test may have utility in providing a semi-quantitative output, similar to the cycle threshold in PCR testing. Additional tests were performed with recombinant protein to assess the ability of the test as a semi-quantitative measure of the amount of virus in each sample and the results are plotted in Supplementary Figure S2. Good linearity was observed in the 0–16 pg/ml regime as well as good operator-to-operator variability.
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FIGURE 2. (Left) Test line intensities plotted as a function of the TCID50/test for the wild type and four variants from the preliminary LoD studies. (Right) The test line intensities for the delta variant for both the preliminary (gray data points) and confirmatory (yellow and red data points) LoD experiments. The dashed line represents the positive/negative threshold.


After preliminary LoD values were found, an experiment was performed to confirm the LoD for the delta variant. These experiments entailed running an additional 20 samples at the preliminary LoD concentration as well as five additional SNM samples with no virus present. The data from the initial LoD confirmation experiment at a TCID50/test value of 1 is contained in the supplementary information section (Supplementary Table S10). At this concentration, both the Gen 1 and Gen 2 readers incorrectly identified two (Gen 1) and four (Gen 2) of the 20 samples as negative, so the test was repeated at a higher concentration (two times the concentration of the preliminary LoD). At a fully diluted value of 1.9 TCID50/test (Supplementary Table S11), both readers were able to correctly identify 19/20 positive samples, thus meeting the FDA LoD criteria of ≥95% positivity rate at the limit of detection. After re-analyzing the sample incorrectly identified as negative, the Gen 2 reader successfully identified this sample as a positive sample, and correctly identified all samples thus achieving a sensitivity of 100% at the limit of detection. Preliminary limits of detection expressed in units of TCID50/mL, a measure of the concentration of virus in a sample, are reported for both the concentration contained in the 12 μl of virus containing SNM on the swab (Table 1, column 4) as well as on the amount of virus delivered to the assay (TCID50/test). The TCID50/test metric accounts for the dilution of the sample in 300 μl of lysis buffer as well as the amount of fluid added to the test cassette (80 μl). The TCID50/test values for virus types ranged from 0.4 for the beta variant to 4.1 for the wild type (WS2).

Given the extreme sensitivity of the Halo system, a comparative analysis was performed to assess the performance of the system vs. other commercially available assays. While the names of the manufacturers used in the comparison studies have been masked, at the time of submission of this manuscript, five (5) of the comparator LFAs evaluated (all except “E”) had received emergency use authorization (EUA) from the FDA. Two (2) of the comparator assays (C and D) use a fluorescent signal and reader system, similar to the C2Sense assay, while the other four (4) assays are traditional visually interpreted LFAs.

Table 2 ranks the performance of the seven (7) LFAs based on LoD for the different SARS-CoV-2 variants, with “1” being the most sensitive (Supplementary Table S21 summarizes the LoD results reported in TCID50/ml). The C2Sense Halo SARS-CoV-2 Test was the overall top performing assay, exhibiting the lowest LoD for all variants tested, with the exception of one of the kit lots from manufacturer “B” for the Lineage A isolate. Compared to the other assays, C2Sense Halo SARS-CoV2 test was 2X−39X more sensitive for detecting the B.1.1.7 variant; 3X−100X more sensitive for the B.1.351 variant; 5X−132X more sensitive for the P.1 variant; 3X−50X more sensitive for the B.1.617.2 variant; and 20X−80X more sensitive for the B.1.1.529 variant. It should be noted that the LoD studies described here used in vitro cultured virus spiked into SNM, and that the performance differences observed may or may not be indicative of clinical performance with real patient samples. Additionally, the other LFAs evaluated in the comparison studies are optimized for use with clinical nasal swab samples. Any assay optimization required to maximize performance of the C2Sense assay for use with clinical samples (e.g., minimize false positive results) could impact analytical sensitivity.


Table 2. SARS-CoV-2 lateral flow immunoassay performance rankings.
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In addition to testing against other commercially available rapid tests, the Halo system was tested against the gold standard for analytical detection of SARS-CoV-2. Results from the RT-PCR testing are summarized in Supplementary Table S22, and components are listed in Supplementary Table S23. At the C2Sense 1X LoD, all test replicates were positive on the CDC RT-PCR assay, with Ct values ranging from 30.9 (Lineage A WS2) to 34.4 (B.1.351). Average Ct value for all of the 1 × LoD samples was 32.4. The CDC RT-PCR assay detected all replicates of the 0.1 × LoD samples from four of the six (4/6) isolates [Lineage A (WS2), B.1.1.7, P.1, and B.1.617.2]. All 0.1 × LoD replicates were not detected for the Lineage A (WS6) and B.1.351 isolates. None of the 0.01 × LoD samples were positive on all replicates for any of the isolates. Although additional testing would be required to determine if similar performance differences would be observed with clinical patient specimens, these results suggest that the analytical sensitivity of the CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel is only approximately ten-fold more sensitive than the C2Sense Halo SARS-CoV-2 assay for detecting SARS-CoV-2 in mock nasal swab samples.



Testing the Durability of the Halo Reader

Although not a comprehensive picture due to the limited number of readers tested, the similarity in threshold and results between the prototype (Gen 1) and designed-for-manufacture Halo reader (Gen 2) are extremely encouraging and point to minimal unit-to-unit variability. Additional tests will be performed on units to ensure this uniformity can be translated into mass produced units; however, it is shown here that the prototype and designed-for-manufacture reader perform so similarly. Another test of the quality of the unit was performed by acquiring data on a custom-made assay strip with europium-doped yttrium oxide to mimic the light emission from the europium-labeled beads in the real assay. Unlike the europium-labeled beads, the europium doped yttrium oxide does not readily photo-bleach when repeatedly exposed to the UV light used in the device. The performance of the system was found to be extremely stable even after an initial 100 exposures. A subsequent dataset was gathered the next day and an additional 1000 exposures were compiled. There was complete overlap between the two datasets (see Supplementary Figure S1) indicating that the system is also stable day-to-day. This indicates that the system is durable even though it was built from off-the-shelf parts and designed to be semi-disposable due to its low cost.




CONCLUSIONS

Promising results were obtained from preliminary LoD studies performed with two different preparations of wild type SARS-CoV-2 (WS2 and WS6) and four different virus variants. In summary, preliminary limits of detection for wild type and four different variants were found to be between 0.4 and 4.1 TCID50/test. For the delta variant, which accounted for 95% of the cases worldwide6 when these experimental studies were being conducted, the preliminary limit of detection was found to be 1 TCID50/test and was confirmed at a level of 1.9 TCID50/test. The similarity of the preliminary limits of detection across the different variants suggests that the assay may be robust against a number of mutations.

Using the delta variant, 20 out of 20 samples were correctly identified (100% sensitivity) on the designed-for-manufacture reader (Gen 2) and a final LoD of 1.9 TCID50/test was obtained. These results highlight the sensitivity of the Halo platform. This low-cost system (cost of goods < $100 USD), comprised of readily available components for ease of scaling, can also facilitate reporting due to its cloud connectivity and non-human readable results. With the evolution of different virus strains, testing will undoubtedly be necessary for the foreseeable future. Tools such as the Halo platform, which can provide accurate results in a timely manner, can be a useful tool in providing critical information in a variety of settings including homes, schools, or clinics. In addition to standard fluorescent samples, Halo readers can also be adjusted to perform sophisticated delayed luminescence measurements as well as read colorimetric assays, all with an extremely low total cost. By simply swapping the label used for the diagnostic, any assay from any provider can in principle be rendered compatible with the system. Halo can also be modified for potential multiplex application using different fluorescent reporters and multiple test lines.

Antigen tests generally do not match the sensitivity reported by PCR tests. This is in part because antigen tests lack the target amplification that occurs during PCR. Theoretically, in a PCR test, after 35 cycles of amplification, the target can be amplified almost a billion-fold. In order to enhance the sensitivity of immunoassays, other methods have been employed, i.e., signal amplification (MSD platform) or more sensitive reporters (fluorescence). It has been shown that PCR-level sensitivity can be achieved by an antigen test using signal amplification (12). The drawback in using fluorescence reporters is that it cannot be visualized by the human eye and therefore requires a reader with a light source for excitation and emission of fluorescence that can be measured. Here we describe a very low-cost reader and assay that achieves considerable sensitivity, which can be easily modified to read other types of lateral flow assays (e.g., colorimetric or fluorescence lifetime-based). The performance of the Halo system was tested against six different commercially available assays and was found to be the most sensitive for all virus strains except for the wild-type strain, where it was the most sensitive test compared to one kit lot from manufacturer “B,” but second most sensitive when compared to a second kit lot from manufacturer “B.” In addition, the Halo reader can be configured to provide semi-quantitative results, akin to PCR Ct values, which could be indicative of viral load differences between patients. Moreover, data from an electronically read, sensitive lateral flow assay (i.e., Halo) can be combined with PCR assay data to make reasonable calls on infectivity and make more informed public health decisions early in the infection cycle. Similarly, sensitive assays such as the one described here can be a good test for use in monitoring individuals during the infectious period. Our future efforts will focus on these aspects of making Halo a universal reader.
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FOOTNOTES

1https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19-−11-march-2020 (accessed April 1, 2022).

2https://www.who.int/emergencies/diseases/novel-coronavirus-2019 (accessed July 12, 2021).

3https://covid19.who.int/ (accessed July 12, 2021).

4Simulated nasal matrix: phosphate buffer solution containing glycerol (15%), porcine mucin (2.5%), and human blood (1%).

5When used as a diagnostic tool, “positive,” “negative,” or “invalid” would be displayed instead of test and control line intensities.

6https://nextstrain.org/ncov/gisaid/global (accessed November 30, 2021).
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Objectives: Attenuated humoral response to mRNA SARS-CoV-2 vaccines has been reported in some patients with autoimmune disease, e.g., rheumatoid arthritis (RA). However, data of immune responses to inactivated SARS-CoV-2 vaccine in the RA population are still unknown. Herein, the safety and immunogenicity of inactivated SARS-CoV-2 vaccines in RA patients were analyzed.

Methods: Seventy five RA patients and 26 healthy controls (HC) were respectively recruited from Yunnan Provincial Hospital of Traditional Chinese Medicine and the community in Kunming city. Neutralizing Antibody (NAb) Test ELISA kit was used to measure the percentage of inhibition. AKA (anti-keratin antibody) positivity was detected using indirect immunofluorescence. Rheumatoid factor (RF)-IgA was detected by ELISA. RF-IgG, RF-IgM, and anti-cyclic citrullinated peptide (CCP) antibodies were measured by chemiluminescence. ESR (erythrocyte sedimentation rate) was detected by ESR analyzer. C-RP (c-reactive protein) was detected by immunoturbidimetry. NEUT% (percentage of neutrophils) and LYMPH% (percentage of percentage) were calculated by a calculation method.

Results: Compared with the HC group, the percentage of inhibition was significantly lower in RA patients receiving two doses of vaccines. Vaccines-induced percentage of inhibition was the lowest in RA patients who had not been vaccinated. In total 80.77% of the HC group had a percentage of inhibition ≧20%, compared with 45.24% of vaccinated RA patients and 6.06% of unvaccinated RA patients. Spearman correlation analysis revealed that antibody responses to SARS-CoV-2 did not differ between RA patients according to their age and disease duration. Furthermore, the results showed that no correlation was found between the percentage of inhibition and indices for RA, including RF-IgA, IgG, IgM; anti-CCP antibody; ESR; C-RP; NEUT% and LYMPH%.

Conclusion: Our study showed inactivated vaccine-induced SARS-COV-2 antibody responses differ in RA patients and healthy subjects, emphasizing the importance of a third or fourth vaccination in RA patients.

Keywords: COVID-19, inactivated SARS-CoV-2 vaccines, rheumatoid arthritis, neutralizing antibodies, immunogenicity


INTRODUCTION

Coronavirus disease 2019 (COVID-19) has progressed to a worldwide pandemic and posed enormous challenges to healthcare (1). Since January 2020, the virus has spread rapidly to large parts of China and other countries, which soon captured global attention with the pathogen identified as SARS-CoV-2. According to new data released by WHO (World Health Organization) on 18 March 2022, there have been 464,809,377 confirmed cases, and approximately 6,062,536 people have died from COVID-19. Currently, the COVID-19 pandemic is still a global challenge as there are continuous genetic variations of the SARS-CoV-2 genome and mutations in the S protein are increasingly reported (2). A new variant of SARS-CoV-2 (Omicron) has more than 50 mutations and is spreading rapidly with an average doubling time of 2 days, and has taken over globally including dividing into subvariants with even more diversity and transmissibility (3). Vaccination may be the most efficient strategy, which is crucial for controlling the COVID-19 pandemic. According to data released by the Chinese National Health Commission on March 19, 2022, more than 3.22 billion COVID-19 vaccine doses have been administered on the Chinese mainland (http://www.nhc.gov.cn/xcs/yqjzqk/list_gzbd.shtml), and nearly 1.24 billion people have been fully vaccinated.

Rheumatoid arthritis (RA) is a chronic autoimmune and inflammatory disorder, which occurs when your immune system attacks your own body's tissues by mistake. RA typically affects the joints, but the systemic inflammatory process can also cause damages on a wide variety of body systems, including the skin, eyes, lungs, heart, and blood vessels (4). Previous studies have shown that he immunogenicity of the pneumococcus vaccine is reduced in RA patients treated with methotrexate (5). Hepatitis B virus vaccines may be less immunogenic in RA patients receiving anti-TNF therapy (6). A study has found impaired antibody responses to the BNT162b2 messenger RNA coronavirus disease 2019 vaccine in RA patients (7). Certain therapies (anti-TNF, anti-IL17, anti-IL6, anti-IL12/23) did not appear to affect seroconversion rates, whereas anti-CD20 and anti-CTLA-4 resulted in poorer responses in rheumatic and non-rheumatic patients treated with immunosuppressive agents (7, 8). The COVID-19 pandemic created concerns about immunosuppression in autoimmunity (9). Although vaccination is recommended for RA patients, they are still anxious about getting vaccinated as the patients with autoimmune disease showed an attenuated humoral response to SARS-CoV-2 vaccination (10), and research showed that immunosuppressed status is associated with an increased risk of COVID-19 infection despite vaccination (11). However, these findings are mostly based on mRNA vaccines (12). It is still unclear whether disease-modifying anti-rheumatic drug (DMARD) treatment can affect inactivated SARS-CoV-2 vaccine-induced seropositivity, which are main types of vaccines used in China.

In this study, we evaluated the safety and immunogenicity of inactivated SARS-CoV-2 vaccine in RA patients and provided further evidence for RA patients to receive inactivated SARS-CoV-2 vaccines.



MATERIALS AND METHODS


Study Design

RA patients and healthy controls received two doses of vaccine mainly between May and August 2021. Blood samples were collected around December 2021. The study population consisted of 75 RA patients and 26 healthy controls (HC), the baseline characteristics of whom were shown in Table 1. Forty-two of 75 patients (56%) received two doses of inactivated SARS-CoV-2 vaccines, and all the HC group were injected twice with the same dose of inactivated SARS-CoV-2 vaccines (Sinovac Life Sciences, Beijing, China, 3μg/0.5mL). Each participant was injected with 0.5 mL of vaccine each time. A standard flow diagram for this study has been shown in Figure 1.


Table 1. Baseline characteristics of unvaccinated and vaccinated RA patients, as well as vaccinated healthy controls.
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FIGURE 1. A standard flow diagram for this study.


The inclusion criteria met the 1987 American College of Rheumatology (ACR) criteria. Patients with moderate to high activity (Disease Activity Score in 28 Joints (DAS28) > 3.2) were aged between 18 and 70 years, and there was no restriction on gender and disease course. Those who voluntarily take the test have signed the informed consent. The exclusion criteria were those who did not meet the inclusion criteria or those with overlapping rheumatic diseases such as systemic lupus erythematosus, sjogren's syndrome, severe osteoarthritis, or those with mental or legal disabilities, and those who were unwilling to sign informed consent. The key exclusion criteria included no history of exposure to COVID-19 and positive PCR tests for SARS-CoV-2. The HC were healthy volunteers who did not receive immunosuppressive treatments. The study was approved by Yunnan Provincial Traditional Medicine Hospital Ethics Committee (NO. YNSZLL-AF-027-2020/07), and registered at ClinicalTrials.gov (NCT05191368). Written consent was obtained from all participants before sampling.



Routine Laboratory Measurements and Autoantibody Analyses

Blood samples were collected from RA patients as part of routine clinical testing. In this study, AKA (anti-keratin antibody) positivity was detected using indirect immunofluorescence (13). Rheumatoid factor (RF)-IgA was detected by ELISA (13). RF-IgG, RF-IgM, and anti-CCP antibodies were measured by chemiluminescence (14, 15). ESR (erythrocyte sedimentation rate) was detected by ESR analyzer (15). C-RP (c-reactive protein) was detected by immunoturbidimetry (16). NEUT% (percentage of neutrophils) and LYMPH% (percentage of percentage) were calculated by a calculation method (17).



Percent Inhibition Measurement

Percent inhibition measurement was based on the competitive inhibition of the interaction between the SARS-CoV-2 spike protein and the angiotensin-converting enzyme 2 cell surface receptor (18). Serum samples were collected and the SARS-CoV-2 S protein Neutralizing Antibody Test ELISA kit (SN: EKnCo v001, Frdbio, Wuhan, China) was used to measure the percentage of inhibition, which was calculated using the following formula: percentage of inhibition = (1–(OD 450 of sample/OD 450 of negative control) × 100%. Percentage of inhibition ≧20% means anti-SARS-CoV-2 neutralizing antibodies (NAbs) detected (seropositive), and percentage of inhibition < 20% means anti-SARS-CoV-2 NAbs not detected (seronegative) (19). The criterion for the validity of experimental data is: OD450 (or OD450/OD630) of negative control wells > 0.900, and OD450 (or OD450/OD630) of positive control wells < 0.300. The experiment was carried out in strict accordance with the instructions. A Variskan flash automatic microplate reader (Thermo Scientific, USA) was used to measure absorbance at 450 nm.



Statistical Analysis

The SPSS 22.0 software was used to perform the statistical analysis. Shapiro–Wilk test was used to analyze whether the data followed a normal distribution. If the data were normally distributed, they were presented as mean ± SD (standard deviation), and two independent samples t-tests were used. If they were not normally distributed, they were presented as median (IQR, interquartile range), and Kolmogorov-Smirnov test was adopted. The enumeration data were described by frequency and percentage, and χ2 test was used. p < 0.05 was considered to be statistically significant.




RESULTS


Participant's Characteristics

As shown in Table 1, the age of unvaccinated and vaccinated RA patients was respectively 62 (45–69) years and 56 (45.5–60) years, and no significant difference was observed (p = 0.070). Among unvaccinated RA patients, 4 (12.12%) were male and 29 (87.88%) were female, while the percent of male and female was 28.57% and 71.43% among vaccinated RA patients, and no significant difference was evident (p = 0.084). The disease characteristics of unvaccinated RA patients were not significantly different from those of vaccinated RA patients (Table 1, p-values > 0.05) other than the duration of disease (p = 0.002) with longer disease duration in vaccinated RA patients [8.5 (5.02–17.79) years]. All RA patients have received continuous therapy with conventional synthetic (cs), biological (b), or targeted synthetic (ts) DMARDs, as well as Janus kinase (JAK) inhibitors, prednisone or tripterygium glycosides tablet (TGA). csDMARDs was used in 31 (43.66%) patients, and 17 (22.54%) patients were treated with bDMARDs. In total 9 (12.68%) patients were given JAK inhibitors, and 11 (15.49%) patients were taking prednisone. In total 15 (21.13%) patients were prescribed with TGA. There was a significant difference in the proportion of patients using JAK inhibitors between unvaccinated (27.59%) and vaccinated (2.38%) in RA patients (Table 1, p = 0.006). While, the other treatment strategies were similar between unvaccinated and vaccinated RA patients (Table 1, p-values > 0.05).

The HC group (44.5 (36.25–53) years) were younger (Table 1, p = 0.001) than RA patients (56 (45.5–60) years), and there was also a significant difference in the sex ratio between the two groups (p = 0.007). The interval time between the second vaccination and serum sampling was significantly shorter in RA patients than HC (RA vs. HC: 142 (110.5–189.5) days vs. 184.5 (167.5–190.75) days, p = 0.003).



Vaccine Safety

It is relatively safe for RA patients to receive two doses of inactivated SARS-CoV-2 vaccines. Side effects and adverse reactions were comparable to the HC group. No serious adverse events were reported among HC. In total 2 (4.44%) of the RA patients developed significant joint pains, knee effusion, and swelling of the hands and feet after the second dose. However, it is still unclear whether the adverse events were related to the vaccination.



Percentage of Inhibition

Compared with the HC group, the percentage of inhibition was significantly lower in RA patients receiving two doses of vaccines (Figure 2A, RA: median 17.24%, IQR 12.68–29.50; HC: median 27.08%, IQR 20.58–34.36; p = 0.006). While, the percentage of inhibition was the lowest in RA patients who have not been vaccinated (Figure 2A, median 15.26%, IQR 12.89–17.43), which was significantly lower than vaccinated RA patients (Figure 2A, p = 0.003) or HC (Figure 2A, p = 1.782 × 10−7). 18 (80.77%) of 26 HC had a higher seropositivity, compared with 19 (45.24%) of 42 vaccinated RA patients (Figure 2B, p = 0.004) and 2 (6.06%) of 33 RA patients who had not received the vaccination (Figure 2B, p = 5.173 × 10−9). Furthermore, the difference was also significant between vaccinated and unvaccinated RA patients (Figure 2B, p = 0.0002).
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FIGURE 2. Anti-SARS-CoV-2 antibody responses from RA patients and HC. (A) The percentage of inhibition from individuals who have not been vaccinated RA patients (n = 33), vaccinated RA patients (n = 42) and healthy controls (HC, n = 26). Symbols show individual values, red line show the cut-off value (20%), and black horizontal bars show medians. Statistical analysis was done using the Kolmogorov-Smirnov test. Data were presented as median (IQR). **p < 0.01; ***p < 0.001. (B) Seropositive rate of unvaccinated RA patients (n = 33), vaccinated RA patients (n = 42) and healthy controls (HC, n = 26). Statistical analysis was done using the χ2 test. **p < 0.01; ***p < 0.001.




Inhibition Percent in Relation to Levels of Laboratory Indicators

Spearman correlation analysis revealed that antibody responses to SARS-CoV-2 did not differ between RA patients according to their age (Figure 3A, r = 0.004, p = 0.980) and disease duration (Figure 3B, r = 0.363, p = 0.075). Furthermore, lower NAbs percentage of inhibition was not caused by RA-induced immune impairments, including immune-related indicators: RF (Figure 3C, IgA: r = 0.017, p = 0.925; Figure 3D, IgG: r = −0.108, p = 0.535; and Figure 3E, IgM: r = 0.041, p = 0.819), C-RP (Figure 3F, C-reactive protein: r = −0.361, p = 0.064), ESR (Figure 3G, erythrocyte sedimentation rate: r = −0.146, p = 0.401), and anti-CCP antibody (Figure 3H, anti-cyclic citrullinated peptide antibody: r = −0.286, p = 0.095), as well as LYMPH% (Figure 3I, r = 0.093, p = 0.611) and NEUT% (Figure 3J, r = 0.121, p = 0.509).
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FIGURE 3. Correlations between indices for RA and percentage of inhibition. (A) Correlation between the age of patients and percentage of inhibition. (B) Correlation between the disease duration and percentage of inhibition. (C) Correlation between the RF-IgA and percentage of inhibition. (D) Correlation between the RF-IgG and percentage of inhibition. (E) Correlation between the RF-IgM and percentage of inhibition. (F) Correlation between the C-RP and percentage of inhibition. (G) Correlation between the ESR and percentage of inhibition. (H) Correlation between the Anti-CCP antibody and percentage of inhibition. (I) Correlation between the LYMPH% and percentage of inhibition. (J) Correlation between the NEUT% and percentage of inhibition. No significant correlations were evident between indices for RA and percentage of inhibition (all p-values > 0.05).





DISCUSSION

In response to the SARS-CoV-2 outbreak and the resulting COVID-19 pandemic, a global competition to develop anti-COVID-19 vaccine has ensued (20). As the vaccination programs progress worldwide, the requirement of credible SARS-CoV-2 antibody assays (to demonstrate a successful vaccine response) will probably remain over the next couple of years (21). Previous studies have provided sufficient data on the safety and immunogenicity of vaccines in healthy individuals, with satisfactory results. Moreover, considering increased risks of COVID-19 infection and severe outcomes, the immune response of RA patients to vaccines needs to be further assessed (22). Effectiveness of mRNA COVID-19 vaccine in autoimmune disease patients have been studied (11, 23). Recent studies have demonstrated an attenuated humoral response to mRNA SARS-CoV-2 vaccination in patients with autoimmune disease (10, 24). However, data on immune response responses to inactivated SARS-CoV-2 vaccine in the RA population remains unknown. Based on the global prevalence of SARS-CoV-2 infection, there should be comprehensive data on immune responses to inactivated vaccines in RA patients. Besides, studies have shown that NAbs level is a good biomarker for the correlate of protection against COVID-19 (25, 26). Thus, we sought to describe the NAbs level in patients with RA who received two injections of inactivated SARS-CoV-2 vaccine.

Inactivated virus vaccines could be prepared through the employment of established physical and chemical methods such as UV light, formaldehyde, and β-propiolactone (27), which have both advantages and disadvantages. It is easy to prepare, safe, and has high-titer NAbs, but it is unsuitable for highly immunosuppressed individuals (28). A study has demonstrated that the seroconversion rates of neutralizing antibodies were 3.3% (2 out of 60) and 95% (57 out of 60) for individuals who had received 2 and 3 doses of vaccine, respectively (29). To our knowledge, this is the first study to investigate the effects of inactivated SARS-CoV-2 vaccine on RA patients. Our data demonstrated that the response of inactivated vaccine-induced immune responses differ between RA patients and HC, consistent with the finding from mRNA vaccines (12). This suggests that RA patients should receive a third or fourth booster dose to mount a comparable antibody response, especially for the rapidly spreading omicron variant (30). A booster dose has proven to be highly effective against COVID-19 and related severe disease and death. The data from Centers for Disease Control and Prevention (CDC) has shown that unvaccinated adults are nearly six times more likely to test positive for COVID-19 and 14 times more likely to die from the virus compared to vaccinated individuals. Therefore, the CDC has updated its guidance to indicate that immunocompromised people can get a fourth COVID-19 shot. In addition, our study showed that the whole course (2 doses) vaccination of inactivated vaccines are safe for RA patients. Adverse symptoms were less severe and mostly transient, and pain at the injection site was the most reported symptom. Regarding abnormal laboratory indicators, two patients developed joint pain in the limbs, knee joint effusion, swelling, and pain in both hands and feet after the second dose of injection, but it is undetermined whether the adverse events are related to the vaccination. Overall, the safety profile for most RA patients was equally good.

RA patients have been taking immunosuppressive or immunomodulatory drugs. Such treatments, e.g., glucocorticoids or DMARDs, may potentially result in decreased responses to vaccination, including establishing and maximizing the immune response (31). Attenuated levels of anti-spike IgG antibodies and neutralization capacity, as well as B cell responsiveness, were reported in RA patients treated with JAK inhibitors (32). JAK inhibitors can also impair IFN-mediated antiviral responses and increase the risk of secondary infection (33). Thus, a temporary suspension of tsDMARDs was recommended to RA patients infected with SARS-CoV-2. Our results showed that the use of JAK inhibitors was significantly different between vaccinated and unvaccinated RA patients, and other indicators were not significantly different (Table 1). The reason why some patients did not receive vaccination in our study maybe that they were taking JAK inhibitors, which may weaken antiviral responses and increase the risk of secondary infection. None of RA patients or HC reported symptoms suggestive of COVID-19 throughout the observation period, and none had a positive SARS-CoV-2 antigen or RT-PCR test. Of note, percentages of inhibition of two RA patients after the second vaccination were higher than 80%, which was 96.50 and 89.50%, respectively. The first patient received a combination drug therapy, including methotrexate, adamu, folic acid, and leflunomide. The second patient received treatments of methotrexate, leflunomide, prednisone, and TGA. These results suggested that csDMARDs and bDMARDs may not affect vaccine-induced antibody responses. It should be noticed that one patient using JAK inhibitors had a low percentage of inhibition (6.40%), which received a second dose of inactivated vaccine on November 1, 2021, and his serum was sampled on December 2. Although the time interval was short, NAbs were negative. It is suggested that JAK inhibitors may inhibit the production of NAbs, which is consistent with other studies (32). However, it is an individual case, and the relationship between JAK inhibitors and NAb inhibition rate is unclear, and further research is needed to verify. Conflicting results were reported in patients using methotrexate (8, 34). We did not find that methotrexate hampers humoral response to vaccine in our case series. Herein, twenty-one patients (7 males, 14 females) were treated with csDMARDs alone, all males were negative. It is suggested that the vaccine effect may be lower in males compared with females, and the correlation between gender and NAb inhibition rate needs to be further explored. In addition, six RA patients used prednisone, 2 of whom were positive for NAbs. Because some patients used drugs such as csDMARDs and Tripterygium glycosides tablet simultaneously, the relationship between drug use and inhibition rate was complicated, and the sample size needs to be expanded to further research. See the Table 1 for more details.

In unvaccinated RA patients, two patients showed >20% inhibition. It may be that some people may have been directly or indirectly exposed to other similar coronaviruses in their lives, which induced the production of antibodies in their bodies. Studies have shown that late humoral and cellular responses are detected in some people who have not been exposed to SARS-CoV-2 (35). Furthermore, when qualitative experimental methods are evaluated, the clinical diagnosis is unknown in many cases. Therefore, it is understandable that the antibody inhibition rate was slightly higher than 20% in the serum of two individual patients in this study. Of course, it is undeniable that this is also related to individual differences.

One limitation of our study was the age and sex mismatch between the RA group and the HC group, but fortunately, age was not the major influencing factor (36). Studies have found that attenuated anti-SARS-CoV-2 antibody response to vaccination in patients with rheumatic diseases, and non-responders and responders were equally distributed across all age categories (37). In addition, there was no significant correlation between age and the inhibition rate of NAb produced by inactivated vaccine (19), which was consistent with the results of this study. Whether there is a correlation between age and NAb inhibition rate produced by inactivated vaccine needs to be further verified by expanding the sample size. In addition, previous studies have shown that males had lower serological response to SARS-CoV-2 vaccination (38). Male gender had been implicated in the poor vaccination responsiveness in general population (39–41). In this study, with the same injection of 2 vaccines, there were more males in the HC (16 males, 10 females), and fewer males in the RA group (12 males, 30 females), while the NAb inhibition rate in the RA group was still lower. These all suggested that RA patients exhibited lower humoral responses to vaccines than the HC group. Another limitation was that the time interval between the second vaccination and serum sampling was significantly different between RA patients and HC, shorter in RA patients than in the HC group. There is evidence showing declines in vaccine effectiveness against COVID-19 with increasing time (36), and a significant antibody decline was observed at 3-month post-vaccination (42). In this study, the percentage of inhibition to SARS-CoV-2 was still lower in RA patients with a relatively shorter interval. This may be related to the use of immunosuppressants in RA patients, which needs to be confirmed by further studies.

In summary, our study suggests that 2-dose of inactivated vaccine-induced SARS-COV-2 antibody responses differ in RA patients and healthy subjects, emphasizing the importance of a third or fourth vaccination in RA patients. Future studies with larger sample sizes and longer follow-up time are required to define the optimal vaccine strategy and clarify whether DMARDs should be suspended in RA patients to increase the positive responses to vaccination and better protect this vulnerable population.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is believed to have originated in Wuhan City, Hubei Province, China, in December 2019. Infection with this highly dangerous human-infecting coronavirus via inhalation of respiratory droplets from SARS-CoV-2 carriers results in coronavirus disease 2019 (COVID-19), which features clinical symptoms such as fever, dry cough, shortness of breath, and life-threatening pneumonia. Several COVID-19 waves arose in Taiwan from January 2020 to March 2021, with the largest outbreak ever having a high case fatality rate (CFR) (5.95%) between May and June 2021. In this study, we identified five 20I (alpha, V1)/B.1.1.7/GR SARS-CoV-2 (KMUH-3 to 7) lineage viruses from COVID-19 patients in this largest COVID-19 outbreak. Sequence placement analysis using the existing SARS-CoV-2 phylogenetic tree revealed that KMUH-3 originated from Japan and that KMUH-4 to KMUH-7 possibly originated via local transmission. Spike mutations M1237I and D614G were identified in KMUH-4 to KMUH-7 as well as in 43 other alpha/B.1.1.7 sequences of 48 alpha/B.1.1.7 sequences deposited in GISAID derived from clinical samples collected in Taiwan between 20 April and July. However, M1237I mutation was not observed in the other 12 alpha/B.1.1.7 sequences collected between 26 December 2020, and 12 April 2021. We conclude that the largest COVID-19 outbreak in Taiwan between May and June 2021 was initially caused by the alpha/B.1.1.7 variant harboring spike D614G + M1237I mutations, which was introduced to Taiwan by China Airlines cargo crew members. To our knowledge, this is the first documented COVID-19 outbreak caused by alpha/B.1.1.7 variant harboring spike M1237I mutation thus far. The largest COVID-19 outbreak in Taiwan resulted in 13,795 cases and 820 deaths, with a high CFR, at 5.95%, accounting for 80.90% of all cases and 96.47% of all deaths during the first 2 years. The high CFR caused by SARS-CoV-2 alpha variants in Taiwan can be attributable to comorbidities and low herd immunity. We also suggest that timely SARS-CoV-2 isolation and/or sequencing are of importance in real-time epidemiological investigations and in epidemic prevention. The impact of G614G + M1237I mutations in the spike gene on the SARS-CoV-2 virus spreading as well as on high CFR remains to be elucidated.

Keywords: COVID-19, SARS-CoV-2, qRT-PCR, virus culture, next-generation sequencing, clade replacements, phylogenetic analysis, alpha/B.1.1.7


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), previously known as 2019-nCoV (1), belongs to the Betacoronavirus genus, Coronaviridae family, and Nidovirales order (2). SARS-CoV-2 is the seventh coronavirus (CoV), and one of the most dangerous CoVs (3, 4), that infects humans (3–7) and can cause life-threatening coronavirus disease 2019 (COVID-19) (1). SARS-CoV-2 is a round, positive-sense, single-stranded, enveloped RNA virus with a linear genome of ∼30,000 nucleotides. Its genome is composed of 11 protein-coding sequences that encode 12 protein products (8). Phylogenetic analysis suggests that SARS-CoV-2 originated from bat SARS-like betacoronaviruses. However, its genetic and biological features are more similar to those of SARS-CoV-1 (9). This virus was isolated from human airway epithelial cells in bronchoalveolar lavage fluid samples from patients with pneumonia in Wuhan City, Hubei Province, China, on 21 December 2019 (7). Since then, SARS-CoV-2 has been detected in a wide spectrum of clinical specimens, including nasopharyngeal swabs, sputum, blood, urine, and feces (10, 11). Entry of SARS-CoV-2 into host cells is primarily mediated by the binding of its spike protein to angiotensin-converting enzyme 2 (ACE2) and other cellular factors, such as TMPRSS2 (12) and NRP1 (13). Inhalation of respiratory droplets from SARS-CoV-2 carriers during close contact, e.g., coughing, sneezing, or talking, as well as contact with virus-containing nasal or oral secretions, can result in clinical symptoms such as fever, dry cough, and shortness of breath as well as life-threatening pneumonia (14, 15). In addition, wastewater transmission pathways have been discovered, such as human infection via environmental sewage (16). During the COVID-19 pandemic, accumulating genetic variations have led to SARS-CoV-2 variants, which are designated variants under monitoring (VUM), variants of interest (VOI), and variants of concern (VOC). It is suggested that evolution of this virus has resulted in increasing disease severity, mortality, and transmissibility and in the development of resistance to antivirals, vaccination, and immune responses (17).

Several COVID-19 waves arose in Taiwan from January 2020 to March 2021 (18–22). In Taiwan, the first wave began from a confirmed COVID-19 case involving a 55-year-old businesswoman who returned from Wuhan City, Hubei Province, China, during the Lunar New Year holidays (24–29 January) on 21 January 2020 (23), a month after SARS-CoV-2 was isolated and identified (7). In 2019, Taiwan’s population was approximately 23.6 million, with approximately 1 million living long-term in China and approximately 400,000 working in China (24). It is estimated that approximately 40,000 people returned to Taiwan from China to celebrate the Lunar New Year holidays every year during that time (25). Since then, Taiwan has implemented and maintained stringent intervention measures, such as boarder control, contact tracing, real-time diagnosis, safe social distancing, mask wearing, frequent hand washing, and timely clinical triage of critically ill patients with appropriate medical measures (26). As of the end of December 2020, Taiwan had recorded only 873 cases and 7 deaths and was able to avoid a national lockdown (27). However, an alpha variant (B.1.1.7) COVID-19 outbreak occurred between May and June 2021. Cases in this largest COVID-19 outbreak ever in Taiwan were characterized by rapid progression from infection to death (28, 29).

In this study, we isolated SARS-CoV-2 virus from clinical samples collected from COVID-19 patients during the largest COVID-19 outbreak ever in Taiwan and performed next generation sequencing to reveal the virus strain(s) in these infections. We also analyzed SARS-CoV-2 sequences deposited in GISAID EpiCoV1 which were derived from clinical samples collected in Taiwan between January 2020 and December 2021 to display SARS-CoV-2 clade replacements in Taiwan in the first 2 years of the pandemic. In reviewing the special events of COVID-19 in Taiwan between 2020 and 2021, we raised the question why alpha/B.1.1.7 variant imported into Taiwan in January 2021 [special events from Daily COVID-19 Press Release by the Central Epidemic Command Center (CECC)2 ] did not cause a COVID-19 outbreak similar to that occurring between May and June 2021. This question unexpectedly led us to reveal the origin of this largest outbreak.



MATERIALS AND METHODS


Ethics Statement and Sample Collection

This study was approved by the Institutional Review Board of Kaohsiung Medical University Hospital (KMUH), Kaohsiung City, Taiwan (approval no. KMUHIRB-E-I-20200013). As an authorized hospital by the CECC, Taiwan, we performed viral diagnosis for suspected COVID-19 patients. All qRT-PCR and virus culture experiments were conducted in the Tropical Medicine Center (TMC) with a biosafety level 3 laboratory and complied with the laboratory biosafety guidelines established by the Taiwan Centers for Disease Control (TCDC) (30). The nasopharyngeal swabs of suspected COVID-19 volunteers were collected in Universal Transport Medium (UTM) (Viral Transport Medium w/Special Swab, Creative Life Science, Taiwan) in KMUH. The swab-UTMs were then immediately subjected to SARS-CoV-2 qRT-PCR. The swab-UTM sample with a positive PCR result was sent for SARS-CoV-2 culture.



RNA Extraction and SARS-CoV-2 qRT-PCR

Severe Acute Respiratory Syndrome Coronavirus 2 genomic RNA was detected by qRT-PCR using SARS-CoV-2-specific primers and probes for the E, N, and RdRP genes (31). In brief, total RNA was extracted from 140 μL swab-UTM using the QIAamp Virus RNA mini kit (QIAGEN, Germany) following the manufacturer’s instructions. One-step qRT-PCR was performed in a 20-μL mixture containing 5 μL of extracted RNA with an Mx3000P PCR System (Agilent, United States) and a LightCycler Multiplex RNA Virus Master kit (Roche Diagnostics, Germany). A cycle threshold (Ct) value <40 indicates a positive result (32). Negative (RNAse-free water) and positive (RNA extracted from hCoV-19/Taiwan/4/2020, EPI_ISL_411927 virus culture fluid) controls were included. The primers, probe, mixture, machine, and thermal cycling conditions are listed in Supplementary Tables 1A–C.



SARS-CoV-2 Isolation Using VERO E6 Cell Culture

VERO E6 cells were used for SARS-CoV-2 propagation and routinely maintained in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific, United States) supplemented with 10% fetal bovine serum, 1× antibiotic-antimycotic (Thermo Fisher Scientific, United States) and 1 mM sodium pyruvate (Thermo Fisher Scientific, United States) at 37°C in the presence of 5% CO2. The cells were seeded at a density of 1 × 105 cells per well in a 24-well plate overnight for sample inoculation. One hundred microliters of swab-UTM sample with positive qRT-PCR results was inoculated into the cells in duplicate, and the cells were incubated at 37°C in the presence of 5% CO2 for 1 h for virus attachment. Six hundred microliters of DMEM with 2% FBS was added to the well; after incubation, the cytopathic effect (CPE) was examined daily under a phase-contrast microscope. Once the CPE was observed, the presence of SARS-CoV-2 in the culture supernatant was confirmed by qRT-PCR. For samples that did not show CPE after three days of incubation, blind passage was performed until day 21 to increase the chance for virus propagation and isolation, with medium renewal every 2–3 days.



RNA Library Construction, Next-Generation Sequencing, and in silico Sequence Analysis

The RNA library for next-generation sequencing (NGS) was constructed with VAHTS Universal V8 RNA-seq Library Prep Kit (Vazyme Biotech, China) by using a total of 109 copies of SARS-CoV-2 RNA; the copy number was predetermined with a COVID-19 Multiplex 1-Step RTqPCR Kit (Topgen Biotech, Taiwan). In brief, the RNA was pretreated with divalent cations at 94°C for 8 min to obtain small RNA pieces with a length of 150–200 nucleotides. Next, the small pieces of RNA were reverse-transcribed following the manufacturer’s procedures to construct a paired-end cDNA library with an average insert size of approximately 150 bp. The cDNAs were ligated to barcode sequencing adapters, and the quality of the cDNA library was analyzed using a MultiNA MCE-202 (Shimadzu, Japan) with a DNA 2500 Kit (Shimadzu, Japan). NGS of the paired-end cDNA library was performed using a NovaSeq 6000 Sequencing System (Illumina, United States) following the manufacturer’s standard protocol. Approximately twenty million paired-end reads (∼150 bp per read) were produced per cDNA library using a paired-end RNA-seq approach (Illumina, United States). The adapter sequences were trimmed from the sequence reads and filtered by using fastp (v 0.19.5) (33) with a quality value (QV) ≥ 20; the read lengths were filtered by Filter FASTQ (v1.1.5) (34) with a cut-off ≥145 bp.



Targeted Sequencing (Multiplexed PCR) of Low-Viral Load Samples

Three sets of primer pools were used for NGS targeted whole-genome amplification of SARS-CoV-2, including 98 pairs of ARTIC V3 primers (amplicon size: 375-419 bp)3 from ARTIC Network4 and 98 pairs of custom-designed primers (amplicon size: 139–206 bp) (Supplementary Table 1D) covering the gaps of the ARTIC V3 set when sequenced with NovaSeq 6000 (Illumina, United States) PE150 reads. Briefly, cDNA was synthesized from 2 μL of extracted viral RNA using HiScript II Q RT SuperMix for qPCR (Vazyme Biotech, China) with random hexamers. Three separate PCRs were performed using AmpSeq Multi-PCR Module V2 (Vazyme Biotech, China) with three primer pools: Pool 1 contained odd-numbered ATRIC primers; Pool 2 contained even-numbered ATRIC primers; and Pool 3 contained all custom-designed primers. The PCR mixture was incubated for 2 min at 99°C for denaturation, followed by 32 cycles of 99°C for 15 s and 60°C for 4 min; an Applied Biosystems 9700 Thermal Cycler (Applied Biosystems, United States) was used. The amplified products were purified with DNA Clean Beads (Vazyme Biotech, China) to exclude small non-specific fragments. End preparation (5′phosphorylation and 3′adenine addition) was performed at 20°C for 15 min and 65°C for 15 min using a VAHTS Universal DNA Library Prep Kit V3 (Vazyme Biotech, China). Next, adapter ligation was processed with dual-barcode adapters from Illumina (Topgen Biotech, Taiwan) by 20°C for 15 min. The thermal cycling for amplification of the library was as follows: 95°C for 3 min, 20 cycles of 98 °C for 20 s, 60°C for 15 s, and 72°C for 30 s and a final extension step 72°C for 5 min. The amplified products were purified with DNA Clean Beads (Vazyme Biotech, China) to exclude non-specific fragments. The specialized amplicon sizes of Pool 1 and Pool 2 were approximately 500–550 bp, and that of Pool 3 was approximately 250–350 bp. The qualified library was further analyzed with a MultiNA MCE-202 and a DNA 2500 Kit (Shimadzu, Japan), and we performed paired-end sequencing using a NovaSeq 6000 (Illumina, United States) following the manufacturer’s recommended protocol.



Read Mapping for Single-Nucleotide Variation/Insertion and Deletion and de novo Assembly

Retained reads were aligned to the reference sequence Wuhan-Hu-1/2019 (MN908947) using Burrows–Wheeler Aligner (v0.7.17.2) (35). Insertion and deletion (InDel) events were evaluated by using Dindel (v1.01) (36); single-nucleotide variation (SNV) was assessed by using Lofreq (v2.1.5) (37). Qualified sequencing reads were further manipulated using fastq-join (Version 1.1.2) (38), and all reads were assembled into contigs using Unicycler (v0.4.8.0) (39).



Validation of the Low-Depth (<10 Reads) Region by PCR Amplification and Sanger Sequencing

RNA was reverse-transcribed by using 4× VirDect 1-step RT-qPCR Master Mix with random primers (Topgen Biotech., Taiwan) to generate cDNA. To enable a fast-sequencing approach, amplifications were performed using 10 ng cDNA with the TopPLUS PCR Master Mix (Topgen Biotech., Taiwan) and specific target primer pairs with a working concentration of 250 nM and an Applied Biosystems 9700 Thermal Cycler (Applied Biosystems, United States) according to the manufacturer’s instructions. The thermal cycling program was as follows: 95°C for 3 min, 32 cycles of 95°C for 15 s, 60°C for 20 s, and 72°C for 40 s, and a final extension at 72°C for 2 min. The amplified products were purified with VAHTS DNA Clean Beads (Vazyme Biotech., China), analyzed using a MultiNA MCE 202 with DNA 2500 Kit (Shimadzu, Japan) to check the target amplicon length and quantity. Sanger sequencing was then performed according to the manufacturer’s protocol to confirm variants and indel regions.



SARS-CoV-2 Genomes and Evolutionary Analysis

Genomic sequences of SARS-CoV-2 derived from clinical samples collected in Taiwan between January 2020 and December 2021 were retrieved and downloaded from GISAID EpiCoV. Before reconstruction of the phylogenetic tree, the SARS-CoV-2 sequences were aligned by using MAFFT v 7.4905 (40), and the most appropriate evolutionary model used in the construction of the phylogenetic tree was evaluated by using ModelFinder (41). Theoretical phylogenetic trees were reconstructed with 1,000 bootstrap replicates by using IQ-TREE 2.1.3 COVID-edition (42).



Statistical Analysis

Statistical analysis was performed using the SPSS Statistics software version 19.0 (IBM Corp., United States). The significance of the difference between groups was calculated by Chi-squared test.




RESULTS


A Brief History of COVID-19 in Taiwan

The COVID-19 outbreak in Taiwan began in late January 2020, when Taiwanese businessmen, tourists and students returned to Taiwan from Wuhan City and Hubei Province, China, for the Lunar New Year holidays (14–29 January) (23). The second wave started in March, when Taiwanese businessmen, travelers and students returned to Taiwan from all over the world since the global COVID-19 pandemic began. Most COVID-19 cases identified during this period of time can be traced to where the country from which travelers returned (43). The efforts by the Taiwanese government and citizens stopped the outbreak from May to November, and the first domestic case of COVID-19 was reported in December, 253 days after the last confirmed case in April (44, 45). As of the end of 31 December 2020, Taiwan, a country of approximately 23.6 million people, had recorded only 823 cases and 9 deaths (Figure 1). During the COVID-19 pandemic, maintaining normal operations of private organizations and government departments has posed a great challenge globally. With almost no community-transmitted cases and without any complete lockdown in 2020, Taiwan is one of very few countries worldwide that has recorded a minimal impact due to the pandemic (27). The third wave occurred during the 2021 Lunar New Year holidays (11--16 February). The fourth wave in Taiwan, the largest yet, began in April and ended in September. Since then, cases have only occurred sporadically through the end of 2021. There were 17,050 confirmed COVID-19 cases between January 2020 and December 2021; 85.6% (14,600 cases) were autochthonous cases, and most were attributable to the outbreak from May to June 2021. Notably, from May to June, the chief virus strain in Taiwan was the alpha variant, which resulted in a case fatality rate (CFR) up to 5.95% (820/13,795),6 even higher than the global CFR (2.15%).7 The geographical distribution of autochthonous cases between January 2020 and December 2021 is shown in Figure 2. Most of the cases were distributed in northern and northwestern cities in Taiwan, where the population density is relatively high and traffic volume is relatively large.8
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FIGURE 1. Monthly COVID-19 data between January 2020 and December 2021 in Taiwan. Monthly data of confirmed COVID-19 cases and deaths resulting from COVID-19 between 1 January 2020 and 31 December 2021. These data were retrieved from the notifiable diseases surveillance system maintained by the Taiwan CDC. Source of data: https://nidss.cdc.gov.tw/nndss/disease?id=19CoV.
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FIGURE 2. Geographical distribution of autochthonous COVID-19 cases between January 2020 and December 2021 in Taiwan. Confirmed COVID-19 case numbers are shown in each city of the second-level administrative division in Taiwan. The numbers in the brackets are fatal cases. This figure was generated using QGIS v3.16.14 (QGIS Development Team, 2022, QGIS Geographic Information System, Open Source Geospatial Foundation, http://www.qgis.org/). Taiwan map data were retrieved from the Taiwan Geospatial One-Stop Portal developed by the Information Center of the Taiwan Ministry of The Interior and used under the Open Government Data License.




Detection and Isolation of SARS-CoV-2 During the Largest COVID-19 Outbreak

Compared with most countries in the world, Taiwan has had a relatively low number of COVID-19 cases (Supplementary Figure 1). KMUH is located in Kaohsiung city in southern Taiwan, an industrial city adjacent to the Taiwan Strait, where most epidemic cases are dengue fever (46); COVID-19 cases are relatively rare in Taiwan. In the local area, patients with symptoms suspicious of COVID-19 and a contact history or SARS-CoV-2 positivity by RT-PCR or saliva screening test during border control were assigned by the CECC to KMUH for diagnosis and treatment. During the largest COVID-19 outbreak between April and June 2021, we collected nasopharyngeal swabs from suspected COVID-19 cases with upper respiratory tract syndrome. Among 13 nasopharyngeal swab-UTM samples, genomic RNA of SARS-CoV-2 was detected by qRT-PCR in all samples. We then performed SARS-CoV-2 isolation by using the VERO E6 cell line, which was established from African green monkey kidney epithelial cells and is widely used for SARS-CoV-2 culture. CPE development was observed in cell cultures inoculated with four swab-UTM samples (sample numbers 32, 36, 38, and 41) at 5–14 days postinoculation. Ct values for qRT-PCR for the E, RdRP, and N genes were between 11.88 and 24.1, relatively lower than for samples that did not show CPE. CPE was observed in phase contrast microscopy on days 6, 11, and 14 post-inoculation in cells inoculated with original nasopharyngeal swab-UTM of sample numbers 32, 38, and 41. Interestingly, CPE was observed on days 5, 8, and 7 post-inoculation, which blind passage was performed on day 3 post-inoculation, the day no CPE was observed in cells inoculated with the original nasopharyngeal swab-UTM of sample numbers 32, 38, and 41. These results were in agreement that the performance of “blind passages” increased infectivity to optimize the detection of low titers and/or slow-growing viruses (47). However, we did not observe this effect in sample number 36. To verify whether CPE was induced by SARS-CoV-2, the culture supernatant was assessed for the presence of SARS-CoV-2 genomic RNA by using qRT-PCR, and the results suggested that the CPE observed was induced by SARS-CoV-2 (Table 1). The virus isolation rate was as low as 30.8% (4/13) in this study.


TABLE 1. Detection of the presence of SARS-CoV-2 using qRT-PCR and VERO E6 cell CPE.
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Next-Generation Sequencing of SARS-CoV-2 and Data Analysis in silico

To understand the lineage or clade identity of SARS-CoV-2 detected by qRT-PCR, RNAs were extracted from the original swab-UTM samples for NGS. RNA libraries were constructed, and NGS was performed as described in section “Materials and Methods.” As RNA-seq can only be processed successfully using samples with low Ct values (Ct < 24), such as samples 32, 36, 38, and 41, a targeted sequencing method was used for samples with high Ct values (Ct > 24). However, PCR-based targeted sequencing was only successfully applied to sample 37 because RNA degradation occurring in other clinical samples interfered with the coverage of the entire virus genome. SNVs and InDels were investigated using Wuhan-Hu-1/2019 (MN908947) as a reference sequence with Dindel (v1.01) (36) and Lofreq (v2.1.5) (37), respectively. To verify the SNV and InDel results analyzed in our genome workstation, we deposited these five genomic RNA sequences into GISAID EpiCoV, as named in the order of the above numbers KMUH-3 to KMUH-7 (Table 1), and analyzed them by using Nextclade v1.10.03 (48). The KMUH-4 to KMUH-7 sequences belong to the 20I (alpha, V1)/B.1.1.7/GRY (NextStrain_clade/pangolin_lineage/GISAID_clade) lineage, and KMUH-3 is 20I (alpha, V1)/B.1.1.7/GR; these were at that time the most important VOCs determined by the European Centre for Disease Prevention and Control (ECDC) and the World Health Organization (WHO). The consensus results are shown in Supplementary Table 2. Amino acid deletion events and non-synonymous codon variations are shown in Table 2. These isolates share many spike mutations of interest, such as N501Y, D614G, and P681H, and many more deletions (e.g., NSP6 3675–3677del, spike 69–70del, and spike 144del) and codon variations. However, we did not detect any insertion or frameshift events in these five SARS-CoV-2 sequences. The results of NGS coverage and depth distribution of KMUH-3 (RNA-seq) and KMUH-5 (targeted sequencing) as well as SNVs at nt positions 14,676 (NSP12 P4804P), 23,063 (spike N501Y) and 27,513 (NS7a Y40Y) of KMUH-4, which were confirmed by Sanger sequencing, are shown in Supplementary Figure 2 to demonstrate the quality of RNA-seq and targeted sequencing. The deletions and SNVs shown in Supplementary Table 2 together resulted in coverages of 95.39–99.87% and depths between 1,000 and 200,000 in the five SARS-CoV-2 sequences when compared to the reference sequence.


TABLE 2. Sequence variation of KMUH-3 to KMUH-7 compared to the reference Wuhan-Hu-1/2019.
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Possible Origin of the Five SARS-CoV-2 Sequences Identified in This Study

To reveal the possible origin of the five SARS-CoV-2 sequences identified in this study, we performed real-time phylogenetic analysis using Ultrafast Sample placement with Existing tRee (UShER) version 6.4.39 10 (49) to find the most similar complete and high-coverage SARS-CoV-2 sequences from publicly available SARS-CoV-2 databases (e.g., GISAID, GenBank COG-UK, and CNCB) (the analysis was performed on 2 January 2022). The results suggested that KMUH-3 (KMUH-3/2021| EPI_ISL_5395633| 2021-04-11) is similar to the SARS-CoV-2 sequences collected between March and May in Japan (Figure 3A). The results for KMUH-4 to KMUH-7 (KMUH-4/2021| EPI_ISL_7016374| 2021-05-19, KMUH-5/2021| EPI_ISL_7016459| 2021-05-22, KMUH-6/2021| EPI_ISL_7016494| 2021-05-24, and KMUH-7/2021| EPI_ISL_7016498| 2021-06-29) clustered with other SARS-CoV-2 sequences collected between April and July in Taiwan, and they are similar to other SARS-CoV-2 sequences collected from many countries in Europe (Figure 3B). We also analyzed the possible origin of the five SARS-CoV-2 sequences using AudacityInstant,11 which searches the entire GISAID EpiCoV site to find related sequences, and the results were similar to those obtained by using UShER (data not shown).


[image: image]

FIGURE 3. Phylogenetic analysis of KMUH-3 to KMUH-7 SARS-CoV-2 using UShER. UShER enables real-time sequence placement for the SARS-CoV-2 pandemic using an existing phylogenetic tree generated by the sarscov2phylo pipeline, which contains 6,624,590 genomes from GISAID, GenBank, COG-UK, and CNCB (2 January 2022). The phylogenetic subtree data are visualized using Interactive Tree Of Life (iTOL) version 6.4.3 (https://itol.embl.de/) (73). The 200 nearest neighboring GISAID EpiCoV and/or other publicly available SARS-CoV-2 sequences, including the sequences uploaded for analysis, already in the existing phylogenetic tree were output for visualization. Only partial results are shown in each subtree panel. (A) The 200 nearest neighboring sequences to the KMUH-3 are all retrieved from Japan. (B) The 200 nearest neighboring sequences to KMUH-4 to KMUH-7 were retrieved from Taiwan, Australia, and European countries.




Clade Replacements of SARS-CoV-2 Identified in Taiwan Between 2020 and 2021

To understand the clade replacements of SARS-CoV-2 and the phylogenetic relationship among SARS-CoV-2 isolates identified in Taiwan between January 2020 and December 2021, we searched GISAID EpiCoV with Taiwan as a query in the field “Location” and downloaded SARS-CoV-2 genomes for further analysis on 2 January 2022. The query resulted in 267 sequences, including the five 20I (alpha, V1)/B.1.1.7/GR sequences identified in this study and two 19A/B/L isolates (KMUH-1 and KMUH-2) identified in our previous study (47). The replacement of SARS-CoV-2 clades over time between January 2020 and December 2021 in Taiwan is listed in Supplementary Table 3 and visualized in Figure 4. Clades 19A and 19B first emerged in January and February 2020 and then came the clades 20A/20B/20C in March and April 2020. With no COVID-19 cases in May and June, clade 20B reemerged in July and August, and clade 20A reemerged between September and December. Clades 20E and 20G first appeared in September and October but were not long-lived, suggesting that these COVID-19 cases were not responsible for large-scale community infections, with effective monitoring and isolation. With various VOCs dominating in 2021, clade replacements started from imported cases of 20I (alpha, V1)/B.1.1.7 isolates in December 2020, followed by clades 20J (gamma, V3), 21C (epsilon), B.1.351 (beta) and B.1.429 (epsilon) in January 2021, clades 21A (delta), 21I (delta), and 21J (delta) in July 2021, and clades AY.4.2 (delta plus) and B.1.1.529 (omicron) in December 2021 (special events from Daily COVID-19 Press Release by the CECC; see text footnote 2). The clade replacements in Taiwan in 2021 were similar to the time course of variant distribution for all submitted sequences in GISAID EpiCoV in 2021.12
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FIGURE 4. Clades replaced over time between January 2020 and December 2021 in Taiwan.




Phylogenetic Relationship for SARS-CoV-2 Identified in Taiwan Between 2020 and 2021

For phylogenetic tree reconstruction, the 267 downloaded SARS-CoV-2 sequences were checked manually for sequences containing long runs of N (≥3), which were not included in the next step of the analysis, and a panel of 247 sequences was reserved for phylogenetic tree reconstruction. These 247 sequences were aligned using MAFFT v 7.490 (40); the sequences were trimmed at the 5′ and 3′ ends to produce the same size of genomic sequences (29,867 nucleotides). The most appropriate evolutionary model for reconstruction of the phylogenetic tree of these 247 SARS-CoV-2 genomes was analyzed by using ModelFinder (41). Evolutionary analyses were conducted in IQ-TREE 2.1.3 COVID-edition (42). An original tree of 247 SARS-CoV-2 sequences is depicted in Figure 5A; for the convenience of visualization, the tree is subdivided into panels (Figures 5B–E). The 247 sequences were classified into 14 phylogenetic clades and/or linages. The phylogenetic results suggest that the sequence of KMUH-3/2021| EPI_ISL_5395633 (GenBank OM019338) is most similar to CGMH-CGU-63/2021| EPI_ISL_2250184| 2021-04-21, CGMH-CGU-44/2020| EPI_ISL_956325| 2020-12-26, NTU52/2021| EPI_ISL_1041958| 2021-01-06, KMUH-4/2021| EPI_ISL_7016374 (GenBank OM021309), TSGH-44/2021| EPI_ISL_4096803| 2021-05-13, and 12857/2021| EPI_ISL_3001841| 2021-06-24. Additionally, KMUH-5/2021| EPI_ISL_7016459 (GenBank OM021311) is most similar to 13435/2021| EPI_ISL_3040140| 2021-06-24, 10321/2021| EPI_ISL_3040148| 2021-06-06, 12857/2021| EPI_ISL_3001841| 2021-06-24, and TSGH-44/2021| EPI_ISL_4096803| 2021-05-13. KMUH-6/2021| EPI_ISL_7016494 (GenBank OM021312) and KMUH-7/2021| EPI_ISL_7016498 (GenBank OM021315) are similar to some other sequences. The collection date and city suggest that the clade alpha/B.1.1.7 spread from cities in northern Taiwan (e.g., Taoyuan City and Taipei City) to central Taiwan (Changhua County and Miaoli County) and later to southern Taiwan (Kaohsiung City and Pingtung County) (Figure 5). Considering the collection date of the sequences deposited in the GISAID database, the clade replacements are in agreement with the news released by the CECC (Figure 5). These results illustrate the possible correlation between these sequences, not only for the five 20I (alpha, V1)/B.1.1.7/GR sequences identified in this study but also for the other SARS-CoV-2 sequences in the tree, as well as for the footprint of SARS-CoV-2 infection in Taiwan. The presence of a clade in a specific city at a specific time interval indicates that geographically related community infections may occur in COVID-19 patients infected with these viruses.
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FIGURE 5. Phylogenetic tree of 247 SARS-CoV-2 genomes collected in Taiwan between January 2020 and December 2021. The phylogenetic analysis was inferred by using the maximum likelihood and fits of 286 different nucleotide substitution models, and the results suggested GTR + F + I as the best-fitting model with the lowest Bayesian information criterion (BIC) scores of 107,672.091 among the 286 models tested. The tree topology was automatically computed to estimate maximum likelihood values. The optimal log-likelihood for this computation was –50,857.073. There was a total of 29,867 positions in the final dataset. The original tree is displayed using iTOL v 6.4.3 (https://itol.embl.de/) (73) with an indicator of bootstrap values and a scale bar. Viruses are shown as the virus name| Accession ID| Collection date| City/Nextstrain_clade/pangolin_lineage/GISAID_clade). (A) An original phylogenetic tree of 247 SARS-CoV-2 sequences obtained from GISAID which samples were collected between January 2020 and December 2021 in Taiwan. (B) A partial tree exhibited phylogenetic correlation between Nextstrain clades 20H beta-V2, 20C, 21C epsilon, and 20G. (C) A partial tree exhibited phylogenetic correlation between Nextstrain clades 20A, 21A delta, 21I delta, 21J delta, and 20E EU1. (D) A partial tree exhibited phylogenetic correlation between Nextstrain clades 19A and 19B. (E) A partial tree exhibited phylogenetic correlation between Nextstrain clades 20B, 20J, and 20I alpha-V1. KMUH-3 was clustered with alpha/B.1.1.7 variant strain sequences without spike M1237I mutation collected between 26 December 2020 and 21 April 2021. KMUH-4 to KMUH-7 were clustered with alpha/B.1.1.7 variant strain sequences with spike M1237I mutation collected between 20 April 2021 and 28 July 2021. *Alpha/B.1.1.7 without spike M1237I mutation; **alpha/B.1.1.7 with spike M1237I mutation.





DISCUSSION

In this study, we isolated 4 SARS-CoV-2 strains from 13 nasopharyngeal swabs and identified 5 SARS-CoV-2 sequences during the largest COVID-19 outbreak in Taiwan between April and June 2021. According to the NGS results and in silico bioinformatics analysis, one of these viruses (KMUH-3) is of the 20I (alpha, V1)/B.1.1.7/GR lineage; the others (KMUH-4 to KMUH-7) belong to the 20I (alpha, V1)/B.1.1.7/GRY lineage, which was the VOC dominating worldwide at that time. These viruses share similar amino acid deletions (e.g., NSP6 3675–3677del, spike 69–70del, and spike 144del) and non-synonymous amino acid variations (e.g., spike N501Y, D614G, and P681H) predicted by using Dindel (v1.01) (36), Lofreq (v2.1.5) (37), GISAID and Nextclade v1.10.0. The SNV frequency and InDel frequency data suggest heterogeneity of KMUH-3, KMUH-6, and KMUH-7 in COVID-19 patients (Supplementary Table 2). In general, SARS-CoV-2 mutates rapidly even in a single individual. Notably, SARS-CoV-2 was only successfully isolated from nasopharyngeal swab-UTM with a Ct value ≤24 (e.g., samples 32, 36, 38, and 41), whereas other clinical samples with Ct values of 25.69 to 36.5 failed to produce virus. Some studies have shown that it is difficult to isolate SARS-CoV-2 from clinical samples with Ct > 30–35 because RT-PCR detects trace amounts of the genomic sequence by amplification of a target sequence but cannot discriminate genomic fragments from live infectious virus (50–55). In our recent study, SARS-CoV-2 (19A/B/L) was detected from 1/3 swabs with a Ct > 35 for the three genes; VERO E6 cells were used for virus culture with blind passage on day 3 when CPE was not observed (47), as blind passage usually results in increased virus infectivity and optimization of the isolation of slow-growing viruses (56, 57). It is possible that the failure in virus isolation was due to RNA degradation in these samples, as confirmed in the NGS process. Another reason why we did not successfully isolate SARS-CoV-2 from sample number 39 (Ct value: 26.42 for E gene and 25.69 for RdRp gene) and 40 (Ct value: 28.81 for E gene and 28.32 for RdRp gene) may be that the virus was inactivated during sample collection or processing, as the presence of a genome does not necessarily indicate a live virus in the sample (58). In addition, there are reports that no SARS-CoV-2 can be isolated by cell culture using clinical samples obtained from COVID-19 patients post-symptom onset (PSO) greater than eight days (51). This might be the reason why we isolated SARS-CoV-2 from samples 32, 36, 38, and 41 (PSO: 2–5 days) but not from other samples (PSO: 8–20 days).

To delineate the possible origin of the five SARS-CoV-2 sequences identified in this study, real-time sequence placement for the SARS-CoV-2 pandemic was performed using an existing phylogenetic tree generated by the sarscov2phylo pipeline, which contains 6,624,590 genomes from GISAID, GenBank, COG-UK, and CNCB. The phylogenetic subtree results suggest that KMUH-3 is closest to ∼200 SARS-CoV-2 sequences collected in Japan during their alpha/B.1.1.7 outbreak (59, 60) and that KMUH-4 to KMUH-7 are closest to several SARS-CoV-2 sequences collected in Taiwan during the largest alpha/B.1.1.7 outbreak (61). Patient number 32 (KMUH-3) had a traveling history to Japan before diagnosed of COVID-19 and patients number 36, 37, 38, and 41 (KMUH-4 to 7) had no traveling history abroad. The contact history and travel history of these COVID-19 patients validated the usage of UShER (49) to assess the feasibility of a certain virus from which viruses may originate or the same ancestors.

This alpha strain (B.1.1.7) outbreak ended in July. The epidemic was seamlessly integrated by the delta strain (21A, 21I, and 21J), continuing the outbreak into September. The situation in Taiwan usually started with cases imported from abroad (20, 26, 62), and approximately 93.2% of all confirmed cases in 2020 were imported. The largest COVID-19 outbreak ever in Taiwan occurred between May and June 2021 and resulted in 13,795 cases and 820 deaths, with a high CFR, at 5.95%, accounting for 80.90% of all cases and 96.47% of all deaths during the first 2 years of COVID-19 (Table 3). The distribution of age and sex of all recorded COVID-19 deaths between May and June 2021 is shown in Table 4. In general, the death rate was significantly higher in all male age-groups except for age group of 40–49 years old. The death rate was 63.17% in the group aged over 70 years old, which was significantly higher than other age groups (P = 0.008, Chi-square test). There were one or more comorbidities in 90.14% of all death cases, especially those in the group aged over 70 years old even up to 64.32%. The CFR in Taiwan was 2.8-fold that of the world (5.95 vs. 2.15%) between May and June 2021 (see text footnote 7): the rates for other countries, such as the United States, Germany, Israel, Vietnam, Japan, South Korea, and Singapore, were 2.19, 2.37, 2.00, 0.33, 2.20, 0.54, and 0.42%, respectively. Moreover, a recent meta-analysis including studies from 1 June 2020 to 15 October 2021, concluded that “Alpha, Beta, Gamma, and Delta variants are all more serious than the wild-type virus in terms of hospitalization, ICU admission, and mortality, and the Beta and Delta variants have a higher risk than the Alpha and Gamma variants.” The random effects of the beta and delta variants on the wild-type virus with respect to mortality rate are 1.50 (95% CI: 1.26–1.74) and 2.33 (95% CI: 1.45–3.21), respectively. The mortality rate of the alpha variant ranges 0.3–32.1% among studies (63). The unusually high CFR in Taiwan, a developed country, might be attributable to the following factors. First, 88–90% of death cases had one or more comorbidities (29) (Table 4). Second, low herd immunity resulted from the low prevalence of COVID-19 and low vaccination rate before the outbreak. The outbreak that started in mid-May boosted Taiwanese people’s willingness to get vaccinated which the vaccination program started on 22 March, the time when Taiwanese citizens were uncertain about the effects and side effects of vaccination. However, the first dose vaccination rate was only 6.9% (AstraZeneca or Moderna) among all citizens on 21 June 2021 (data were released on 22 June 202113). In addition, according to the data released by Taiwan CECC, the seroprevalence of anti-N and anti-S antibody, which were induced by natural infection, was 0.02% (1/5,000) in serum samples from blood donations (donors were 17–65 years old) to the blood centers of the Taiwan Blood Services Foundation collected between 25 April and 3 July 2021. Moreover, seroprevalence of anti-S antibody, which induced by vaccination, was 5.2% (258/5,000) (data were released on 29 January 2022, see text footnote 13).


TABLE 3. COVID-19 cases between January 2020 and December 2021.a
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TABLE 4. Distribution of the age and sex of confirmed COVID-19 patients who died between May and June 2021.a
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Leung et al. suggested that the transmissibility of SARS-CoV-2 without 69–70del containing spike 501Y is ∼10% greater than that of the virus containing 501N and that the transmissibility of SARS-CoV-2 with 69–70del containing 501Y is 70–80% greater than that of the virus containing 501N (64). Their results also indicate that the G614 mutant is 28–34% more transmissible than the D614 wild-type (65). The SARS-CoV-2 alpha/B.1.1.7 variant featuring the above mutations, which was first detected in the United Kingdom, has increased transmissibility via enhanced spike RBD binding to the host ACE2 receptor and host immunity escape by abolishing its binding to the neutralizing antibody (66). According to GISAID data, alpha/B.1.1.7 entered Taiwan during the period from 26 December 2020 to January 2021. This information is consistent with the Taiwan government’s data (see text footnote 13). However, the above information does not explain why this wave of alpha/B.1.1.7 did not cause a COVID-19 outbreak similar to the one that occurred between May and June 2021. Because the earliest study that defined alpha/B.1.1.7 did not include the D614G mutation (67), we hypothesize that alpha/B.1.1.7 from 26 December 2020 to January 2021 may lack the D614G mutation; thus, its transmissibility was lower than that of the alpha/B.1.1.7 strain between May and June 2021. We aligned all 60 alpha/B.1.1.7 sequences deposited in GISAID EpiCoV, the samples for which were collected in Taiwan between January 2020 and December 2021, with the reference SARS-CoV-2 sequence (MN908947) and found that all 60 alpha/B.1.1.7 sequences carry the D614G mutation. Nevertheless, we found that 47 of the 48 alpha/B.1.1.7 sequences collected after 20 April possess the specific spike M1237I mutation, including KMUH-4 to KMUH-7. For the distribution of alpha/B.1.1.7 with or without spike M1237I mutation in different months, please refer to the right column “Clade/Linage dominating” of Table 3. These B.1.1.7 sequences with the spike M1237I mutation cluster in a subgroup in the phylogenetic tree, whereas those without the mutation cluster in another subgroup (Figures 5E, 6). In the subtree resulting from real-time sequence placement analysis using UShER, KMUH-4 to KMUH-7, which were collected between May and June 2021, cluster with other sequences collected in Taiwan between 20 April and 28 July 2021(Figure 3B); these sequences feature the M1237I mutation but do not cluster with the sequences without the M1237I mutation collected earlier in Taiwan. Amino acid 1,237 of spike protein is located at the junction between transmembrane domain (1,213–1,237 residues) and cytoplasm domain (1,237–1,273 residues) (68). The role of M1237I mutation alone in spike protein in SARS-CoV-2 was not reported before and largely unknown. According to the results of Li et al., the D614G + M1237I mutation decreases sensitivity to convalescent sera (69). This B.1.1.7 (D614G + M1237I) strain may lead to problems such as diagnosis and/or treatment failure (70, 71), which may be the reason why the B.1.1.7 (D614G + M1237I) epidemic between May and June 2021 was out of control despite similar prevention measures starting in 2020. In addition to the two possible causes of the high CFR in Taiwan, an unanswered question is whether the spike D614G and M1237I mutations and/or genetic diversity in Taiwanese individuals play a role in the high CFR during the alpha/B.1.1.7 outbreak. More studies need to be conducted to answer this question.
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FIGURE 6. Phylogenetic tree of all 60 alpha/B.1.1.7 sequences deposited in GISAID EpiCoV from samples collected in Taiwan between January 2020 and December 2021. The phylogenetic analysis was inferred by using the maximum likelihood and fits of 286 different nucleotide substitution models, and the results suggested TN + F as the best-fitting model with the lowest Bayesian information criterion (BIC) scores of 85,071.899 among the 286 models tested. The tree topology was automatically computed to estimate the maximum likelihood values. The optimal log-likelihood for this computation was –42,000.232. There was a total of 29,796 positions in the final dataset. The original tree is displayed using iTOL v 6.4.3 (https://itol.embl.de/) (73) with an indicator of bootstrap values and a scale bar. Viruses are shown as the virus name| collection date.


Although contact tracing was performed to clarify the correlation between COVID-19 cases during the early stage of this alpha/B.1.1.7 outbreak, there was always missing information that prevented several cluster infection events from being linked together. Furthermore, the source of the virus in the outbreak has been controversial. According to the daily COVID-19 Press Release by the CECC, there were only two confirmed COVID-19 cases (case numbers 1,078 and 1,079) in Taiwan on 20 April 2021. Notably, the earliest sequences containing spike M1237I deposited in GISAID and collected in Taiwan were 1078/2021| EPI_ISL_2455327| 2021-04-20 and 1079/2021| EPI_ISL_2455264| 2021-04-20, with age and sex matching, which were deposited by the TCDC. These two COVID-19 cases were the cargo crew members of China Airlines, who flew to the United States with their colleagues on 14 April for duty and performed the stay-at-home notice at a local hotel until returning to Taiwan on 16 April. The two crew members developed symptoms on 17 and 18 April. We retrieved sequences with M1237I mutation collected between 14 April 2021 and 16 April 2021 from GISAID. Phylogenetic analysis was performed using a set of sequences containing cases 1,078, 1,079, KMUH-4 to KMUH-7 and other 62 alpha/B.1.1.7 sequences with M1237I mutation from GISAID. The 68 sequences were all featured with D614G and M1237I mutations. The results suggested that cases 1,078, 1,079, KMUH-4 to KMUH-7 were phylogenetically highly close to the sequences collected from United States, Poland and Slovenia (Figure 7). Based on the traveling history of cases 1,078 and 1,079, it is likely that these two crew members were infected in the United States or got infected from United States or European travelers in the airplane. Taking the information revealed in the COVID-19 Press Release by the CECC, GISAID and the molecular evidences described above, we suggest that the largest COVID-19 outbreak ever in Taiwan history started from the alpha/B.1.1.7 (D614G + M1237I) cluster infection event occurring at China Airlines, whereby cargo crew members were infected during their task.
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FIGURE 7. Phylogenetic analysis results of cases 1078/1079, KMUH-4 to KMUH-7, and 62 alpha/B.1.1.7 sequences with D614G and M1237I mutations deposited in GISAID from samples collected between 14 April 2021 and 16 April 2021. The phylogenetic analysis was inferred by using the maximum likelihood and fits of 286 different nucleotide substitution models, and the results suggested TN + F + I as the best-fitting model with the lowest BIC scores of 86,786.332 among the 286 models tested. The tree topology was automatically computed to estimate the maximum likelihood values. The optimal log-likelihood for this computation was –42,677.481. There was a total of 29,662 positions in the final dataset. The original tree is displayed using iTOL v 6.4.3 (https://itol.embl.de/) (73) with an indicator of bootstrap values and a scale bar. Viruses are shown as the virus name.


There are some limitations in this study. First, although we successfully isolated SARS-CoV-2 by using VERO E6 cell culture, the usage of genetically modified cells (e.g., ACE2- and TMPRSS2-overexpressing cells) might increase binding of the virus to target cells (13), increasing the opportunity for isolation. Second, we isolated SARS-CoV-2 using VERO E6 cells incubated at 37°C, which is the temperature most researchers use (18, 52–54). However, incubation at lower temperatures (e.g., 32–34°C) might enhance the chance of isolating SARS-CoV-2 because the virus spreads primarily through active virus shedding from the nasopharynx, a body site at which the temperature is lower than 37°C (14, 56, 57, 72). Third, the COVID-19 epidemic news released by the Taiwanese government in 2020 does not contain information such as linage and/or clade. In addition, the sequence downloaded from the GISAID database may not fully represent the full picture of the epidemic virus strain at that time. Nevertheless, the results of clade replacement analysis for Taiwan’s COVID-19 epidemic between January 2020 and December 2021 in this study are the most complete thus far. Finally, the results of phylogenetic analysis of the 247 sequences isolated in Taiwan explains the distance between them but does not indicate the evolutionary relationship because this virus accumulates genetic variations very quickly and no travel history and/or gathering history are available in the sequence repository, even though information regarding the sample collection date and city is included as part of the sequence identity.



CONCLUSION

In this study, we isolated four 20I (alpha, V1)/B.1.1.7/GRY SARS-CoV-2 strains by using VERO E6 cell culture and identified five SARS-CoV-2 sequences from COVID-19 patients in the largest COVID-19 outbreak in Taiwan between April and June 2021. Sequence placement analysis of the existing SARS-CoV-2 phylogenetic tree by using UShER revealed that KMUH-3 originated from Japan and KMUH-4 to KMUH-7 possibly through local transmission. We conclude that the largest COVID-19 outbreak in Taiwan between May and June 2021 was initially caused by the alpha/B.1.1.7 variant containing spike D614G + M1237I mutations, which was introduced to Taiwan by cargo crew members of China Airlines. The largest COVID-19 outbreak in Taiwan resulted in 13,795 cases and 820 deaths, with a 5.95% CFR, accounting for 80.90% of all cases and 96.47% of all deaths during the first 2 years of COVID-19. The high CFR caused by SARS-CoV-2 alpha variants in Taiwan can be attributable to comorbidities and low herd immunity. We also suggest that SARS-CoV-2 isolation and sequencing of isolates in a timely manner are of great importance in real-time epidemiological investigations and epidemic prevention. The impact of G614G + M1237I mutations in the spike gene on the SARS-CoV-2 virus spreading as well as on high CFR remains to be elucidated.
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Supplementary Figure 1 | Cumulative confirmed COVID-19 cases from 22 January 2020 to 31 December 2021. Hannah Ritchie, Edouard Mathieu, Lucas Rodés-Guirao, Cameron Appel, Charlie Giattino, Esteban Ortiz-Ospina, Joe Hasell, Bobbie Macdonald, Diana Beltekian, and Max Roser (2020) – “Coronavirus Pandemic (COVID-19).” Published online at OurWorldInData.org. Retrieved from: “https://ourworldindata.org/explorers/coronavirus-data-explorer?tab=map&zoom ToSelection=true&time=2021-12-31&facet=none&hideControls=true&Metric= Confirmed+cases&Interval=Cumulative&Relative+to+Population=false&Color+ by+test+positivity=false&country=∼OWID_WRL” (online resource).

Supplementary Figure 2 | A presentation of NGS coverage, depth and SNVs of SARS-CoV-2. (A) NGS coverage and depth of KMUH-3 (RNA-seq) and KMUH-5 (targeted sequencing) according to the genomic positions of the reference strain Wuhan-Hu-1/2019 (MN908947). (B) SNVs at nt positions 14,676 (NSP12 P4804P), 23,063 (spike N501Y), and 27,513 (NS7a Y40Y) were confirmed by Sanger sequencing (KMUH-4).

Supplementary Figure 3 | Accumulating imported COVID-19 cases from different countries between January 2020 and December 2021 in Taiwan. Source of data: https://nidss.cdc.gov.tw/nndss/disease?id=19CoV.


FOOTNOTES

1https://www.gisaid.org/

2http://at.cdc.tw

3https://github.com/artic-network/artic-ncov2019/tree/master/primer_schemes/nCoV-2019/V3

4https://artic.network/

5https://mafft.cbrc.jp/alignment/software/

6https://nidss.cdc.gov.tw/nndss/disease?id=19CoV

7https://covid.ourworldindata.org/data/owid-covid-data.xlsx, data were accessed on 1 January 2022.

8https://imdataman.github.io/mapbox-density-map/

9https://clades.nextstrain.org

10https://genome.ucsc.edu/cgi-bin/hgPhyloPlace

11https://www.epicov.org/epi3/frontend#408fa4

12https://www.epicov.org/epi3/frontend#lightbox1829923246

13https://www.cdc.gov.tw/
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Real-time reverse transcription polymerase chain reaction (RT-PCR) assays are the most widely used molecular tests for the detection of SARS-CoV-2 and diagnosis of COVID-19 in clinical samples. PCR assays target unique genomic RNA regions to identify SARS-CoV-2 with high sensitivity and specificity. In general, assay development incorporates the whole genome sequences available at design time to be inclusive of all target species and exclusive of near neighbors. However, rapid accumulation of mutations in viral genomes during sustained growth in the population can result in signature erosion and assay failures, creating situational blind spots during a pandemic. In this study, we analyzed the signatures of 43 PCR assays distributed across the genome against over 1.6 million SARS-CoV-2 sequences. We present evidence of significant signature erosion emerging in just two assays due to mutations, while adequate sequence identity was preserved in the other 41 assays. Failure of more than one assay against a given variant sequence was rare and mostly occurred in the two assays noted to have signature erosion. Assays tended to be designed in regions with statistically higher mutations rates. in silico analyses over time can provide insights into mutation trends and alert users to the emergence of novel variants that are present in the population at low proportions before they become dominant. Such routine assessment can also potentially highlight false negatives in test samples that may be indicative of mutations having functional consequences in the form of vaccine and therapeutic failures. This study highlights the importance of whole genome sequencing and expanded real-time monitoring of diagnostic PCR assays during a pandemic.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), like other Coronaviruses, is an enveloped virus with a linear, positive-sense single-stranded RNA genome. SARS-CoV-2 genomes range from 27 to 32 kb with an arrangement that is co-linear with other Coronaviruses. The genome is flanked by untranslated regions (UTRs) and protected by a 5′ 7-methylguanosine (m7G) cap and 3′ poly-A tail (1, 2). Genomic translation of ORF1ab yields polyproteins pp1a and pp1ab, which undergo autoproteolysis to yield non-structural (nsp) proteins involved in expression and replication (2). Transcription of the S (spike), E (envelope), M (membrane), and N (nucleocapsid) yields structural proteins for dissemination (2). Additional accessory protein genes include ORF 3a, 6, 7a, 7b, 8, and 9b (2, 3).

Whole genome sequencing (WGS) based genetic surveillance is critical for tracking and forecasting pathogen evolution. Phylogenetic analyses can estimate the spatiotemporal mobility of pathogens between communities around the world over the course of a pandemic. This has been essential for identifying a circulating Variant Being Monitored (VBM), Variant of Concern (VoC), or Variant of Interest (VoI) of SARS-CoV-2, the causative agent of coronavirus disease 2019 (COVID-19). Since the emergence of SARS-CoV-2 in late 2019, sustained transmission among the human host has generated numerous variants with specific phenotypic attributes. Mutations that potentially confer increased transmission, pathogenicity (4), immune escape, or resistance to therapeutics can be identified when sequenced and interpreted by combining in silico inferences with in vitro functional, animal, and epidemiological studies to link genotypes to phenotypes. Without genomic surveillance, some mutations may go unnoticed if they do not impact diagnostic assays.

Polymerase chain reaction (PCR) assays are susceptible to false negatives that result from mutations that weaken primer annealing. For example, a mutation or mutations causing one primer set to fail within a multiplex assay—called a partial assay failure—is best exemplified by the Alpha (B.1.1.7) variant. This variant was discovered first in the UK in December, 2020 by the so-called S gene target failure (SGTF) (aka the S gene dropout) in a Thermofisher TaqPath PCR test kit that targets 3 different regions (ORF1ab, E gene, and S gene) of the viral genome (5). A 6-nt deletion (Δ69–70 aa) resulted in the SGTF while the other two targets of the kit were positive for a given sample (5). After analyses determined the cause of the target failure was a new mutation, SGTF was used as a proxy for the presence of Alpha variant (B.1.1.7) in test samples. There are other examples of less severe assay failures in some commercial SARS-CoV-2 PCR tests (6, 7). Such failures affect biosurveillance network responses and public health policy decisions for disease control, containment, and prevention as they form the basis for our understanding of how an outbreak is progressing. Thus, systematic and periodic assessment of real-time PCR assay performance is critical for maintaining assay specificity and decreasing false negatives (6–10).

The Global Initiative on Sharing Avian Influenza Data (GISAID) organization and Nextstrain project provide genomic data, metadata, and phylodynamic analysis for monitoring ongoing outbreaks (11, 12). Continuous rapid sampling and sequencing of SARS-CoV-2 and sharing of data throughout the course of this pandemic provided a unique opportunity for visualizing signature erosion over time. Specifically, since January 20, 2020, we have used the PCR Signature Erosion Tool (PSET) to periodically evaluate assays in silico against all SARS-CoV-2 genome sequences from the GISAID EpiCoV™ database and share results on virological.org (13). PSET has been used previously to evaluate the impact of genomic drift on current and proposed assays for Ebolavirus and Mammarenavirus (14, 15).

Here, we present our assessment of diagnostic PCR assays in silico by applying PSET to regularly collected SARS-CoV-2 sequences. Recent alignment-based studies have been conducted with comparable results (8, 9). Our approach significantly increases the number of assays and subject sequences tested, breaks-down alignment rates over time by lineage, compares the mutation rate of assay target regions to the rest of the genome, and calculates the number of sequences producing false negatives for multiple assays.



MATERIALS AND METHODS


PSET Analysis

In this study we tested the in silico performance of 43 PCR assays (Supplementary Table 1) with different gene targets [19 ORF1ab, 8 spike (S) protein, 1 ORF3a, 3 envelope (E) protein, 1 ORF8, and 11 nucleocapsid (N)] against a set of 1,690,689 SARS-CoV-2 accessions (Supplementary Table 2) and sequences downloaded from the GISAID EpiCoV™ database on July 7, 2021 (11, 13, 16–26). At the time of analysis, the CDC listed Pango lineages P.1, B.1.351, B.1.1.7, B.1.427, and B.1.429 as VoCs and lineages P.2, B.1.525, and B.1.526 as VoIs (27, 28). Additional follow-up analysis was performed on the B.1.1.529 VoC as it emerged later. The PSET definition for each assay target was based on a reference amplicon sequence with delimited primer and probe regions (Figure 1). Twenty nucleotides of additional sequence context outside the amplicon were also included to inform alignment at the 5′ and 3′ ends. Context and inter-primer regions were obtained via global-local alignment of the assay primers to the SARS-CoV-2 reference genome by running the glsearch36 program of the FASTA suite (29).


[image: Figure 1]
FIGURE 1. PSET assay definition. The assay definition includes square brackets and parentheses to delimit the primer sequences. Note that a probe is optional and that any sequence outside of the amplicon region is considered context for alignment purposes. This example corresponds to the cdc_n1 assay.


The first phase of PSET analysis queries the assay target definition against a BLAST+ database to search for matching subjects based on local alignment with the blastn program (30). Expansion of ambiguous DNA codes of the query is required for compatibility. For example, “GAWTAYA” has two, representing four expansions: “GAATACA,” “GATTACA,” “GAATATA,” and “GATTATA.” Only the first permutation is queried. An additional step re-evaluates the BLAST+ identity statistics by replacing the expanded query with the original one to account for ambiguous base similarity. Subjects with ≥85% identity to the amplicon region are then extended to cover the query range and extracted.

The second phase queries the corresponding primers separately against the library of extracted sequences to search for matching subjects based on global-local alignment with the glsearch36 program, which is compatible with ambiguous DNA codes. Subjects with ≥90% identity are kept and aggregated by subject accession. A true positive (TP) is called if all primers aligned to the subject with the required identity and strand arrangement such that the primer would hypothetically amplify the target. The special case of a perfect true positive (PT) is called when there is 100% identity. Otherwise, a false negative (FN) is called. If the subject contains an N in any of the primer alignment regions, an N is appended to the category name (TPN and FNN). Doing so avoids removing low-quality, yet potentially informative sequences. An additional unknown (UNK) category is included to account for subjects that failed alignment during the first phase. In the case of near-neighbor analysis, a false positive (FP) or true negative (TN) is called when the taxonomy of the subject differs from the assay target. FPs with 100% identity are perfect false positives (PF).

Results were filtered to include high-coverage, human-host sequences with assigned Centers for Disease Control (CDC) and Pango lineages corresponding to VoC [Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617), Epsilon (B.1.427/B.1.429)] and VoI [Eta (B1.525), Theta (P.2), and Iota (B.1.526)] (27, 28). Metadata also included VoC and VoI designation times from disease control centers (31–39). Further aggregation and visualization was performed using the R programming language with the tidyverse (v1.3.1), lubridate (1.8.0), tsibble (v1.1.0), and cowplot (v1.1.1) packages (40–43). The PSET workflow itself was implemented using Biopython and Snakemake (44, 45). A summary of results and methodology refinements were posted to virological.org on a near-weekly basis (13).



Variation Analysis

For variant analysis, the local GISAID EpiCoV™ database used for the PSET analysis was filtered to include only unambiguous DNA codes, resulting in a subset of 961,051 sequences. Single nucleotide variations (SNVs) and insertions or deletions (indels) were calculated by running the nucmer and show-snps programs of the MUMmer4 suite (46). Parameters for nucmer included NCBI GenBank accession no. NC_045512.2 (47) as the reference and flags to search the forward strand of each query (-f) with 28 threads (-t). The show-snps program transformed the resulting delta file into a tabular file (-T) of SNP/indel calls. An R script loaded the variants identified via MUMmer4 and split the data into two groups according to overlap with assay primer and probe target regions. The percentage of positions with ≥n mutations was calculated, where n was in the range [0, 500]. A two-sample Kolmogorov-Smirnov procedure tested the null hypothesis that the observed mutation percentages arose from the same distribution for the assay target and non-target genomic regions.



Omicron Analysis

The Omicron (B.1.1.529) wave emerged after the initial analysis was completed. Accordingly, an updated analysis targeted this VoC. On February 16, 2022, genomes were downloaded manually from the EpiCoV™ search page. Filters were enabled to include complete sequences with high coverage and collection dates. The PSET workflow analyzed the final set of 48,358 sequences (Supplementary Table 3) as previously described.




RESULTS


Assay Regions and Genomic Variation

Figure 2 shows the target region of each assay with respect to the reference SARS-CoV-2 genome (NCBI GenBank accession no. NC_045512.2), SNVs, and indels (47). Mutations with <1% prevalence (~99.62% of all positions with observed mutations) were excluded from the figure but remain listed in Supplementary Table 4. The figure also plots the assay target regions on the genome. Plotting all the regions together with respect to mutations helps visualize signature erosion due to genetic drift.


[image: Figure 2]
FIGURE 2. Genomic variation and assay regions. The numbered rectangles and labeled arrows indicate PCR assay and gene regions respectively. Heat values indicate the percentage of SNVs observed at the reference location across all subjects. Percentages for both SNVs and indels are compiled in Supplementary Table 4.


On the other hand, when the assay target regions are compared specifically against the non-target regions, assay target regions with mutations are present in higher percentage of genomes (Figure 3). The two-sample Kolmogorov-Smirnov test obtained a p value of 2.2E−16, rejecting the null hypothesis at a significance level of 0.05 in favor of the two-sided alternative.


[image: Figure 3]
FIGURE 3. Regional mutation distributions. The two-sample Kolmogorov-Smirnov test rejected the null hypothesis (α = 0.05), supporting the elevated number of mutations observed in the assay regions (D = 0.408, p < 2.2e−16, alternative hypothesis: two-sided). Supplementary Tables 5, 6 list the counts by position and percentage of mutations by region.




Assay Alignment Confusion Matrix

The assays were able to correctly detect the vast majority of the 1,690,689 genome sequences according to the in silico PSET analysis. Of the 43 assays, 34 aligned with 100% identity to over 1.6 million subjects. Otherwise, TP rates exceeded 98%, except for the Young-S and China_N assays, which exhibited high FN rates at ~47% and ~59% respectively. The TP percentage was calculated as the sum of PT, TP, and TPN divided by the total number of subjects. Alignments exceeded identity threshold for most corresponding subject amplicon sequences, only failing on average ~0.74% (UNK%) of the time. Table 1 and Supplementary Table 7 include a full breakdown by assay. In the separate Omicron study, most of the assays (40 / 43) were able to detect sequences with a TP rate of ≥96%, with Young_S, Thailand_WH-NIC_N, and China_N assays having reached TP rates of 75.64%, 2.98%, and 0.34% respectively (Supplementary Table 8). We also looked at the specificity of the assays against near-neighbor sequences (Supplementary Table 9), where 8 showed significant false positives (FP) and perfect FPs (PFs) (those with 100% identity).


Table 1. Confusion matrix of assay calls based on alignment/arrangement.
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Assay Alignment Identity Over Time

Alignment identity of all assays against sequences of different lineages of SARS-CoV-2 was assessed from 2020-03-15 to 2021-07-05. Figure 4 depicts heat maps of the TP rate over time for each VoC/VoI with a corresponding line graph of the cumulative log-total number of sequences. Only GISAID sequences with collection date metadata specifying year, month, and day were included in the heatmap. The graph reveals sudden changes in assay alignment identity with respect to variant abundance.


[image: Figure 4]
FIGURE 4. Cumulative true positive rate. Vertical and horizontal facets divide the graph by Pango lineage and assay target gene. (A) The top line graph shows the logarithm of the cumulative total of subject sequences. (B) Heat map of the current PCR assays with the cumulative conditional true positive rate assessed from Apr 2020 to Feb 2021. The assay targeting specific genes are labeled on the right. White represents the absence of subject sequences of the lineage in the reference database. Vertical lines when each disease control organization called the lineage a VoC/VoI based on available data (compiled in Supplementary Table A).


Alignment identity remained constant for most assays, with perfect or near-perfect TP rates. However, some interesting patterns were observed. Some assays targeting the S and N genes performed poorly. For example, Young-S exhibited low TP rates within the B.1.1.7 and B.1.525 lineages and faltered for B.1.258, B.1.427, and B.1.429 isolates as cumulative sampling increased. Other assays targeting the S protein gene performed well, despite some temporary rough patches for Chan-S, Won-S and C5_COV_S_gene. Recently, Chan-S appears to have started failing for the B.1.258 lineage. China_N failed for the B.1.1.7, P.2, and P.1 clades. All other assays targeting the N gene performed well. However, Japan_NIID_2019-nCOV_N, HKU-N, cdc_n2, and Chan-N recently started failing for the B.1.525 lineage. Also, Young-N temporarily exhibited a low TP rate before recovering.



VoC/VoI Call Patterns

Figure 4 displays the timeline for each lineage to be identified as a VoC/VoI by the CDC, European CDC (ECDC), Public Health England (PHE), and World Health Organization (WHO). Most identifications occurred within a month of each other. However, for P.2 and B.1.429, 186 and 118 days passed between the initial and final call. The CDC and PHE called the former within 12 days of each other and the former within 111 days. In both cases, the WHO called last. We found no evidence of a call from the ECDC in these cases. The B.1.429 case shows the initial call occurring during a period of low alignment identity for the Young-S assay and the beginning of a decline for the Japan_NIID_WF-1_Seq_F519 assay. Despite the varying times at which these lineages were identified, when looking at the cumulative increase of the GISAID sequences for each, it is readily apparent that they initially occurred at very low proportions. This increase, and the resulting VoC/VoI designations, underscore the importance of continual monitoring from multiple organizations offering different perspectives and criteria with respect to spatiotemporal trends.



In silico False Negative Distribution by Assay

As assay targets were distributed throughout the genome, we were also interested in seeing whether emerging variants possessed mutations that resulted in more than one assay producing a predicted FN. Supplementary Table SB shows that nearly all (>99%) sequences resulted in a predicted true positive in at least 41 of 43 assays. Also, Supplementary Table SC shows that the majority (97%) of sequences producing a single FN were observed to originate from the China_N (87%) or Young-S (10%) assays. The majority (765,813) of sequences produced FNs in two different assays, China_N and Young-S, while 643,876 sequences did not produce an FN in any of the 43 assays. We observed a substantial drop-off in the number of sequences which caused FNs in 3 or more assays. This suggests that it is unlikely for a sequence to produce FNs in more than 2 assays and that a multiplex panel with any of the other 41 assays evaluated here would likely perform successfully.




DISCUSSION


Signature Erosion Analysis

The rapid increase of novel SARS-CoV-2 variants raises concerns regarding the efficacy of PCR-based diagnostic assays. This study assesses the potential signature erosion of the current COVID-19 real-time diagnostic assays using the GISAID sequence database. We find that 41 out of the 43 assays continue to perform very well throughout the observed timeframe even as new variants arose. Additional analysis completed after the emergence of Omicron revealed that 40 of 43 assays continued to perform well.

Variants containing mutations within the target regions for primer and probe hybridization were observed to have a substantial effect on predicted assay alignment identity. The characteristic S:Δ69/70 mutation of the Alpha variant occurs within the forward primer of the Young-S assay target, while mutations N:R203K and N:G204R occurred within the borders of the China_N assay target, resulting in PSET calling significant FN rates of those assays. The China_N assay failed completely for the lineages B.1.1.7, P1, and P2. This may be due to a “GGG” to “AAC” mutation in the forward primer, as observed in previous studies (8, 9). The 3-nt substitution mutation could potentially reduce the China_N forward primer binding affinity, which could significantly increase the FN rate, especially since it occurs at the 5′-end. The B.1.1.529 lineage contains an N:Δ31/33 deletion (48) which falls inside the borders of the Thailand_WH-NIC_N assay and results in PSET predicting significant FN rates. This may be a similar situation as described above where primer binding affinity is affected by this type of mutation.

Various point mutations at the primer binding motifs are observed in all the lineages, which did not affect overall performance according to evaluation of in silico alignments. The exception was for lineage B.1.258, which bears a complementary sequence to the China_N primer resulting in perfect alignment. The China_N and Young-S assays experience 56 × and 44 × the FN rate of all other assays combined, respectively. In almost all assays, there is a percentage of mutations in one of the targets of the assay.



Recent Studies and Future Direction

The COVID-19 pandemic has demonstrated the need for the in silico monitoring of PCR-based diagnostic assay performance. Furthermore, given that surveillance network data are widely available to aid in quick-turnaround research and development of replacement assays, in silico monitoring has become an important early warning indicator (10). Our approach is consistent with recent alignment-based studies by confirming the overall high assay target sequence identity and detection of the China_N mutation (8, 9). We also observed potential early signs of signature erosion prior to official variant calls. Future research can further elucidate validation of in vitro and in silico predictions while considering the clinical and public health relevance. For example, the PSET algorithm could incorporate mismatch position, since mismatches near the 3′ end of the probe sequence potentially have a greater impact on assay performance (49, 50). Additional wet lab experiments can help systematically select alignment thresholds and motivate algorithmic refinements.




CONCLUSION

This study highlights the consequences of mutations in SARS-CoV-2 genomes on PCR-based diagnostic assays. The importance of real-time monitoring of molecular assay alignment in silico is highlighted by the discovery of the Alpha variant. The failure of one primer/probe combination within the multiplex assay targeting a region of a deletion in this variant underscored the need for extensive sequence-based surveillance. Sustained transmission and proliferation of viruses such as SARS-CoV-2 in a global pandemic leads to rapid evolution and accumulation of mutations that confer advantageous phenotypes, such as potentially evading diagnostics, therapeutics, and vaccines. Real-time in silico monitoring of assay signature erosion allows for the redesign and refinement of diagnostic assays to address assay and medical countermeasure failures to avoid dire failures of medical countermeasures.
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Introduction: Accurate and sensitive measurement of antibodies is critical to assess the prevalence of infection, especially asymptomatic infection, and to analyze the immune response to vaccination during outbreaks and pandemics. A broad variety of commercial and in-house serological assays are available to cater to different laboratory requirements; however direct comparison is necessary to understand utility.

Materials and Methods: We investigate the performance of six serological methods against SARS-CoV-2 to determine the antibody profile of 250 serum samples, including 234 RT-PCR-confirmed SARS-CoV-2 cases, the majority with asymptomatic presentation (87.2%) at 1–51 days post laboratory diagnosis. First, we compare to the performance of two in-house antibody assays: (i) an in-house IgG ELISA, utilizing UV-inactivated virus, and (ii) a live-virus neutralization assay (PRNT) using the same Cambodian isolate as the ELISA. In-house assays are then compared to standardized commercial anti-SARS-CoV-2 electrochemiluminescence immunoassays (Elecsys ECLIAs, Roche Diagnostics; targeting anti-N and anti-S antibodies) along with a flow cytometry based assay (FACS) that measures IgM and IgG against spike (S) protein and a multiplex microsphere-based immunoassay (MIA) determining the antibodies against various spike and nucleoprotein (N) antigens of SARS-CoV-2 and other coronaviruses (SARS-CoV-1, MERS-CoV, hCoVs 229E, NL63, HKU1).

Results: Overall, specificity of assays was 100%, except for the anti-S IgM flow cytometry based assay (96.2%), and the in-house IgG ELISA (94.2%). Sensitivity ranged from 97.3% for the anti-S ECLIA down to 76.3% for the anti-S IgG flow cytometry based assay. PRNT and in-house IgG ELISA performed similarly well when compared to the commercial ECLIA: sensitivity of ELISA and PRNT was 94.7 and 91.1%, respectively, compared to S- and N-targeting ECLIA with 97.3 and 96.8%, respectively. The MIA revealed cross-reactivity of antibodies from SARS-CoV-2-infected patients to the nucleocapsid of SARS-CoV-1, and the spike S1 domain of HKU1.

Conclusion: In-house serological assays, especially ELISA and PRNT, perform similarly to commercial assays, a critical factor in pandemic response. Selection of suitable immunoassays should be made based on available resources and diagnostic needs.

Keywords: SARS-CoV-2, serology, ELISA, PRNT, immunoassay


INTRODUCTION

The global coronavirus disease 2019 (COVID-19) pandemic has emphasized the need for rapid development of assays, especially for early response and outbreak control. Global disruption of trade and value chains, requirements for clinical evaluation and approval, and limited access to virus isolates made establishment of in-house methodologies crucial for early response while the commercial establishment was able to catch up to global demand. Assays to detect antibodies against severe acute respiratory syndrome (SARS) coronavirus (CoV) 2 (SARS-CoV-2) are essential to determine immunity, either upon potential natural exposure (1) or post vaccination (2). Therefore, use of these assays proved critical for case determination, tracking outbreaks, and documentation of vaccination success, especially during the initial phases of the COVID-19 pandemic. Due to high demand in testing worldwide during a pandemic, daily challenges in implementation of necessary serological assays may require in-house solutions that can vary between small-scale research laboratories to fully automated large clinical laboratories. Having a pressing need for a serological assay to monitor SARS-CoV-2 infection and immunity, and having the laboratory resources to employ such an assay, we developed two in-house solutions very early in the pandemic using whole virus isolate until a broad range of different immunoassays were available, including commercial assays that can catering to the available resources, skills, and outcome needs in various facilities (3, 4). As such, the performance between rapid, in-house solutions and commercially available assays needed to be assessed.

In general, SARS-CoV-2-infected individuals seroconvert in the second week post onset of symptoms, with a nearly simultaneous appearance of IgM and IgG (5–7). Most serological assays target the nucleocapsid protein (N), encapsulating the viral RNA genome, and/or the spike (S) protein (3), which is embedded in the virion envelope. The S protein is divided into two main parts (8): the N-terminal S1 domain harboring the receptor-binding domain (RBD) for Angiotensin-converting enzyme 2 (ACE2), and the C-terminal S2 domain contains the fusion peptide mediating the membrane fusion with the target cells. An in-house ELISA utilizes inactivated virus and therefore should be able to detect IgG antibodies directed against all accessible SARS-CoV-2 virion surface epitopes, not only anti-S antibodies. Furthermore, PRNT measures functional antibodies (independent of class) that not only bind to live virions but also neutralize functionality to effectively infect susceptible cells.

In this study, the performance of in-house developed IgG ELISA, using UV-inactivated full-virus antigen from a local Cambodian SARS-CoV-2 isolate, and plaque reduction neutralization test (PRNT) utilizing the same viral isolate as the ELISA were compared then assessed against (i) clinically validated ECLIA from Roche (using either N or S antigen), (ii) flow cytometry based assays (9–12) detecting IgM and IgG binding to S-expressing cells (9–12), and (iii) to a multiplex microsphere-based immunoassay (MIA) using commercially available, recombinant SARS-CoV-1, and−2, MERS-CoV-V and hCoV antigens.



MATERIALS AND METHODS


Specimen Collection

Blood samples were collected opportunistically between January 2020 to October 2020 from hospitals in Phnom Penh including Khmer-Soviet Friendship hospital, during outbreak investigation, and from various provinces for surveillance purposes. A combined oro-nasopharyngeal swab was taken for molecular SARS-CoV-2 detection by RT-PCR. For positive cases, follow-up swabs were taken until two consecutive negative RT-PCR results within 48 h were achieved. During the course of this molecular follow-up, blood samples were taken for routine hemato-biochemical tests at the treatment center/hospital. These samples were sent to the clinical laboratory and left-over blood was used for this project. Blood samples were taken between the actual day of laboratory diagnosis (D0) and 51 days after laboratory diagnosis.



Ethical Approval

The use of left-over blood samples was approved by National Ethical Committee for Human Research (No. 206 NECHR). Patient's information was anonymized prior to the analysis.



Cells and Viruses

VeroE6 (ATCC CRL−1586) and Vero (ATCC CCL-81) cells were maintained in Dulbecco's modified Eagle medium (DMEM; Sigma-Aldrich, ST. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Gaithersburg, MD, USA), and 100 U/mL penicillin and 100 g/mL streptomycin (Gibco) at 37°C and 5% CO2 atmosphere. Antigen production for ELISA and PRNT itself were performed under BSL-3 conditions with live-virus of a Cambodian SARS-CoV-2 isolate designated hCoV-19/Cambodia/1775/2020 (GISAID: EPI_ISL_956384) belonging to the Wuhan lineage. SARS-CoV-2 was propagated in Vero cells infected with an MOI of 0.1 for 1 h at 37°C and 5% CO2. Afterwards the inoculum was replaced by DMEM containing 5% FBS, 100 U/mL penicillin and 100 g/mL streptomycin, and 0.25 μg/mL amphotericin B (Gibco). Virus was harvested 2 days after inoculating the cells by centrifugation of the culture supernatant. Titers of viral stocks previously stored at −80°C were determined by plaque assay performed on VeroE6 cells in 48-well plates with 2*104 cells/well.



SARS-CoV-2 Molecular Detection (RT-PCR)

Molecular detection of SARS-CoV-2 in combined oro-nasopharyngeal swabs was performed as previously described (13). Briefly, RNA was extracted with the QIAamp Viral RNA Mini Kit (Qiagen) and real-time RT-PCR assays for SARS-CoV-2 RNA detection were performed by using primers and probes for E and RdRp gene from Charité Virology (Berlin, Germany) (14).



In-House Enzyme-Linked Immunoassay (ELISA)

The in-house developed ELISA uses UV-inactivated SARS-CoV-2 and allows the detection of IgG antibodies. Virus was produced as described above. Upon harvesting the virus-containing culture supernatant, viral particles were precipitated by adding 40% polyethylene glycole (PEG) 8000 (Sigma-Aldrich) in 1 × PBS to achieve 8% PEG end concentration. The precipitation was carried out overnight at 4°C. The virus was harvested the following day by centrifugation at 1,500 rpm for 1 h. The virus-containing pellet was dissolved in ELISA coating buffer (2.9 mM sodium carbonate, 7.14 mM sodium bicarbonate; Sigma-Aldrich; pH 9.6). The virus solution was inactivated by exposure to UV light for 15 min at RT (in a thin layer within an open 6-well plate). The efficacy of inactivation was determined by plaque assay (13). The protein concentration was determined by Bradford reaction (Protein assay dye, BioRad, Cercules, CA, US), and the concentration was adjusted to 100 μg/mL. Afterwards, 96-well polysorb plates (Nunc, Roskilde, Denmark) were coated with 100 μL/well (10 μg/well) overnight at 4°C. The next day, plates were washed three times with 1 × PBST [1 × PBS containing 0.05 (v/v) Tween 20, Sigma-Aldrich]. Afterwards, the plates were incubated firstly with blocking solution [5% (w/v) low fat milk powder in 1 × PBST] for 1 h, and secondly with patient samples in duplicate (1:40 diluted in blocking solution) for 2 h. After washing three times, plates were incubated with anti-human IgG HRP conjugate (KPL, Gaithersburg, MD, USA; diluted 1:1,000 in blocking solution) for 1 h, and after washing three times with PBST and afterwards three times with PBS, the plates were lastly incubated with ABTS substrate (KPL) for 20 min. The colorimetric reaction was measured at 405 nm with a Multiskan FC microplate photometer (Thermo Fisher Scientific, Walham, MA, USA). The threshold for positivity was set at OD405 ≥ 1. The assay was calibrated using the NIBSC plasma sets 20/118 and 20/130 (Supplementary Table 3).



Plaque Reduction Neutralization Test (PRNT)

The PRNT is the gold standard assay detecting neutralizing antibodies against SARS-CoV-2. VeroE6 cells were seeded in 24-well plates at 1.5 × 105 cell/well. Patients' sera were 2-fold diluted and incubated with SARS-CoV-2 (Cambodian isolate, GISAID: EPI_ISL_956384, ~50 PFU/well) for 1 h at 37°C, 5% CO2. The virus-serum dilutions were incubated to allow antibody-mediated neutralization of the virus before transferring the mixtures onto the cell monolayers for 30 min. Next, the inoculation mixtures were replaced by a semi-solid overlay medium containing 1% carboxymethyl cellulose (CMC; Sigma-Aldrich) dissolved in DMEM, 5% FBS, 100 U/mL penicillin and 100 g/mL streptomycin. After 3 days of incubation at 37°C and 5% CO2, cells were fixed and the virus inactivated by treatment with 4% formaldehyde (General Drugs House Co. Ltd., Bangkok, Thailand) in 1 × PBS (Sigma-Aldrich) for 30 min. This was replaced with a staining solution containing 1% crystal violet (Sigma-Aldrich), 4% formaldehyde, 1% Methanol (Merck, Darmstadt, Germany) and 20% ethanol (Merck). After 20 min the staining solution was removed, plates were carefully washed with water and then dried at RT. Infection events appear as unstained plaques and were counted by naked eye. The amount of neutralizing antibodies was expressed as the reciprocal serum dilution that induced 50% reduction of infection (PRNT50) compared to the positive control (virus only) and was calculated by log probit regression analysis (SPSS for Windows, Version 16.0, SPSS Inc., Chicago, IL, USA). PRNT50 titers below 10 were considered negative. The assay was evaluated using the NIBSC plasma sets 20/118 and 20/130 (Supplementary Table 3), and is currently in use for the serological investigation of surveillance samples at the COVID-19 WHO Global Referral Laboratory at Institut Pasteur in Cambodia.



Commercial Electrochemiluminescent Immunoassays (ECLIAs)

The Elecsys immunoassays are automatic electrochemiluminescent serological immunoassays performed on the Roche Cobas (Basel, Switzerland) to detect antibody against SARS-CoV-2 nucleocapsid protein (Elecsys® Anti-SARS-CoV-2 qualitative test) or spike protein (Elecsys® Anti-SARS-CoV-2 S quantitative test). Both assays were done according to the manufacturer's instructions (15, 16) and results were automatically determined by the software using the electrochemiluminescence signal obtained. The assay was evaluated using the NIBSC plasma sets 20/118 and 20/130 (Supplementary Table 3).



Flow Cytometry (FACS)-Based Assay

Transfected 293T cells (ATCC CRL-3216™) expressing SARS-CoV-2 spike protein were kind gifts from Olivier Schwartz, Institut Pasteur, Paris, France (10). Assay was performed as previously described (9, 17). Briefly, plasma samples were diluted (1:200) in 1 × PBS with 2 mM EDTA and 0.5% BSA (PBS/BSA/EDTA) and incubated with 293T-spike expressing cells (8*104 cells/100 μl) for 30 min on ice. The cells were washed with PBS/BSA/EDTA and stained with anti-IgM PE (dilution 1:100, Biolegend) and anti-IgG Alexa FluorTM 647 (dilution 1:600, Thermo Fisher) for 30 min on ice. Cells were washed with 1 × PBS and fixed using buffer of the True Nuclear Transcription Factor Staining kit (Biolegend). After fixing, cells were washed and resuspended in 1 × PBS. Results were acquired using FACS Canto II, BD Biosciences. The gating strategy for anti-IgM or anti-IgG positive cells was based on the 293T control cells incubated with negative SARS-CoV-2 reference plasma (17). Data were reported as percentage of positive cells for anti-IgM or anti-IgG. The National Institute for Biological Standards and Control (NIBSC) Research Reagent (20/130) and panel (20/118, both WHO Solidarity II; Supplementary Table 3) was utilized to set the cutoff for positivity based on the background staining of the negative SARS-CoV-2 plasma (17) and calculated following formula: cut-off = % positive cells + 2 × standard deviation, resulting in a threshold for positivity for the IgM assay of <1.6% positive cells and for IgG <1.5% positive cells.



Multiplex Microsphere-Based Immunoassay (MIA)

To characterize the pattern of the antibody response further, a multiplex microsphere-based immunoassay (MIA) was used previously set-up at Institut Pasteur, Paris, France. Commercially available, recombinant SARS-CoV-2 antigens (S1 and S2 proteins; The Native Antigen Company, Kidlington, UK) were coupled to MagPlex microsphere (Luminex Corp., Austin, TX, US), an approach used for other emerging pathogens before (18). Besides these antigens, antigens of SARS-CoV-1 (N and S1 proteins), MERS-CoV (S and S1 proteins), hCoV 229E (N protein), hCoV HKU1 (S1 protein) and hCoV NL63 (N protein) were used to investigate serological cross-reactivity. The MIA procedure was performed at Institut Pasteur du Cambodge as described before (18). Briefly, microspheres of all antigens were mixed with the diluted serum samples (1:400), and then incubated in the dark under constant shaking with 2 μg/mL anti-human IgG phycoerythrin-conjugated antibody (Life technologies, Carlsbad, CA, US) for 30 min at RT. Afterwards, the mean fluorescence intensity (MFI) of each microsphere set was quantified using a MagPix instrument (Luminex Corporation, Austin, TX, US). Results were expressed as relative MFI after subtracting the background MFI (microspheres without added serum). For the calibration of the SARS-CoV-2 antigens NIBSC reference plasma panels 20/118 and 20/130 (Supplementary Table 3) were used.



Statistical Analyses

Calculations, figures and statistics were generated using Prism 9.1.2 (GraphPad Software). The data were analyzed for statistical normality before performing further statistical tests. For all analyses the significance level was α = 0.05, and p-values < 0.05 were considered significant. Calculation of sensitivity, specificity, as well as negative and positive predictive values were calculated as defined by Altman and Bland (19). Confidence intervals for sensitivity and specificity and accuracy are Clopper-Pearson confidence intervals. Confidence intervals for the predictive values are the standard logit confidence intervals given by Mercaldo et al. (20).




RESULTS


Development and Validation of In-House IgG ELISA and PRNT

The first SARS-CoV-2 positive case in Cambodia was diagnosed on January 27th, 2020, and isolation attempts started immediately after that. Due to the long sample transfer between the patient (located in the South of Cambodia in Sihanoukville) to the laboratory on the capital city of Phnom Penh (230 km), and the late stage of viremia (low viral titer) the isolation attempts in Vero and VeroE6 cells of this imported were unsuccessful. Intensive contact tracing did not identify any contact or newly imported cases until March 7th, 2020. This time the sample transport was carried out properly on ice and the viral load in the sample was higher (ct E gene: 20.3), so the immediate isolation was successful on both cell lines Vero and VeroE6, leading to the isolate designated 1775, that was used to set up the ELISA and PRNT. Due to a higher success rate and faster viral growth, Vero cells were used for virus isolation and cultivation from then on. However, due to the more regular formation of SARS-CoV-2-induced plaques in VeroE6 cell monolayers compared to the Vero cells, VeroE6 cells were used for quantification of neutralizing antibodies by PRNT. The IgG ELISA was set-up with the same viral isolate as the PRNT. The predicated, concentrated and UV-inactivated virus was used as antigen for plate coating. Only 3 weeks after initial isolation of the SARS-CoV-2 strain 1775, both PRNT and ELISA were ready to be used for antibody quantification. However, the actual application of both in-house assays was put on hold until verification with the SARS-CoV-2 reference research reagent 20/130 and panel 20/118 acquired from the National Institute for Biological Standards and Control (NIBSC) through the WHO Solidarity II program. Our in-house PRNT results were in agreement with PRNT50 and SARS-CoV-2 pseudotyped vesicular stomatitis virus (VSV-PV) neutralization data provided by NIBSC (Table 1), although our PRNT50 titers were on average 3-fold higher than the titers achieved with the NIBSC live-virus (CPE), VSV-PV and PRNT assays. Our in-house ELISA was also 100% congruent to the EuroImmune IgG ELISA (Lübeck, Germany) and the NIBSC in-house ELISA using stabilized spike protein (B. Graham, NIAID/NIH, Bethesda, MD, USA).


Table 1. Results for the NIBSC reference samples.
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Study Cohort

Overall, 250 serum samples from the SARS-CoV-2 surveillance were available for analysis. All patients were either asymptomatic (84.0%) or showed only mild clinical symptoms (16.0%) like running nose, cough and fever. Study participants were categorized into four different groups based on their SARS-CoV-2 PCR and serological results (Table 2). Individuals with SARS-CoV-2 PCR-negative swab sample at primary testing were determined as negative independent from their serology results (n = 16), whereas participants with PCR-positive swab sample were further divided into SARS-CoV-2 seronegative (n = 36), early seropositive (n = 8) and seropositive individuals (n = 190). Seronegative individuals were defined by negativity in both the FACSbased assays (IgM and IgG) and ECLIAs (N- and S-antigen based). Early seropositive participants were categorized when solely positive for anti-S IgM, while seropositive subjects were positive in either the anti-S IgG FACS assay and/or one or both ECLIAs.


Table 2. Study cohort characteristics and results of serological assays.
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In-House ELISA and PRNT Performance in Comparison to Commercial ECLIA

The anti-S ECLIA identified more seropositive individuals (97.3%; Supplementary Figure 1A) compared to the anti-N Elecsys (96.8%; Supplementary Figure 1B). The overall comparison of results between the in-house assays and the commercial ECLIA (Figure 1A; respective p-values Supplementary Table 1) revealed a positive correlation between ELISA and anti-N ECLIA (Spearman r = 0.79; p < 0.0001) and anti-S ECLIA (Spearman r = 0.80; p < 0.0001), as well as between the PRNT and the anti-N ECLIA (Spearman r = 0.61; p < 0.0001), and anti-S ECLIA (Spearman r = 0.66; p < 0.0001). The classification of the sample cohort based on SARS-CoV-2 PCR, FACS and ECLIA results also showed that the PRNT was 100% specific, whereas the ELISA had a specificity of 94.2% (Table 3). The results of the in-house ELISA stratified into the different serological groups (Figure 1B) demonstrate this lower sensitivity, as three from seronegative individuals showed positive results in the in-house IgG ELISA (Table 1), indicating false positive results. Additionally, the in-house ELISA detected SARS-CoV-2 IgG antibodies in two of the eight early seropositive samples (IgM positive/IgG negative in FACS and ECLIA). Neutralizing antibodies were identified in 75% of the early seropositive study participants (Figure 1C). Furthermore, the in-house ELISA and PRNT identified 94.7 and 91.1% of the samples positive for SARS-CoV-2 antibodies, respectively. Accordingly, the sensitivity of IgG ELISA and PRNT was only slightly lower (94.7 and 91.1%, respectively; Table 3) than the best performing assay in our study, the anti-S ECLIA (97.3%).


[image: Figure 1]
FIGURE 1. Results of in-house ELISA and PRNT. (A) Correlation matrix with Spearman r values of all investigated serology assay: anti-S IgM and anti-S IgG determined by flow cytometry (IgM FACS and IgG FACS, respectively), N- and S-targeting CLIA (N and S ECLIA), in-house IgG ELISA and PRNT. Individual result of each sample (total 250) for (B) in-house ELISA, and (C) in-house PRNT. Lines represent median and interquartile range. The respective thresholds (dotted line) are for in-house IgG ELISA OD405 ≥ 1, and for PRNT ≥ 1PRNT50 titer. The samples were categorized based on their SARS-CoV-2 RT-PCR result in PCR negative (n = 16; gray), and in 3 groups of SARS-CoV-2 confirmed cases: seronegative samples (n = 36; blue) with negative results in the flow cytometry based assay and ECLIAs, early seropositive samples (n = 8; green) that are positive for anti-S IgM, and seropositive samples (n = 190; red) that are positive for anti-S IgG determined by flow cytometry and/or in one or both ECLIAs. Multiple comparison was performed by Kruskal-Wallis test with α = 0.05.



Table 3. Evaluation of the serological tests.
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Performance of In-House FACS-Based Immunoassay

Eight individuals of the whole study cohort were solely positive for anti-S IgM antibodies, classifying them as early seropositive. However, more than half of the seropositive individuals (55.8%, 106/190) had both IgM and IgG antibodies binding to the S antigen expressed on the surface of cells measured by FACS (Supplementary Figures 1A,B, respectively). The titers for S-binding IgM (expressed as % of cells with bound antibodies) were not significantly different between the seropositive and the early seropositive group (p > 0.9999; Supplementary Figure 1C). In contrast, anti-S IgG levels detected by FACS (Supplementary Figure 1D) are significant lower in the early seropositive individuals (median: 0.24%) compared to the seropositive study participants (median: 12.90%; p = 0.0082). Interestingly, two (12.5%) of the 16 PCR-negative individuals displayed IgM antibodies against SARS-CoV-2. Taken together, the anti-S FACS assays had a sensitivity of 61.6 and 76.3% for IgM and IgG, respectively. The anti-S IgG FACS assay was 100% specific, whereas the anti-S IgM FACS assay had a specificity of 96.2%. In comparison to the other in-house assays, the IgG ELISA and PRNT performed better in terms of sensitivity (Table 3). However, the FACS was developed as fast as the PRNT and is similarly cheap as the in-house ELISA. Also, the results achieved with the anti-S IgG FACS correlated positively with the in-house IgG ELISA (Spearman r = 0.58; p < 0.0001; Figure 1A) and even better with the PRNT (Spearman r = 0.80; p < 0.0001). Furthermore, the anti-S IgM FACS also correlates with the PRNT (Spearman r = 0.62; p < 0.0001).



Performance of SARS-CoV-2 MIA

Nearly all study participants (248/250; Supplementary Table 2) were additionally tested for binding antibodies to multiple coronavirus antigens by the multiplex microsphere-based immunoassay (MIA; Table 4). First, the threshold for the SARS-CoV-2 antigens was calibrated with the NIBSC reference samples (Table 1). The detection of anti-N IgG by MIA even allowed the positive identification of NIBSC reference 20/126 that lead to equivocal results across diverse IgG assays. Afterwards we determined the IgG response of our study cohort to SARS-CoV-2 N, S1 and two formulations of S2 antigens (Supplementary Figure 2). The majority of the formerly classified seropositive samples (98.9%) had antibodies binding to the viral N protein (Supplementary Figure 2A). Remarkably, a number of the other study participants also had N-binding antibodies: 50.0% (8/16) of the SARS-CoV-2 negative individuals, 66.7% (24/36) of seronegative individuals, and 87.5% (7/8) of the early seropositive individuals. Nearly all seropositive individuals also had antibodies binding viral S2 domain (89.4%, 168/188, Supplementary Figure 2B) and/or S1 domain (S1-SHFc: 90.9%, 169/186, Supplementary Figure 2C; S1-His: 94.6%, 176/186, Supplementary Figure 2D). For the SARS-CoV-2 negative individuals, only one of the SARS-CoV-2 negative individuals (1/16) also had antibodies against SARS-CoV-2 S1 SHFc-tagged (not for the respective His-tagged antigen). Among seronegative study participants some of them also displayed antibodies targeted against S2 (19.4%, 7/36) and a few against S1 (His–tagged: 3/36; SHFc-tagged antigen: 2/36). The majority of the early seropositive individuals had antibodies against S2 (87.5%, 7/8) and S1 His-tagged antigen (62.5%, 5/8), whereas only two were detected with antibodies against S1 SHFc tagged. The results of the MIA for the SARS-CoV-2 antigens correlated positively with the results of the formerly investigated serological assays (flow cytometry based assays, ECLIAs, ELISA and PRNT; Figure 1A). The in-house assays correlated best with the anti-N MIA (IgG FACS, ELISA PRNT Spearman r = 0.67, 0.71, and 0.72, respectively; p <0.0001; Figure 1A). Besides this, the positive correlation between these in-house assays was the strongest toward the S1 (SHFc) antigen (IgG FACS, ELISA PRNT Spearman r = 0.64, 0.79, and 0.73, respectively; p <0.0001).


Table 4. Results of multiplex antigen serological testing.
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IgG Response in Early Convalescent Serum of COVID-19 Patients to Other Coronaviruses

For the antigens against coronaviruses other than SARS-CoV-2, we were not able to achieve suitable positive and negative serological controls, and therefore could not classify results into negative and positive. However, comparing the results of the different patient groups in our cohort allowed the determination of certain cross-reactivities of SARS-CoV-2 immune response to other highly pathogenic beta-coronaviruses (Supplementary Figure 3) and seasonal human coronaviruses (Supplementary Figure 4). SARS-CoV-2 seropositive individuals had a significantly higher response to the N protein of SARS-CoV-1 (p < 0.0001; Supplementary Figure 3A), but not against the S1 antigen of SARS-CoV-1 (Supplementary Figure 3B) and MERS-CoV Supplementary Figure 3C, as well as the whole S antigen (S1 + S2) of MERS-CoV (Supplementary Figure 3D). Furthermore, Spearman correlation revealed a positive correlation for the formerly evaluated serological assays with the MIA using SARS-CoV-1 antigen, but not for the antigens of the other highly pathogenic beta-coronaviruses. However, the reactivity against SARS-CoV-1 S1 antigen correlated with the antibodies found against MERS-CoV S1 + S2 antigen (Supplementary Table 1).

Furthermore, we observed a notable amount of antibodies binding S1 of seasonal human beta-coronavirus HKU1 (Supplementary Figure 4A) in the seropositive and early seropositive individuals indicated by significantly higher MFI signals in these two groups (r = 0.028 and r = 0.020, respectively). The early seropositive individuals had a significant higher MFI signal to hCoV NL63 N protein (Supplementary Figure 4B) than all other study participants including the seropositive individuals. We found a marginal negative correlation of the MIA for hCoV NL63 N against FACS-based assays, ECLIAs, ELISA, PRNT, and MIA for SARS-CoV-2 antigens as well as SARS-CoV-1 N antigen (Supplementary Table 1; Spearman r ranging from −0.221 to −0.044). The binding capacity for the N antigen of hCoV 229E was inconclusive: when the microspheres were coated with 4 μg of the antigen we measured lower binding capacity among the seropositive individuals (Supplementary Figure 4C), whereas with an increased antigen load (10 μg) the seropositive individuals had on average a higher binding reaction (Supplementary Figure 4D).




DISCUSSION

The continuing COVID-19 pandemic combined with increased vaccination efforts (including homologous and heterologous boosters) puts high demand on serological assays for SARS-CoV-2 antibodies. The range of available tests vary from fully automated, clinical immunoassays and commercial bench-top ELISAs, to in-house solutions developed by individual institutions. Early in the pandemic, due to paucity of commercial regents, there was a critical need for serological assays using country-specific isolates. Therefore, we developed both an in-house ELISA and live-virus neutralization test (PRNT). The in-house IgG ELSIA had a slightly higher sensitivity than the PRNT, however, the PRNT was 100% specific whereas the ELISA produced some false-positive results. Following the availability of commercial ECLIAs, we find the PRNT is as specific as both commercial tests; however, its sensitivity lay between them. In addition, we found the sensitivity of the anti-N ECLIA similar than stated by the manufacturer (7–13 days post PCR confirmation 85.3%; ≥14 days 99.5%) (15), whereas for the anti-S ECLIA we observed a slightly higher sensitivity (7–13 days post PCR confirmation 85.5%; 14–20 days 89.2%) (16) with our sample cohort (13.8 days post PCR confirmation).

The in-house IgG ELISA also performed nearly as well as both ECLIAs. In contrast to many in-house and commercially available ELISAs (3, 21), we did not use recombinant S or N antigens but full virus, harvested from virus culture supernatant and inactivated by UV light. This option for producing SARS-CoV-2 antigen allows laboratories without the ability to produce or purchase recombinant antigens the set-up of a suitable ELISA if they have the capacity to handle live SARS-CoV-2 or can obtained inactivated virus from a reference laboratory. Interestingly, we found anti-SARS-CoV-2 IgG antibodies in 8% of seronegative study participants and in 25% of early seropositive individuals using the in-house IgG ELISA. This reactivity could be either due to cross-reactivity from previous hCoV infection(s) (22) or because the whole virus presents additional antigenic SARS-CoV-2 proteins that might be targeted preferentially earlier in the immune response (envelope protein E, membrane protein M) (23, 24).

Besides of their comparable performance to the commercial immunoassays, both in-house IgG ELISA and PRNT were developed rapidly, within 3 weeks after isolation of the first Wuhan-like SARS-CoV-2. Despite being located in a Least Developed Country (LDC), our laboratory has a broad serological routine testing capacity, and we were able to set-up these assays independently of the delivery of SARS-CoV-2-specific reagents like recombinant antigens or virus-specific antibodies. The sole isolation, and production of the virus was enough for the implementation of these methods. However, as SARS-CoV-2 has to be handled in vitro under biosafety level 3 (BSL3) conditions, the existence of such a facility is an irrevocable necessity. Neglecting the costs and difficulties of running a BSL3 laboratory, especially in an LDC, and global variability in staff costs, these assays are relatively inexpensive compared to the commercial platform immunoassays (Table 3). Furthermore, isolation of virus allows for in-house standardization of the serological results. In general, establishment of universal standard references lags far behind the rapid development of serological in-house methods. Indeed, the NIBSC references used in this study were a first attempt at standardization. Equal references are available now by the US National Cancer Institute (NCI) Serological Sciences Network (SeroNet) and the WHO standard 20/136 (replacing the here used NIBSC standard 20/130) (25). Due to the delay in establishing the WHO standard and sample availability in our cohort we were not able to evaluate our in-house assays with the new WHO standard. Further work in our lab and others will utilize these new standards for unified and comparable reporting of the measured antibody response, e.g., in the arbitrary unit of binding antibody units (BAU)/mL, and should be made readily available to laboratories around the world.

In addition to the in-house assays and commercial ECLIAs, utilization and comparison of the flow cytometry based assay allowed the separate detection of IgM and IgG antibodies binding to S-expressing cells, which enables generally the discrimination between recent viral infection (IgM positive/IgG negative) and past infections (IgM positive/IgG positive or IgM negative/IgG positive). However, in the case of SARS-CoV-2, the utility of IgM testing remains dubious due to the reporting of nearly simultaneous IgM and IgG response (26–28). Indeed, our PRNT shows a neutralization capacity in 75% of solely IgM positive study participants (early seropositive), suggesting neutralizing capacity of IgM antibodies toward SARS-CoV-2, similar to what has been observed with purified IgM from convalescent COVID-19 patients (29).

Further, comparison the multiplex microsphere-based assay (MIA) enabled thedetection of potentially cross-reactivity between SARS-CoV-1 and−2 anti-N anti-N antibodies. In contrast, the sera of SARS-CoV-2 infected patients showed no significant anti-S cross-reactivity toward the other highly pathogen betacoronaviruses SARS-CoV-1 and MERS-CoV. MIA showed cross reactivity of antibodies from SARS-CoV-2-infected individuals to the spike protein of another human beta-coronavirus, hCoV HKU1, which cannot be concluded from current in-house or commercial assays. Cross-reactivity among beta-coronaviruses were reported previously (22). Due to antigenic similarities among these beta-coronaviruses, a SARS-CoV-2 infection results in the production of cross-reactive SARS-CoV-2 antibodies as well as to an upregulation of cross-reactive hCoV antibodies (30). As previous infection with hCoVs in our cohort cannot be determined, this finding could be associated with former exposure to HKU1, or other confounding factors. However, similar results were observed in children with COVID-19 where hCoV-HKU1 S-binding antibodies strongly correlated with SARS-CoV-2 antibodies (31).

While showing good performance of in-house assays against commercial test, this study does have several limitations. Our assessment of serological assay performance relies on asymptomatic and mild SARS-CoV-2 infected patients. For the latter, we were able to determine the period between serum sampling and PCR confirmation, but time since onset of symptoms. Further, another limitation was that we had no access to pre-pandemic samples for the purpose of the study, and the opportunistic sampling revealed only a very limited number of SARS-CoV-2-negative individuals that we could include in our study. In addition, the cohort is skewed toward an over-representation of males (88.4%). Furthermore, the comparison of serological assays that differ not only greatly in their applied antigen(s) but also the antibody class they determine, should be taken cautiously, especially as we determined not only binding antibodies abut also functional neutralizing antibodies, and the used antigens derived from different virus strains and were used in various formulations.

In terms of other assay limitations, MIA results were influenced by the amount of antibodies bound to microsphere, as different amounts of the same hCoV 229E antigen used for the coating of the microspheres lead to contrary results. More antigen used for the coating did not only resulted in overall higher relative MFI signals but also a specific response observed for the SARS-CoV-2 infected patients. With the low antigen amount, all study participants (including the SARS-CoV-2 negative ones) showed similar binding capacities, which is not surprising as a certain prevalence is expected for this seasonal hCoV (22, 30). Additionally, the tag of the antigen also influenced the reactivity to potential binding antibodies, as we identified more individuals with SARS-CoV-2 S1 –binding antibodies with the His-tagged antigen than with the SHFc-tagged antigen (Supplementary Figures 2C,D). The observed reactivity could be due to a reaction to the histidine-tag rather than to the SARS-CoV-2 antigen itself, as some pathogens like Plasmodium falciparum (32) have histidine-rich epitopes and therefore former infections might have led to anti-histidine antibodies in these individuals.

Overall, our results demonstrate that in-house serological assays, when developed, calibrated, and evaluated correctly, perform nearly as well as commercial assays. This confirmation is critical for early introduction, outbreak control, and tracing efforts, as these assays can be developed and deployed very quickly following initial virus isolation and without the necessity of purchasing virus-specific reagents. Therefore, in-house, tailored diagnostic solutions are a viable and advantageous solution, especially in resource-limited countries experienced laboratories. These alternatives are especially critical when commercial assays are not available due to global development or supply issues, or when a sophisticated, expensive automation system, such as the Roche Cobas, is lacking. Additionally, these assays can quickly be adapted for new variants or new viruses, greatly increasing diagnostic capacity ahead of commercial development. Hence, in-house serological assays can serve as key factors in seroprevalence investigations and guiding public health measures.
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Objective: Epidemiological characteristics of COVID-19 outbreak in Yangzhou city caused by the highly contagious Delta variant strain of SARS-CoV-2 virus were investigated in this retrospective descriptive study to provide prevention and control guidelines for outbreaks in the future.

Methods: All the epidemiological data used in this study were collected manually from the official website of the Yangzhou Municipal Health Committee from 28 July to 26 August 2021, and then were analyzed systematically and statistically in this study.

Results: A total of 570 COVID-19 cases were reported during the short-term outbreak in Yangzhou City. The ages of infected individuals ranged from 1 to 90 years with the average age at 49.47 ± 22.69 years. As for gender distributions, the ratio of male- to-female patients was 1:1.36 (242:328). Geographic analysis showed that 377 patients (66.1%) were in Hanjiang District while 188 patients (33.0%) were in Guangling District. Clinical diagnosis showed that 175 people (30.7%) had mild symptoms, 385 people were in moderate conditions (67.5%), and 10 people were in severe situations (1.8%). Significant age differences were found among the three groups (P < 0.001). However, no significant difference was identified in terms of gender ratio (P > 0.05). Based on the transmission chain formed by 6 generations of infected persons with a clear transmission relationship, the age showed a gradually decreasing trend, while the median time of diagnosis in 2 adjacent generations was 3 days. In addition, the estimated basic reproduction number R0 of the Delta variant was 3.3651 by the classical Susceptible, Infectious, and/or Recovered (SIR) model.

Conclusion: The Delta variant of SARS-CoV-2 was highly infectious and has obvious clustering characteristics during the Yangzhou outbreak in China.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been widely spread worldwide since the end of 2019 (Poon and Peiris, 2020), resulting in a serious impact on human health and global economy. As of now, according to the Coronavirus Resource Center at Johns Hopkins University & Medicine,1 the number of confirmed COVID-19 patients worldwide has exceeded 488 million and the death toll has exceeded 6.14 million, and the administration of vaccine doses have exceeded 10.88 billion (World Health Organization, 2020). With the accelerating mutation rates of the SARS-CoV-2 virus, new variant strains, such as α, β, γ, δ, and ε, are constantly emerging (Boehm et al., 2021; Giovanetti et al., 2021), not even mentioning the recently emerged highly contagious Omicron strain. The spread and pathogenicity of these mutant strains in the population showed an increasing trend (Janik et al., 2021; Plante et al., 2021; Yi and Wenhong, 2021), leading to the continued spread of COVID-19 worldwide. Therefore, the current international epidemic situation is still complex and severe. As for the worldwide model of COVID-19 prevention and control due to the low infection and death rates, the experience from China has high values of practical guidance. With the efforts of medical staff to actively participate in epidemic control, the epidemic situation of COVID-19 has been effectively controlled. However, due to the uncertainties of SARS-CoV-2 transmission, epidemic still occurs sporadically in local areas. In the face of the increasingly severe epidemic situation abroad and the great import pressure of confirmed cases from foreign countries, there have been short-term and small-scale COVID-19 outbreaks in China recently. Since 28 July 2021, the outbreak of COVID-19 in Yangzhou has been caused by related cases in the Nanjing Lukou International Airport. After nearly a month of hard work, the epidemic was effectively controlled. According to the epidemiological data reported by the Yangzhou Health Commission,2 the situation of the epidemic situation was preliminarily analyzed and reported in this study.



MATERIALS AND METHODS


Data Collection

All the data Son COVID-19 in Yangzhou came from the epidemic report issued on the public official website of the Yangzhou Commission of Health and were released by the Yangzhou Municipal Government’s Press from 28 July to 26 August 2021, all of which were deidentified and available publicly. Information, such as personnel number, age, sex, address, diagnosis, date of diagnosis, and close contacts of each confirmed case, was collected from the public website. Therefore, no informed consent forms and ethics approval were needed for this study.



Analysis of Epidemic Characteristics

All the COVID-19 cases were collected and constructed into a formatted dataset. A descriptive epidemiological method was adopted to analyze the time, place, and population characteristics of COVID-19 in Yangzhou from 28 July to 26 August 2021.



Preliminary Discussion on Factors Affecting Disease Classification in COVID-19

There were three types of infections for the disease, that is, mild, common, and severe, based on the Diagnosis and Treatment Protocol for the COVID-19 patients jointly released by the National Health Commission of the People’s Republic of China and the National Administration of Traditional Chinese Medicine (Trial Version Eight; National Health Commission, 2022). In this study, all the patients were divided into three groups according to disease types that was confirmed by the Yangzhou Municipal Government via their daily-released public report, which were then compared through differences in genders, ages, and addresses.



Analysis of the Spread of COVID-19 in the Population

We sorted out the transmission chains of all confirmed cases during Yangzhou Outbreak according to the information in the epidemic notification updated daily by the Yangzhou Municipal Government. The confirmed cases from Jiangning District in Nanjing (the Capital City of Jiangsu Province that was adjacent to Yangzhou) were designated as the 0th generation of infected persons, while the confirmed cases in close contact with the 0th generation of infected persons were recorded as the 1st generation of infected persons, and so on and so forth. The number and basic information of infected persons in each generation were enumerated and recorded, leading to the formation of a complete and clear transmission chain.



Mathematical Model of the Spread of COVID-19

The classic Susceptible, Infectious, and/or Removed (SIR) epidemic model for infectious diseases proposed by Kermack and McKendrick (1927) was used to mathematically model the current round of COVID-19 transmission chain in Yangzhou in this study. In the SIR model, S, I, and R correspond to the numbers of susceptible, infected, and removed people, respectively. The rules for the dynamic changes in the numbers of the three groups of people over time could be expressed by the following ordinary differential Equations 1–3:

[image: image]

[image: image]

[image: image]

where N indicates the total number of people, and β is the infection rate of susceptible people in contact with infected persons, and γ is the average recovery rate of the infected population, which is a fixed value that depends on the average duration of infection.

Then, we made determinations of the main parameters in the equations. The initial values of S, I, and R were set to 1, N - 1, and 0, respectively, where N was the total population of Yangzhou City. γ was the recovery rate. The recovery period of the COVID-19 epidemic was about 30 days, so γ was set to be 1/30. To facilitate the identifications of parameters, we then made a simplification of the above SIR model. Since the number of patients in the early stage of transmission was small, it was approximated that all people were susceptible people, that is, S≈N. Thus, Equation 2 was re-formulated as Equation 4 here:
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Through Equation 4, it was convenient to know that the general solution of the differential equation was:
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where C was a constant. C was equal to 1 since I(t = 0) = 1. Thus, Equation 5 could be written as:
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Therefore, the following parameter identification problem could be constructed:

Decision variable: infection rate β

Objective function: [image: image]

where [image: image] was the actual number of patients (real-world data) and t was the time set in a day. Our model could be hypothesized as follows: a sick person was in close contact with 5 people every day and the recovery rate γ = 1/30 and N≈S in the early stage of the epidemic. The infection rate of COVID-19 could be obtained by solving the aforementioned optimization problem.

The infection rate could be written as β = nContact × infecProb, where nContact was the number of uninfected people that infected people came into contact with each day, and infecProb was the infection probability. The basic reproduction number of COVID-19 could be estimated based on the following Equation 8:

[image: image]



Statistical Analysis

The software SPSS 20.0 was used for the statistical analysis. [image: image] ± s was applied to describe the measurement data, where [image: image] indicated the mean and s indicated standard variance. Frequency and composition were used to compare the counting data. In the analysis of influencing factors of disease typing, the non-parametric test was applied if the measurement data did not meet the homogeneity of variance, and count data were tested using the χ2 test or Fisher’s test.




RESULTS


General Information

Yangzhou is located in the middle of Jiangsu Province, and its southwest border is adjacent to Nanjing as shown in Figure 1. From 28 July to 26 August 2021, Yangzhou had reported 570 confirmed cases, including 242 men (42.5%) and 328 women (57.5%) with an average age of 49.47 ± 22.69 years. After grouping by age, there were 77 (13.51%) within 0–18 years old, 122 (21.40%) within 19–40 years old, 145 (25.44%) in 41–60 years old, and 226 (39.65%) over 61 years old, of which the elderly over 61 years old accounted for the most. The geographic distribution of confirmed cases in Yangzhou based on their addresses was as following: 188 people (33.0%) in Guangling district, 377 people (66.1%) in Hanjiang District, and 5 people (0.9%) in Jiangdu district, of which the number of confirmed cases in Hanjiang District accounts for more than half of the total confirmed cases. According to the COVID-19 guideline (National Health Commission, 2022), the confirmed cases consisted of 175 (30.7%) in mild type, 385 (67.5%) in common type, and 10 (1.8%) in severe type. Thus, the common type had the largest ratio of confirmed cases.
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FIGURE 1. Schematic illustration of the Yangzhou City geography and the corresponding distribution of confirmed cases in different districts of Yangzhou City. A total of six districts in Yangzhou City were present with confirmed COVID-19 cases, which were Baoying (N = 0), Gaoyou (N = 0), Yizheng (N = 0), Hanjiang (N = 377), Guangling (N = 188), and Jiangdu (N = 5).


The time distribution of the number of confirmed patients per day was further investigated, which was sorted according to the date of diagnosis in the daily report by the Yangzhou Municipal Government. In particular, the time of diagnosis was mainly from 28 July to 26 August, with the peak period from 1 to 14 August. The number of confirmed patients showed an obvious upward trend, peaked, and then fluctuated down. The largest daily confirmed number appeared in 5 August. In terms of age composition for the confirmed cases per day, the proportion of people over 61 years old group was significantly higher than that in other age groups in the early stage of the epidemic (before 8 August 2021), then gradually decreased until the epidemic was over. The changing pattern of the COVID-19 patients was visualized in details in Figure 2.


[image: image]

FIGURE 2. Quantitative visualization of the daily diagnostic number of COVID-19 in Yangzhou, China. The compositions of confirmed cases in different age groups were characterized by cumulative bars in different colors. Green bar: < 19 years old. Blue bar: between 19 and 40 years old. Yellow bar: between 41 and 60 years old. Red bar: > 60 years old.




Preliminary Study on Influential Factors of COVID-19 Disease Classification

The differences in age distribution, gender distribution, and regional distribution in the three groups of the mild type, common type, and severe type of confirmed the COVID-19 cases were analyzed by statistical methods. The results were shown in Table 1. Since the age data of the three groups did not meet the homogeneity of variance, the non-parametric test was used for the analysis of the age difference. The average age rank of the mild group was smaller, while the average age rank of the severe group was larger. The results showed that the age of the mild group was lower while the age of the severe group was higher (H = 3.177,P < 0.001). There was no significant difference in gender composition among the three groups by the chi-squared test (χ2 = 3.177,P = 0.204). The statistical results showed that the gender composition of patients with mild, common, and severe COVID-19 was similar in the three groups. In terms of regional distribution, the number of patients in Jiangdu district was significantly less than that in Hanjiang District and Guangling district. Statistical analysis by the Fisher’s exact probability method showed that the composition of the three groups was different (P value = 0.029). Therefore, of all the patients in Yangzhou, common and severe cases were mainly distributed in the Hanjiang District.


TABLE 1. Differences in age, gender, and regional distribution of the confirmed COVID-19 patients with different disease types.
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Analysis of the Spread of COVID-19 in Population

According to the reported contact relationship in the epidemic notification, a complete and clear COVID-19 transmission chain was sorted out, with a total of 198 infected patients in 6 generations. The number of confirmed patients, average age, gender composition, address distribution, disease classification, and median date of diagnosis of each generation were shown in Table 2. Among the 6 generations of confirmed patients with clear infectious relationships, the age tended to decrease gradually. The median diagnosis time between the adjacent 2 generations was around 1–5 days, and the median time was 3 days.


TABLE 2. Basic information of communication chain formed by six generations of confirmed patients.

[image: Table 2]


The Mathematical Model of COVID-19 Communication

Through SIR model, we calculated the identification result as infecProb = 0.02243 and infection rate as β = 0.11217. The basic reproduction number of COVID-19 was estimated to be R0 = 3.3651. The results showed that a person infected with COVID-19 would transmit the disease to 3.37 susceptible persons on average during the Yangzhou epidemic. Figure 3 showed the numerical change curve of SIR model for the Yangzhou epidemic.
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FIGURE 3. Simulation of the numerical change curve through SIR model for the Yangzhou epidemic. Yellow line: number of infected persons. Green line: number of recovery persons.





DISCUSSION

The first confirmed COVID-19 case was reported in Yangzhou on 28 July 2021 and the epidemic was effectively controlled on 26 August 2021. Thus, the newly emerging COVID-19 outbreak in Yangzhou lasted for less than a month before completely and timely control of the situation. Center for Disease Control and Prevention of Jiangsu province confirmed that the virus strain circulating in Yangzhou was Delta B.1.617.2 variant (Yangzhou Municipal People’s Government, 2021; Hu et al., 2022). SARS-CoV-2 of Delta type initially emerged in India in October 2020 (Cascella et al., 2022) and was one of the five variants of concerns (VOCs) by the WHO. So far, the Delta strain has caused epidemics in many countries and regions around the world. Mutations in the Delta-type virus strain can lead to an increased affinity between the spinous process protein and the ACE 2 receptor, thereby enhancing viral adhesion and subsequent entry into host cells (Cascella et al., 2022). COVID-19 caused by this strain is characterized by high viral load, rapid replication in vivo, rapid transmission, strong infectivity, and high virulence, which leads to shortened incubation period of the disease (Du et al., 2021; Hu et al., 2022), certain immune escape ability of the virus (Mlcochova et al., 2021), and higher hospitalization rate of the infected (Callaway, 2021). As a result, the main urban area of Yangzhou broke out with COVID-19 in a short period of time.

Nevertheless, the clinical symptoms of patients infected with the Delta variant strain appeared to be less severe than those of the wild-type strain. Hu et al. compared the inpatients during the epidemic in Yangzhou with those during the epidemic in Wuhan in 2020, and found no difference in gender, age, and the prevalence of underlying diseases, such as hypertension, diabetes, and cardiovascular disease, between the two groups (Hu et al., 2022). The study found that patients infected with the Delta variant SARS-CoV-2 had a significantly lower frequency of major clinical symptoms, such as cough and fever than those infected with the wild-type strain. However, a new symptom of sore throat was found in patients infected with the Delta variant (Hu et al., 2022). Epidemiological survey information showed that among the confirmed cases of the epidemic in Yangzhou, there were more elderly people older than 61 years, and the 10 severe patients were all over 70 years. In the early stage of the epidemic, the characteristics of site aggregation infection were obvious. There were a large number of elderly patients who were infected and had not formed effective immune protection, resulting in some severe cases among infected people. From April to July, the Center for Disease Control and Prevention (CDC) conducted an epidemiological survey of more than 600,000 COVID-19 cases in the United States mainland, the result of which showed that 569,142 cases (92%) had not completed all vaccination procedures and 46,312 cases (8%) had completed all vaccination procedures; among those hospitalized with COVID-1,9 34,972 (92%) unvaccinated and 2,976 (8%) vaccinated were completed; among people who died from COVID-19, 6,132 (91%) were unvaccinated and 616 (9%) were vaccinated (Scobie et al., 2021). As a result, the risk of contracting COVID-19 was about 10 times higher for people who had not completed the full vaccination process. Therefore, vaccination was an effective means of preventing COVID-19 infection and reducing hospitalizations and mortality.

Previous studies had shown that the median incubation period of COVID-19 was about 5.1 days (95% CI, 4.5–5.8 days; Lauer et al., 2020), and transmission could occur during the incubation period (Liu et al., 2020; Yu et al., 2020). Most patients developed symptoms within 11.5 days after infection (Lauer et al., 2020). The difference was that the mean incubation period of the Delta strain of COVID-19 was only 4.4 days (Zhang et al., 2021), and the mean interval between generations was 2.9 days. By comparing the median diagnosis time of 6 generations of infected persons in Yangzhou, it was found that the median diagnosis time of 2 adjacent generations was only 3 days. The passage interval of the disease was significantly shortened and the virus was spread much faster. In the terms of human transmission, the epidemic was mainly among the elderly at the beginning and gradually spread to the general population. As can be seen from Table 1, in the early stage of the epidemic, the daily number of confirmed cases and the relative proportion of elderly people aged over 61 were significantly higher than those of other age groups, and gradually decreased after 8 August. For other age groups, the daily number of confirmed cases increased significantly after 4 August, and the overall number also showed a trend of first increment and then decrement. In addition, there was an overall decrease in the age of each generation in the transmission chain consisting of six generations of the confirmed patients with clear contacts.

The basic reproduction number is an important indicator to measure the infectiousness of an infectious disease. Using the SIR transmission model of infectious diseases, combined with the data reported in the Yangzhou outbreak, the R0 of Delta variant of SARS-CoV-2 in this outbreak was calculated as 3.3651. The results indicated that one person infected with COVID-19 in the Yangzhou outbreak would transmit the disease to an average of 3.37 susceptible persons. Wang et al. (2020) evaluated the basic reproductive number of COVID-19 in China and obtained R0 was equal to 3.49 with 95% CI at 3.42–3.58. Yu et al. (2020) analyzed cluster outbreaks caused by Delta mutant strains in Guangdong Province and calculated that R0 was about 3.2, significantly higher than that of wild strains. Liu et al. (2021), based on model studies, found that the R0 of the Delta variant strain was about 6 in the absence of ideal transmission of any intervention. A study from the United Kingdom on the transmissibility of the Delta mutant strain estimated R0 to be about 7 (Burki, 2021). These results suggest that the transmissibility of the Delta variant is significantly higher than that of the Alpha variant.

Until now, China has experienced several local, short, small-scale COVID-19 outbreaks. However, with the intervention of the government’s effective epidemic prevention policy, the big data method has been used to quickly lock and isolate the infected and close contacts. The government also carried out large-scale nucleic acid screenings as soon and as often as possible (Li et al., 2021), strengthened the control of epidemic-affected communities, and enhanced public health measures at the community level (Li and Gao, 2020). Early detection, early reporting, early isolation, and early treatment of infected persons also contributed to the quickly control of and shorten the duration of the epidemic. As a result, the epidemic in all regions of China has been brought under control quickly and efficiently, which made the infected cases rarely spread to other areas. However, there were also some limitations to the study. At first, the data were all from the epidemic notification issued by the Health Commission of Yangzhou and the Yangzhou Municipal Government, which could only represent the infected population in Yangzhou. Second, the amount of collected information was relatively small, so the research on diseases was not comprehensive and detailed enough. Taking disease typing as an example, the ten severe cases sorted out in this study were diagnosed by the doctors initially without considering the development and outcome of later diseases. Thus, a part of the confirmed patients who turned into severe cases in the treatment process was not included, which might be inconsistent with the total number of severe patients sorted out after the epidemic. Therefore, to increase the accuracy and reliability of research results, subsequent studies were definitely needed to include data from multiple regions for an integrative analysis.



CONCLUSION

In this study, we thoroughly sorted out the transmission chains of all confirmed cases in Yangzhou, which was currently the only complete epidemiological analysis of the COVID-19 outbreak in Yangzhou. The Delta variant of SARS-CoV-2 in the Yangzhou outbreak was also highly contagious as expected. There were a large number of COVID-19 infected patients in the age group greater than 61 years old, and the main type of the disease was classified as common with a certain number of severe cases. The interval time between the diagnosis of two generations of patients was significantly shortened, and the spreading rate of the virus was increased. Therefore, the experience of the epidemic situation in Yangzhou was that, by executing scientific and accurate prevention and control strategies, carrying out large-scale nucleic acid screening and community control as soon as possible, and by isolating and treating infected persons, can the epidemic situation be quickly contained with less casualties at a municipal level, which could also provide references for better control and prevention of the COVID-19 outbreak in other regions.
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The emergence of several novel SARS-CoV-2 variants regarded as variants of concern (VOCs) has exacerbated pathogenic and immunologic prominences, as well as reduced diagnostic sensitivity due to phenotype modification-capable mutations. Furthermore, latent and more virulent strains that have arisen as a result of unique mutations with increased evolutionary potential represent a threat to vaccine effectiveness in terms of incoming and existing variants. As a result, resisting natural immunity, which leads to higher reinfection rates, and avoiding vaccination-induced immunization, which leads to a lack of vaccine effectiveness, has become a crucial problem for public health around the world. This study attempts to review the genomic variation and pandemic impact of emerging variations of concern based on clinical characteristics management and immunization effectiveness. The goal of this study is to gain a better understanding of the link between genome level polymorphism, clinical symptom manifestation, and current vaccination in the instance of VOCs.
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HIGHLIGHTS

- SARS-CoV-2 has evolved many variants as a result of genome-level mutations, worsening the current pandemic situation.

- SARS-CoV-2 variants increase transmissibility, viral virulence, and reduce diagnostic sensitivity.

- The vaccine's efficacy has been brought into question due to the emergence of variants containing a new mutation.

- Vaccine effectiveness and clinical management vary among variants.

- Natural immunity hedging and vaccine-induced immunization evasion have become major public health concerns.



SARS-COV-2 GENOME AND MUTATIONS

The largest (amid 26 kb and 32 kb) single-stranded positive-sense RNA genome of SARS-CoV-2 shows low genome stability, with about 1,516 nucleotide-level variations in genome-wide annotations and over 9.8 × 10−4 substitutions/site yearly (1–4). The genome or viral transcript of SARS-CoV-2 contains two open reading frames (ORFs) expressing non-structural proteins (NSPs) and four genes encoding structural proteins, namely N (nucleocapsid), M (membrane), E (envelop), and S (spike). ORF1a encodes 11 non-structural proteins (NSP1–11), whereas ORF1b encodes five non-structural proteins (NSP12–16), and ORF8, ORF7b, ORF7a, ORF6, and ORF3a genes encode six accessory proteins, the non-structural proteins being primarily functional proteins (enzymes) that act as a prerequisite for viral replication in tandem with methylation to provoke host responses during infection (5–11).

The viral transcript is notable for a large number of recurrent mutations (>15 occurrences) in the Orf1ab region, namely in three sites (Nsp6, Nsp11, and Nsp13 encoding sites) and one in the spike (S) protein (4, 5, 12, 13). In comparison to the original viral genome, a variant is a virus strain with a considerable phenotypic alteration that exhibits unusual characteristics in terms of virulence, transmissibility, and antigenicity (10, 14). It results from either a complicated combinatorial aberration or an abnormal mutation caused by the combination of three factors, including viral replication errors, recombination between two different viral lineages during coinfection, and the stimulation of host RNA-editing mechanisms. Furthermore, each genetic mutation is incapable of causing significant changes in the essential protein for viral replication and infectivity modification (3, 4, 15–18). The Global Initiative for Sharing Avian Influenza Data (GISAID) managed the global SARS-CoV-2 sequence database by submitting over 1.4 million sequences by May 2021, with a total of 3,913 major representative variants genomes being identified. Additionally, variants of concern (VOCs), which include the Alpha (B.1.1.7 and Q lineages) variant, Beta (B.1.351+B.1.351.2+B.1.351.3) variant, Gamma (P.1 and descendent lineages) variant, Delta (B.1.617.1, B.1.617.2 and AY lineages) variant, the and Omicron (B.1.1529 and BA lineages) variant, predominately emerge from the mutation of the spike gene, where ORF1a region of the genome operates as a pre-eminent NSP mutations site (https://www.gisaid.org/hcov19-variants/). There are two VOIs abbreviated as variants of interest: Lambda (C.37+ C.37.1) and Mu (B.1.621+B.1.621.1), as well as one variant under monitor or VUM, which includes an unidentified (B.1.640 and descendent lineages) variant. However, according to CDC, only omicron and delta variants are considered as the VOCs whereas Alpha, Beta, Gamma, and Mu in conjunction with Eta (B.1.525) variant, Lota (B.1.526) variant, Kappa (B.1.617.1) variant, Epsilon (B.1.427 and B.1.429) variant, Zeta (P.2), and an unknown (B.1.617.3) variant are listed as variants being monitored or VBM (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html). Of these, kappa is the most recent significant variant evolved from the second COVID-19 wave. (https://www.axios.com/variants-tracker). Our primary emphasis will be the VOCs, VOIs, VUM, or VBMs that play significant roles in SARS-CoV-2-related public health issues (Table 1).


Table 1. History and major characteristics of SARS-CoV-2 variants.
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SPIKE MUTATIONS

The homo-trimeric spike protein (S) of SARS-CoV-2 is similar to an obligatory protein that conducts viral entry for virus attachment during infection by recognizing receptors [angiotensin-converting enzyme (ACE2)] in conjunction with cell membrane fusion form. The spike protein is divided into two subunits: S1 subunit comprises the receptor-binding domain (RBD), which can bind to the PD (peptidase domain) of ACE2, and S2 subunit conducts cell membrane fusion via the explicit two-heptad repeat region using the six-helical bundle generation (9, 30–33). The RBD's most important operative motif, known as the receptor-binding motif (RBM; Figure 1) evolves the interface between hACE2 and the S protein while maintaining RBD structural stability. As a result, the S1 subunit, which is considered a mutation hotspot with significant clinical relevance, including host immune evasion, transmissibility, and virulence, provides a common key for antibody (Ab) neutralization, as well as future cross-reactive antibody recognition (34–37). The Alpha variant identified in the UK in September 2020 has numerous spike glycoprotein alterations, including K1191N, D1118H, S982A, T716I, P681H, D614G, A570D, N501Y, S494P, E484K, 144del, 70del, 69del, T478I, F490S, E484Q, T478K, T478A, S477N, L455F, Y449S, Y449H, and K417T (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html); (https://www.gisaid.org/hcov19-mutation-dashboard/).
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FIGURE 1. Functional subunits of the spike glycoprotein (S) of SARS-CoV-2.


The N501Y mutation of the alpha variant denotes the substitution of asparagine (N) for tyrosine (Y) at amino acid residue 501; similarly, K417N mutations denote the substitution of lysine (K) for asparagine (N) at amino acid residue 417. However, an Alpha (B.1.1.7) descending evolving variation occupies the E484K mutation, which results in the glutamic acid E being replaced by lysine K at the 484 residues. The Beta variation has the E484K mutation, but the Gamma variant has the K417T mutation in tandem with the E484K mutation, indicating that Beta has numerous substitutions in combination with N501Y, as discovered in South Africa in October 2020 and Brazil/Japan in December 2020 (https://www.gisaid.org/hcov19-variants/). Spike protein substitutions such as A701V, D614G, N501Y, E484K, K417N, 243del, 242del, 241del, D215G, and D80A are provided by the Beta variants, whereas the Gamma variants provide T1027I, H655Y, D614G, N501Y, E484K, K417T, R190S, D138Y, P26S, T20N, and L18F spike protein substitutions (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html). Delta and Kappa variants, which were first identified in India in December 2020 and are notable as recent influential variants with constant mutations, include E484Q, which refers to the substitution of E (glutamic acid) by Q (glutamine) at the 484 residues, and L452R, which refers to the substitution of L (leucine) by R (arginine) at the 452 residues (https://www.gisaid.org/hcov19-variants/). Additionally, The Delta variant occupies diverse spike glycoprotein substitutions including D950N, P681R, D614G, T478K, L452R, K417N, W258L, A222V, R158G, G142D, T95I, V70F, T19R, G504D, V503F, N501Y, N501T, P499L, S494P, S494L, Q493E, Q493L, F490W, F490L, Y489L, N487T, F486Y, E484Q, E484K, S477C, S477N, S477I, A475T, K458N, L455F, G446V, V445I, and K417T (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html); (https://www.gisaid.org/hcov19-mutation-dashboard/). The T478K mutation, which refers to the substitution of T (threonine) for K (lysine) at amino acid position 478, is a strange Delta variant mutation.

In addition, numerous spike protein substitutions are notable concerning the Eta (F888L, Q677H, D614G, E484K, 144del, 70del, 69del, and A67V), Lota (Q957R, D950H, T859N, A701V, D614G, E484K, S477N, L452R, D253G, F157S, T95I, D80G, and L5F), and Kappa (Q1071H, T95I, P681R, D614G, E484Q, L452R, E154K, and G142D) variants according to the CDC (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html). T76I, L452Q, G75V, F490S, D614G, and T859N substitution for the lambda (C.37) variant (37) and S13I, W152C, D614G, and L452R substitution for the epsilon (B.1.427/B.1.429) variant were recognized in the spike gene titled S gene (https://covdb.stanford.edu/page/mutation-viewer/#sec_epsilon). The recent variant named “Omicron” first identified in South Africa has several spike protein substitutions such as del142-144, Y145D, del211, A67V, del69-70, T95I, L212I, ins214EPE, G339D, K417N, N440K, G446S, S371L, S373P, S375F, S477N, T478K, E484A, Q493R, Y505H, T547K, D614G, G496S, Q498R, N501Y, H655Y, N679K, P681H, Q954H, N969K, L981F, N764K, D796Y, and N856K. The omicron mutation N501Y is identical to the mutations mentioned in alpha, beta, gamma, and delta variants. K417N mimics the substitution of alpha and beta variants that differ from gamma and delta variants, and it has the T478K strange delta variant substitution in tandem with E484A substitution that is not observed in any of the above-mentioned-variants, and notable D614G substitution is also present. (https://www.gisaid.org/hcov19-variants/);(https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html). However, on 26 November 2021, the World Health Organization (WHO) designated this “Omicron (B.1.1.529)” as a Variant of Concern due to its high transmissibility and danger of immunological deficiency (38). Table 1 shows the most common spike mutations for SARS-CoV-2 variants.

However, the alterations in the S1 subunit result in a significant increase in S RBD binding affinity for the ACE2 receptor, as well as a decreased affinity for antibody (Ab) neutralization. For example, the B.1 lineage of Beta variants with the D614G mutation in the spike protein shows a 4.3-fold antibody reduction and a 3.5-fold antibody neutralization rebate on average. However, a new Beta variation (501Y.V2), capable of reinfection in COVID-19 convalescent patients, resides in the E484K spike protein mutation, demonstrating the ability to evade first-wave anti-SARS-CoV-2 neutralizing antibodies.

Furthermore, the presence of E484K or N501Y mutations in the S1 subunits causes greater virulence and transmissibility, as well as a higher fatality rate and morbidity (39–42). The indicated D614G mutation at non-RBD sites alters the spike protein structure, leading to monoclonal antibody neutralization and increased SARS-CoV-2 replication via virion infectivity enhancement is notable as a prominent spreading mutation extant in more than 99% prevalent variants. Despite not being capable of boosting binding affinity for ACE2 or neutralization sensitivity, the D614G improves infectivity by increasing the amount of functional S protein, as well as improved spike density due to S1 shedding escape and spike integrity shielding. As a result, the presence of the D614G mutation is associated with more agile transmission in vivo and increased replication during an in vitro investigation (43–47). The L452R mutation, which was discovered in the spike RBM of SARS-CoV-2, allows the virus to escape HLA-A24-restricted cellular immunity, resulting in increased fusogenicity and viral infectivity, as well as increased viral replication (48). Recurrent deletion areas (RDRs) encompassing (90%) four separate regions in the NTD show an Ab-recognizing neutralization domain with increasing deletions remaining in the S1 subunit (N-terminus). Deletions occurring in RDRs is notable in maximum in Alpha-originated variants (e.g., S: ΔHV 69–70, S: ΔY144 in ΔRDR1, and ΔRDR2 respectively), in tandem with Beta-stemmed variants (e.g., S: ΔLAL 242–244, ΔRDR4) and B.1.36 (e.g., S: ΔI210, ΔRDR3), which ends in the resistance for antibody neutralization, wiped epitopes, support in host's immune evasion together with vaccines, or Abs neutralizing declination (10, 49). Furthermore, the top 10 RBD region mutations comprise S494P, T478K, E484K, N501Y, K417N, L452R, K417T, N439K, F490S, and S477N substitutions, observed in 2385, 83587, 19505, 96499, 1129, 83717, 8646, 1930, 499, and 6102 SARs-CoV-2 isolated sequence among 298,376 sample sequences, respectively. Notably, the most prevailing mutations N501Y were detected majorly in the Unites States during April 2021, while L452R and T478K were identified in the United Kingdom during June 2021 (https://www.cbrc.kaust.edu.sa/covmt/index.php?p=top-rbd-variants-heatmap).

Among the rapidly disseminating arising variants that include alpha, beta, gamma, delta, kappa, eta, lota, epsilon, lambda, mu, and omicron variants, the most well-known D614G mutation (44, 46, 50) provides a reasonable benefit in terms of infectivity (47, 51, 52) and improves transmissibility (53), implying a higher fatality and infectivity rate (54–56). Similarly, the N501Y alteration observed in alpha, beta, gamma, delta, and omicron imparts better ACE2 binding, demonstrating (57–59) the massive increase in ACE2 affinity with a single RBD mutation (57). Furthermore, the E484K mutation in alpha, beta, gamma, delta, kappa, eta, zeta, and lota stimulates escape from multiple mAbs [monoclonal antibodies; (60–62)], as well as antibodies against convalescent plasma (61–63). Again, the K417N/T mutations in the RBD show immune evasion from antibodies and vaccines produced by natural infection (50, 64, 65). Furthermore, both the omicron, delta, and beta variants of K417N and the delta, gamma, and alpha variants of K417T are anticipated to have a lower ACE2-binding affinity (57). Furthermore, the L18F mutation of gamma is responsible for the escape of certain NTD-binding mAbs, resulting in reduced antibody neutralization (66). Similarly, the appearance of the S477N mutation in alpha, delta, lota, and omicron is responsible for resistance to RBD-targeting mAbs-derived neutralization, as well as improved affinity to a lesser extent for the ACE2 receptor. Among the top 10 RBD region mutations, the N439K change improves affinity, but to a lower level in the case of the ACE2 receptor (57, 66). However, an antigenic consequence of the Y144 mutation, which is found in the alpha, eta, and omicron variants, has been observed to prevent neutralization by a number of neutralizing antibodies (66). Furthermore, delta variants with p. 475 (Ala to Val), delta, lota, kappa, and epsilon variants with p. 452 (Leu to Arg), and delta variants with p. 490 (Phe to Leu) increase resistance to a variety of neutralizing antibodies (55). Figures 2–4 show the prominent residues of spike glycoprotein where various mutations occur, resulting in the evolution of different SARS-CoV-2 variants.
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FIGURE 2. (A-D) The most common spike glycoprotein residues (N501, K417, E484, L452), where diverse mutations occur, resulting in different SARS-CoV-2 VOCs, VOIs, and VBMs.
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FIGURE 3. (A-D) The most common spike glycoprotein residues (T478, D614, Q677, A701) where diverse mutations occur, resulting in different SARS-CoV-2 VOCs, VOIs, and VBMs.
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FIGURE 4. (A-D) The most common spike glycoprotein residues (S477, P681, F490, R346) where diverse mutations occur, resulting in different SARS-CoV-2 VOCs, VOIs, and VBMs.




NSP MUTATIONS

ORF8 downregulates host cell major histocompatibility complex class I (MHC-I) in addition to NSP1 positioned in ORF1a/ORF1ab antagonizing activation of type I interferon in host cells, which is associated with SARS-CoV-2 transmissibility and virulence. It is established that the potent suppression of IFN-I signaling causes antiviral activity by combating viral reproduction via nsp 1 and nsp 6 in concert with antagonization of the IFN-I response via nsp 6, nsp 13, and (ORF6), resulting in the avoidance of the host immune response. The D500-532 mutation in Nsp1 reduces IFN-I response in SARS-CoV-2-infected host cells, as well as during transcription and protein translation in transfected cell lines [HEK293T and A549; (63, 67)]. Additionally, an ill-timed stop codon identified in the Alpha version at position 27 is found in the immune-evasive ORF8 protein, which conducts evasion functions and unique immunological suppression.

However, the most recent major African variants, ORF8: 382 variant and NSP1: 500–532 variant, both of which affect around 5% of global infections and were found in Singapore and China, respectively, contain both ORF8 and NSP1 partial deletions, resulting in lower SARs infection with the CoV-2 virus [https://www.gisaid.org/hcov19-variants/; (68–70)]. Furthermore, 382 SARS-CoV-2 moderate infection variants shorten ORF7b and abolish ORF8 transcription, reducing severe COVID-19-associated proinflammatory cytokines, chemokines, and growth factors (70–72). Important mutations in nsp 2 (T265I), nsp 12 (P4715L), and nsp 13 (P5828L and Y5865C), which serve as helicase or replicase, have also been identified in the United States (73). However, V121D destabilizing NSP-1, G1691C reducing NSP-3 flexibility in combination with V843F, A889V substitution, and V843F dominating substitution in combination with A889V in PLPro has indicated the possibility of an attenuated vaccine in combination with PLPro inhibitors (74, 75).



PROBABLE CLINICAL IMPACTS OF SARS-COV-2 VARIANTS


Increased Transmissibility and Viral Virulence

The Delta variation was linked to a high viral load, high transmission rates, and reinfection (PANGO lineage: B.1.617.2). Unlike the Alpha variant and monoclonal antibodies used in SARS-COV-2 medicines, this version increases rather than decreases susceptibility to the virus (76, 77). In comparison to the Alpha VOC, the Delta (B.1.617.2) VOC was predominantly observed in the younger age group, putting patients at risk of a second hospitalization if they had more than five comorbidities. In vitro neutralization experiments using convalescent serum and monoclonal antibodies, and a subject testing of immunized serum show that the Delta variation increases vaccination resistance, especially in individuals with one dosage (76–78).

The Delta SARS-CoV-2 mutant was shown to be 60% more infectious than the wild type and able to evade adaptive immunity in half the time. The S-protein mutation D614G of the Delta variant has been shown to affect virulence and virus transmissibility by preserving a stronger affinity for olfactory epithelium and enhanced virion stability (10, 79). On the other hand, because of their increasing transmissibility and massive mutations in the spike gene, both the alpha variant B.1.1.7 and the beta variant B.1.351 are gaining popularity. It is turbulent for monoclonal antibodies to neutralize the N-terminal region of the spike protein in the B.1.1.7 variant. Evidence suggests that the transmission rate of Alpha and Beta variants of concerns is growing by about 50% in children and younger people (10, 65, 80).

When comparing clinical outcome records, it appears that B.1.1.7 infection has a 30% higher fatality rate than other SARS-CoV-2 variants, which could be attributable to alterations in the receptor-binding domain that make them immune to neutralizing antibodies (10, 81, 82). Furthermore, the B.1.351 variant improves the neutralization of many monoclonal antibodies against the RBD at receptor-binding sites, resulting in an E484K substitution mutation and a 9.4-fold increase in resistance through plasma convalescence (65, 83). Several studies show that the B.1.1.7 variation is around 35–45% more transmissible across the country and gains frequency at a double pace every one and a half weeks (82).

The Epsilon variant, CAL.20C (B.1.427/B.1.429), is characterized by three mutations: L452R mutation in the RBD, and W152C and S13I mutations in the N-terminal domain (NTD). In conjunction with higher viral shedding, these variants increase transmissibility by up to 24% (10, 84, 85). In response to the currently circulating strains, various genome sequences of B.1.427/B.1.429 variants arrayed a rapid increase in viral prevalence, with 50% exceeding the transmissibility rate (85, 86). The Gamma variant P.1 (originating in Brazil) indicated a 20.0% increase in hospitalizations compared with non-VOC patients, and spike mutations may have increased virulence, raising ACE2 rapport, although significant information about viral pathogenicity is currently unavailable in these genotypes (10, 83, 87).



Decreased Diagnostic Sensitivity

Several studies (13, 88, 89) have described a transitory genetic evolution as a result of the geographical viral transmission of SARS-CoV-2 since the genomic sequence of SARS-CoV-2 became easily accessible. Newly arising variants of concerns can impair the sensitivity of RT-PCR-based identification if a mutation arises in a region where both primers and probes may bind. In the RT-PCR experiment, 79% of the primer binding sites are utilized, but the genome has altered in the meanwhile, with the most important GGG AAC substitution (10, 23). During the expanding SARS-CoV-2 outbreak, novel genetic variants may reduce the specificity and sensitivity of RT-PCR-based detection. Active viral recombination and mutation rates, in particular, might undoubtedly disrupt oligonucleotide annealing and impact sensitivity or inclusiveness. An analysis of genetic variants in the widely distributed SARS-CoV-2 genomes reveals a total of 27 probe- or primer-binding sites with a variant frequency of <1% (89–91).

Diagnostic failures are implicated in the Alpha (B.1.1.7) lineage as considerably higher false-negative results by RTPCRs that target the spike (S) gene. Diagnostic performance was unaffected by the Berlin–Charité technique, with nearly 98% of the sequences being detected using contemporary primers/probe sets because the S protein-producing gene was never used as a target in this procedure. For detection tests, expensive qPCR equipment that relies on signal absences rather than the positive indication for a variant presence is required (92, 93). Sequencing the entire variant's genome for both alpha (B.1.1.7) and beta (B.1.351) variant identification in the next generation sequencing (NGS) approach may result in incorrect or inconclusive detection. Several tests on the Delta B.1.1.7 variant reveal that in the three-target gene of RT-PCR diagnostic assay, where positive cases of SARS-CoV-2 infection are on the rise, this variant exhibits an increase in S-gene target failure rather than positive ORF1ab, N target genes (94–96). An exploratory study of the B.1.1.7. lineage revealed the presence of polymorphisms in the amplified sequences, indicating the discovery of new haplotypes. These haplotypes have a low frequency of single nucleotide polymorphisms (SNPs) that affect oligobinding site areas, hindering accurate identification and resulting in false-negative test findings (93, 97).

In France, a novel variant of concern 202012/01 (VOC) with the deletion of the spike (S) at H69–V70 (H69/V70) location was detected, which is also 43–82% transmissible compared with other SARS-CoV-2 variants. This deletion process is linked to an S-gene target failure in (ORF) 1ab, S, and nucleocapsid (N) gene targets, according to an RT-PCR assay (TaqPath kit) (98). The findings from the TaqPath RT-PCR kit uncovers 0.6% of overall prevalence, indicating a limited variations circulation with H69/V70 during the second wave. Three RBD mutations, Y453F, N501Y, and N439K, have been linked to the H69/V70 gene, which reduces SARS-CoV-2 antibody sensitivity (98, 99). Several laboratories experimented with diagnostic primers or probes alignment with a short viral sequence exhibiting mismatches that led to false-negative results due to a worldwide pandemic emergency (100).

Mutant viruses or genetic diversity were shown to have potential mismatches in the primer or probe binding region of the viral genome, resulting in false-negative results. While a single mismatch has little impact, two or three mismatches reduce technique sensitivity, and having more than three mismatches can result in a complete reaction failure (100, 101). SARS-CoV-2 has newly emerged variants of concern, as well as likely mismatches, indicating the importance of molecular surveillance and providing fresh diagnostic tools for future prevalence. On the other hand, it also provides an identification scheme with high sensitivity and specificity, allowing the CRISPR-based diagnostic tools to be developed (10, 102).



Potential Influence on Vaccination

Spike protein plays a key role in the pathogenicity of SARS-CoV-2, and vaccines based on targeting this spike protein are being developed (10). Meanwhile, B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), and B.1.526 (Delta) forms of SARS-CoV-2 are propagating over the world (103, 104). In this part, we will explore the effectiveness of numerous vaccines against these variants.



Genetic Vaccines

Pfizer-BioNTech and Moderna developed two anti-SARS-CoV-2 vaccines, “BNT162b2” and “mRNA-1273”, both mRNA-based vaccines that were previously licensed (10). According to several studies, the BNT162b2 vaccination was projected to be 89.5% effective against the Alpha variant and 75.0% effective against the Beta form (105). BNT162b2 was found to be 84% effective against the Gamma version (103), and 88% effective against the Delta variant (106). The mRNA-1273 vaccination was shown to be 94.1 % (107–109) effective for the Alpha variant and 96.4 % effective for the Beta form (110). mRNA-1273, on the other hand, had a lower neutralization rate against Gamma and Delta variants (111). According to multiple studies, the effectiveness of BNT162b2 and mRNA-1273 vaccines against Omicron was only 36% after the second dose but increased to 61% after the third dose (38).

Another study looked into whether using various vaccines as booster doses could increase the immunological response to Omicron. Two doses of BNT162b2 vaccination plus one booster dose of BNT162b2 vaccine, as well as two doses of CoronaVac vaccine plus one booster dose of BNT162b2 vaccine provided protection against Omicron. The vaccine effectiveness of these two groups increases by 95% after a booster dose against this variation (112).



Adenovirus-Based Vaccines

Adenovirus-based vaccines have been approved for both emergency and routine use (10). Among them, the University of Oxford and AstraZeneca's ChAdOx1 nCoV-19 (chimpanzee adenovirus type Y25 vector) or the AZD1222 vaccine was 74.5% effective against the Alpha variant (106, 113, 114) and 10.4% effective against the Beta variant (115). Though the ChAdOx1 nCoV-19 vaccine has yet to be proved to be effective against the Gamma version, it has shown to be 59.8% effective against the Delta form (116). Another Ad26.COV2.S vaccine which is a recombinant, replication-incompetent human adenovirus type 26 vector encoding full-length and stagnates SARS-CoV-2 spike protein (JANSSEN) was found to have about 86% decreased efficiency against Alpha variant (117, 118) as well as a 64% protection against the Beta variant (119). Furthermore, this vaccination appears to be quite practical against the Gamma variation, although no information on its efficacy against the Delta variant has been released. (https://www.covid19immunitytaskforce.ca/literature-review-effectiveness-of-the-covid-19-vaccines-approved-for-use-in-canada-against-circulating-variants-of-concern/). The Gamaleya Research Institute's Sputnik V vaccine has a high virus-neutralizing efficiency against B.1.351, B.1.617.2, and P.1, as well as other variations (115).



Subunit Vaccines

The recombinant NVX-CoV2373 (Novavax) vaccine contains prefusion, full-length spike protein with 85.6 % and 51% effectiveness against Alpha and Beta variants, respectively (10, 106, 111). None of the protein-based vaccines, on the other hand, have been approved for widespread use.



Inactivated Virus-Based Vaccines

BBIBP-CorV, BBV152, and CoronaVac are three inactivated virus-based vaccines that have been approved and are widely used in China, India, and Brazil, respectively (10). Among them, BBIBP-CorV is a vaccine manufactured by Sinopharm (Beijing, China), producing vaccine antisera that are compatible for neutralizing the Beta variant (120). BBV152 (Bharat Biotech, India) is a vaccine that showed efficacy against Alpha and Beta variants and was 652% effective against Delta variant (121, 122), whereas CoronaVac (Sinovac Biotech) is 42% efficient against the Gamma variant (123).

To put an end to this discussion about vaccines, it appears that none of them are effective against all SARS-CoV-2 variants, but the majority of the licensed vaccines are partially effective against the Alpha and Beta types.




LIMITATIONS

According to CDC (https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html), previously called VOCs (epsilon, alpha, beta, and gamma) are now designated as the VBMs in the USA, while alpha, beta, and gamma are still mentioned as VOCs according to GISAID (https://www.gisaid.org/hcov19-variants/) because variants are classified based on their potential impact on critical SARS-CoV-2 countermeasures, including vaccines, treatments, and diagnostics, as they are important for public health. As a result, the viewpoint of variant monitoring is at a conflict with time and research data. Furthermore, new spike protein mutations, in combination with genetic and host predisposition, impact the current vaccination efficacy (124). Furthermore, as new strains appear, the need to reexamine vaccination efficiency by experimenting with in vivo reduction of viral infection, as well as antibody quantification obtained from in vitro exposure reveals a dearth of understanding about vaccine efficacy (125). Furthermore, as SARS-CoV-2 is constantly mutating, accumulating around one new mutation every 2 weeks in the genome (126), Delta Plus is observed with several new mutations concerning ORF1a (A1146T, A3209V, P1604L, T3750I, and V3718S) evolving from delta variant (127), and RBD-ACE2 system analysis of newly emergent variants such as Omicron revealed 32 mutations in S protein, raising significant concern for its transmissibility. As a result, the shifting variations identified through dynamic research in mutation findings necessitate more investigation for vaccination efficacy and variant tracking (128). As a result, it may be inferred that our understanding of variation mutation and the impact of a variant in conjunction with vaccination efficacy data is evolving, and that, while our analysis depicts the current landscape of variant tracking perfectly, it may alter over time.



CONCLUSION

When spike protein mutations are combined with non-structural protein mutations reported in emerging VOCs, VOIs, and VBMs, the clinical relevance of each variance changes. As a result, a potentially devastating global health catastrophe occurs from either a novel variant of concern or a variant of interest that has the potential to worsen the infected individual's clinical status. Furthermore, changes in either the spike protein or the NSP protein has a conceivable impact on vaccination, which is an important problem in vaccine efficacy. As a result of this review, it appears that more vaccine development research is needed to ensure that vaccines are effective against all SARS-CoV-2 variants.
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SARS-CoV-2 variants of concern (VOC) and interest (VOI) present mutations in reference to the original virus, being more transmissible. We implemented a rapid strategy for the screening of SARS-CoV-2 VOC/VOIs using real time RT-PCR and performed monitoring and surveillance of the variants in our region. Consecutive real-time RT-PCRs for detection of the relevant mutations/deletions present in the Spike protein in VOC/VOIs (TaqMan™ SARS-CoV-2 Mutation Panel, Applied Biosystems) were implemented. A total of 6,640 SARS-CoV-2 RNA samples (Cts < 30) from infected individuals in Central Argentina during 2021 were analyzed using different algorithms that were gradually adapted to the changing scenarios of local variant circulation. The strategy developed allowed the early detection and the identification of VOC/VOIs that circulated through the year, with a 100% of concordance with the WGS. The analyses of the samples showed introductions of VOCs Alpha and Gamma in February and March 2021, respectively. Gamma showed an exponential increase, with a peak of detection in July (72%), being responsible of the second wave of COVID19 in Argentina. Since VOC Delta entered into the region, it increased gradually, together with VOI Lambda, replacing VOC Gamma, until being the main variant (84.9%) on November. By December, these variants were replaced by the emergent VOC Omicron in a term of 2 weeks, producing the third wave. We report a useful tool for VOC/VOI detection, capable to quickly and cost-effectively monitor currently recognized variants in resource-limited settings, which allowed to track the recent expansion of Omicron in our region, and contributed to the implementation of public health measures to control the disease spread.
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INTRODUCTION

Numerous severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants have already been documented globally during the COVID-19 pandemic. These viruses present one or more mutations in reference to the original virus, first isolated in Wuhan in 2019 (consensus sequence WIV04) (1, 2). Most nucleotide changes have little to no impact on the virus’ properties; however, there are mutations that produce phenotypic changes, which may affect virus transmissibility, severity, response to the vaccine or diagnostic tools (3). According to the virus’s features given by the mutations, the World Health Organization (WHO) and the Centers for Disease Control and Prevention (CDC) have classified some SARS-CoV-2 variants into variants of concern (VOC) and variants of interest (VOI) (3, 4). Thus, the first VOC described was the Alpha variant (lineage B.1.1.7), detected firstly in United Kingdom on September 2020, which rapidly expanded and become predominant in many countries, being the main variations the HV 69–70 deletion and N501Y mutation in the Spike protein (1, 5) (Figure 1). After that, VOCs Beta (lineage B.1.351) and Gamma (lineage P.1) were reported, first isolated in South Africa and Brazil, respectively, presenting high transmissibility rates too, and with the common mutation N501Y. Delta variant (lineage B.1.617.2) was detected for the first time in India in October 2020 and declared VOC on May 2021, displacing the rest of the VOCs in many parts of the world, with the presence of the main mutations L452R and P681R among others (6, 7). On November 2021, a new variant was detected in South Africa, containing numerous mutations/deletions in the Spike protein, which confer this variant more transmissibility. For this reason, it was declared VOC and named Omicron (lineage B.1.1.529) (2).
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FIGURE 1. VOC/VOIs relevant mutations within the S gene.


Over the last few months, several variants were classified as of interest (VOI), but later demonstrated to no longer pose a major added risk to global public health compared to other circulating SARS-CoV-2 variants, so they were re-classified as variants under monitoring (VUM) or even removed from the VOI/VUM list (2). At present, there are 2 VOIs: Lambda and Mu (2). Lambda (lineage C.37), first detected in Peru on December 2020, was declared VOI on June 2021, and presents the characteristic mutation L452Q. Mu (lineage B.1.621), first isolated in Colombia and declared VOI at the end of August 2021, presents the main mutations N501Y, E484K and P681H (2, 7). Former VOIs Zeta and Epsilon were declared of interest between March and July 2021 and present the mutations E484K and L452R, respectively (2, 7). Figure 1 shows VOC/VOIs relevant mutations in the S gene.

Due to the increased transmissibility, possible increased virulence or changes in clinical disease presentation, and immune escape (6), VOC/VOIs have the highest priority for surveillance, either to describe its circulation, map their spread, and to detect the introduction of new variants in a region. Currently, this surveillance is based on whole genome sequencing (WGS), an accurate method that generates detailed information, considered the gold standard technique to detect VOC/VOIs (5, 8). However, it is time-consuming, expensive, and requires trained staff and specific equipment, which restrict the access in resource-limited settings such as our region. So, it is not possible to apply this technique massively or to obtain results in a short-period time (5).

Since March 2020, in Argentina, and particularly in Córdoba Province, molecular surveillance of SARS-CoV-2 began with WGS (9). As a result of increased concern in public health due to the emergent variants, in the last months there has been a rapidly growing demand for WGS. In February 2021, the strategy of Sanger partial sequencing of the S gene was implemented complementary to WGS, for the search of VOC/VOIs in our region (10). However, both methods do not allow the rapid identification of VOCs (WGS demands at least 5 days for processing), delaying their spread control. Based on these facts, it was necessary to provide a rapid typing response, from the laboratory, in order to take measures at the public health level to contain the spread of Delta first, and Omicron later.

In this context, with limited resources, and in a particular scenario of changing viral circulation, including variants indigenous of Latin America (Gamma, Lambda, Mu), the objective of this work was to develop a strategy using real time RT-PCR for detection of VOC/VOI relevant mutations for molecular surveillance and rapid identification.



MATERIALS AND METHODS


Samples

A total of 6,640 positive SARS-CoV-2 RNAs with Cts < 30, obtained from oropharyngeal swab samples from individuals from the province of Córdoba, Argentina (central region of the country), between 1st January and 31st December 2021 were analyzed to screen VOC and VOI mutations by real time RT-PCR. The samples had originally been extracted with MegaBio plus Virus RNA Purification Kit II (BioFlux) on the GenePure Pro Nucleic Acid Purification System NPA-32P and amplified by real time RT-PCR using DisCoVery SARS-CoV-2 Nucleic Acid Detection Kit.



Detection of VOCs by Real Time PCR

TaqMan™ SARS-CoV-2 Mutation Panel (Applied Biosystems) was used for detection of the following relevant mutations/deletions present in VOC/VOIs (7), compared to the reference sequence WIV04 (wild type): HV 69–70 del, N501Y, E484K, L452R, K417T, P681R, 242–244 del, L452Q. Briefly, 7 μL of RNA were added to 8 μL of a mixture containing TaqPath™ 1-Step RT-qPCR Master Mix, CG (4X), TaqMan™ SARS-CoV-2 Mutation Panel Assay (40X) and nuclease-free water.

A strategy for detection of VOC/VOIs was implemented based on the different mutations found for each of the variants. Former VOIs Zeta and Epsilon were also included only in the samples from January to July, when those variants were classified as VOIs. The following samples were used as reference (obtained in collaboration with PAIS Project) (9): EPI_ISL_2271687 to EPI_ISL_2271690 (VOC Gamma), EPI_ISL_2007514 to EPI_ISL_2007516 (VOC Alpha), EPI_ISL_3230016 to EPI_ISL_3230018 (VOC Delta), EPI_ISL_8207589 to EPI_ISL_8207591 (VOC Omicron), EPI_ISL_3183944 (former VOI Epsilon), EPI_ISL_3183946 (VOI Lambda), EPI_ISL_3183947 (former VOI Zeta), EPI_ISL_6032791 (VOI Mu).




RESULTS

We implemented several strategies for detection of SARS-CoV-2 VOCs (Alpha, Beta, Gamma, Delta, Omicron) and VOIs [Lambda and Mu; additionally, Zeta and Epsilon (VOIs until July 2021)] by real time RT-PCR looking for some characteristic mutations, depending on the epidemiological scenario. From January to October 2021, a first screening for N501Y, E484K and L452R mutations was carried out (Figure 2A). Based on the results, the following algorithm was continued:
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FIGURE 2. VOC/VOI detection strategies implemented in this study, using consecutive real time RT-PCRs for relevant mutation screening adapted to the different epidemiological scenarios. (A) algorithm used until October 2021. (B) algorithm used since November 2021.



a)N501Y(+), E484K(+), L452R(-): detection of K417T was performed; a positive result was indicative of VOC Gamma (N501Y, E484K, K417T). A negative result was subjected to detection of 242–244 del: if the deletion was present, VOC Beta would be the infecting variant (N501Y, E484K, 242–244 del). A negative result for K417T and 242–244 del, in the presence of mutations N501Y and E484K, was indicative of VOI Mu.

b)N501Y(+), E484K(-), L452R(-): deletion 69–70 was investigated; a positive result was indicative of VOC Alpha.

c)N501Y(-), E484K(+), L452R(-): the presence of only the E484K mutation would rule out the presence of VOCs, and would be indicative of former VOI Zeta.

d)N501Y(-), E484K(-), L452R(+): detections of P681R was performed; a positive result was indicative of possible VOC Delta. A negative result for P681R was indicative of former VOI Epsilon.

e)N501Y(-), E484K(-), L452R (-): detection of L452Q was performed; if this mutation was present, VOI Lambda would be the variant.



From November 2021, the strategy was changed, and a new combination of mutations for screening of VOC/VOIs was performed, based in the new scenario of variant circulation (high circulation of Delta, absence of VOC Alpha, little circulation of Gamma and Lambda, and imminent entry of Omicron) (Figure 2B). So, a first screening for L452R and P681R mutations was carried out, and the following algorithm was continued:


a)L452R (+), P681R (+): VOC Delta.

b)L452R (-), P681R (-): if position 452 was negative for wild type amplification, and position 681 was positive for wild type amplification, detection of L452Q was performed; if this mutation was present, VOI Lambda would be the variant.

c)L452R (-), P681R (-): if position 452 was positive for wild type amplification, and position 681 was negative for wild type amplification, detection of deletion 69–70 was investigated; a positive result was indicative of VOC Omicron.



With these strategies, a total of 6,640 samples was tested. Figure 2 shows changes in VOC/VOIs distribution within SARS-CoV-2 infections among the community in Córdoba during the studied period. VOCs Alpha and Gamma were first detected in our region in the months of February and March, respectively. From that moment, they began to circulate in the population. VOC Alpha was detected until October (0.9%), reaching a peak of 12.2% in May (Figure 3A). Since its first detection in March 2021, VOC Gamma presented an exponential rice, and became predominant in the following months, reaching a peak of detection on July (65.8%) (Figure 3A), being the main variant responsible of the COVID19 second wave in our region. From that moment, this VOC started to decrease, until November 2021, when the last detections occurred. VOC Beta was not detected.
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FIGURE 3. Distribution of SARS-CoV-2 variants of concern (VOC) and interest (VOI) detected in the community from Córdoba province, Argentina, by real time RT-PCR, January to December 2021 (A). The frequency of variant detections performed on December are shown by week (B).


VOC Delta was first detected in a traveler from Peru on July 2021, and from that moment it started to circulate in our region, increasing gradually, to reach its peak on November, with a frequency of 84.9%. From the first week from December, this variant started to decrease. VOC Omicron was first identified in two travelers, one from Dubai on December 6th, and the other from United States on December 12th. In 2 weeks, VOC Omicron became to be the predominant variant, displacing Delta and the other variants, with a current frequency of detection in the community of more than 90% (end of December 2021) (Figure 3B).

Regarding VOIs, Zeta circulated from January to May in a low frequency (1.1 to 0.7%, with a peak in March of 6.9%). Epsilon was only detected in August (0.1%). VOIs Lambda and Mu started to be screened on July 2021. Lambda was detected in the 17.3% of the samples that month, and it gradually increased its frequency until reaching 30.8% on September. From that moment, its frequency decreased until its complete absence at the end of December. VOI Mu was detected in a low frequency (less than 3%) from July to October.



DISCUSSION

The VOC/VOI detection strategy using consecutive real-time RT-PCRs for detection of relevant mutations implemented in our laboratory resulted a very useful and cost-effective diagnostic tool for the typing of variants. It was possible to monitor the variation of VOC/VOI distribution in the population over time, detecting changes in the variant circulation pattern, as well as to perform surveillance in travelers, which allowed an early detection of VOC Delta (making it possible to take measures to delay its spread) and VOC Omicron.

In Argentina, variant surveillance of SARS-CoV-2 and the study of variant spread is performed by national entities (National Ministry of Health and National Ministry of Science and Technology), using WGS or partial sequencing of the Spike protein, in a limited number of centers equipped with the necessary infrastructure. For this, positive traveler’s samples and randomly selected positive samples from each province are sent for processing to the laboratory in charge of carrying out the sequencing. The time between sending the samples and obtaining the result is between 2 and 15 days. Although WGS and partial sequencing provide accurate information (mainly WGS), they are laborious, time consuming, expensive and require extensive data processing, which has led to the search for faster and simpler alternatives for VOC/VOI detection (5, 8). In this sense, the strategy implemented during this work allowed to process a high number of samples, obtaining the typing result routinely. While the number of complete genomes from Córdoba province reached 460 during the studied period (9, 11), the samples processed by the real time RT-PCR for detection of VOC/VOI was 6,640. In addition, sample processing was considerably faster, without the need of sample derivation to the sequencing center; furthermore, costs were lower. In this way, Córdoba is the first province to implement this strategy for screening of VOC/VOI in Argentina, providing a quick and simple methodology that can be transferred to other laboratories that require it.

Using these real time RT-PCRs, it was possible to efficiently monitor variant circulation in the community since the introduction of VOC Alpha and Gamma in February and March 2021, respectively. Thus, in the following months, it was observed that, unlike the United States and Europe, VOC Gamma had an exponential increase and gained prominence over VOC Alpha and other variants, as happened in neighboring countries, such as Brazil and Chile (12), being responsible of the COVID19 second wave in our region. Moreover, results obtained showed concordance with those obtained by WGS (11).

On the other hand, the strategy developed during this study, which combines the detection of characteristic mutations of VOC/VOIs, made it possible to carry out different algorithms that gradually adapted to the scenario of local circulation of variants. Thus, it allowed a rapid identification of VOC Delta first, and Omicron then, key to take public health measures. The early detection of Delta allowed to isolate case zero and all its close contacts, circumscribing the outbreak and delaying the virus spread in our province. Subsequently, Delta began to be detected in the community, gradually increasing its proportion throughout the months studied. This coincided with the decrease in the number of SARS-CoV-2 positive cases (13), unlike what was observed in other parts of the world (4, 7), where the sustained advance of VOC Delta drove new waves of infections (14). Some reasons that could explain this difference include the exhaustive case identification, study and isolation of close contacts of positive Delta cases carried out by the Government of the Province, different epidemiological scenarios (Delta entered into our region with a particular variant circulation, different from Europe and United States, in which VOC Gamma presented the highest frequency), acquired immunity of the population associated with the second wave (occurred on May-July 2021 in our province), different vaccination coverages and different vaccination programs implemented in the countries.

Regarding VOC Omicron, Córdoba was the first province to detect its circulation in the community and describe its spread using a large-scale typing strategy. Tracking this VOC daily, an abrupt rise was observed, as described in other countries (3, 15), becoming the predominant VOC in 4 weeks, displacing Delta, and being responsible of the third wave in our region.

Former VOIs Zeta and Epsilon were detected in low percentages in the period studied, with currently no detection, supporting the new WHO classification, in which they are no longer designated as variants of interest or variants under surveillance (3).

VOI Lambda was the second major variant of circulation in the community throughout many of the months studied, coinciding with what was reported at the national and regional levels (7, 9, 11). However, since VOCs Delta and Omicron gained prominence, Lambda was no longer detected.

The strategy described here present some limitations: (a)-some samples show inconclusive results, (b)-samples with Ct values > 30 cannot be typed, (c)-many diagnostic PCR platforms can deplete swab material, leaving an inadequate volume of residual sample for a multitube mutation screen (16), (d)-since VOC/VOI classification is dynamic and is constantly changing (3), the strategy must be constantly reviewed and evaluated in order to corroborate whether the algorithm used is adequate for a correct VOC typing, (e)-it is not possible to find mutations other than those specifically searched for, which leads to not being able to detect new emerging VOC/VOIs. Some of these limitations could be overcome by performing some modifications to the protocol (nested-PCRs, partial sequencing, etc.), although these would be detrimental to the practicality of the developed strategy, which was the objective of this work. All the exposed show that WGS cannot be replaced by real time RT-PCR specific for VOC/VOI. Furthermore, these methodologies complement each other. While specific real time RT-PCRs for mutations of interest are a useful tool for rapid VOC/VOI screening, WGS-based parallel surveillance is critical to detect new emerging variants and to study phylogeographic relationships between circulating viruses.

In conclusion, we report a valid strategy based on real time RT-PCR for VOC/VOI detection, first implemented in Argentina, which balance cost and time processing, capable to monitor currently recognized variants of concern. In the present moment requiring rapid strain typing to guide public health measures, such a rapid and accessible approach is essential.
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Background: Low frequency intrahost single nucleotide variants (iSNVs) of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) have been increasingly recognised as predictive indicators of positive selection. Particularly as growing numbers of SARS-CoV-2 variants of interest (VOI) and concern (VOC) emerge. However, the dynamics of subgenomic RNA (sgRNA) expression and its impact on genomic diversity and infection outcome remain poorly understood. This study aims to investigate and quantify iSNVs and sgRNA expression in single and longitudinally sampled cohorts over the course of mild and severe SARS-CoV-2 infection, benchmarked against an in vitro infection model.

Methods: Two clinical cohorts of SARS-CoV-2 positive cases in New South Wales, Australia collected between March 2020 and August 2021 were sequenced. Longitudinal samples from cases hospitalised due to SARS-CoV-2 infection (severe) (n = 16) were analysed and compared with cases that presented with SARS-CoV-2 symptoms but were not hospitalised (mild) (n = 23). SARS-CoV-2 genomic diversity profiles were also examined from daily sampling of culture experiments for three SARS-CoV-2 variants (Lineage A, B.1.351, and B.1.617.2) cultured in VeroE6 C1008 cells (n = 33).

Results: Intrahost single nucleotide variants were detected in 83% (19/23) of the mild cohort cases and 100% (16/16) of the severe cohort cases. SNP profiles remained relatively fixed over time, with an average of 1.66 SNPs gained or lost, and an average of 4.2 and 5.9 low frequency variants per patient were detected in severe and mild infection, respectively. sgRNA was detected in 100% (25/25) of the mild genomes and 92% (24/26) of the severe genomes. Total sgRNA expressed across all genes in the mild cohort was significantly higher than that of the severe cohort. Significantly higher expression levels were detected in the spike and the nucleocapsid genes. There was significantly less sgRNA detected in the culture dilutions than the clinical cohorts.

Discussion and Conclusion: The positions and frequencies of iSNVs in the severe and mild infection cohorts were dynamic overtime, highlighting the importance of continual monitoring, particularly during community outbreaks where multiple SARS-CoV-2 variants may co-circulate. sgRNA levels can vary across patients and the overall level of sgRNA reads compared to genomic RNA can be less than 1%. The relative contribution of sgRNA to the severity of illness warrants further investigation given the level of variation between genomes. Further monitoring of sgRNAs will improve the understanding of SARS-CoV-2 evolution and the effectiveness of therapeutic and public health containment measures during the pandemic.

Keywords: within-host diversity, variants, sub-genomic RNA, SARS-CoV-2, iSNV, evolution, dynamics, COVID-19


INTRODUCTION

As the ongoing Coronavirus disease 2019 (COVID-19) pandemic unfolds across the globe, several variants of concern (VOC) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus responsible for COVID-19 have emerged globally. Given the rapid worldwide spread, and continuing functional evolution of the virus, the real-time tracking of variants has become increasingly important (Wu et al., 2020; Zhou et al., 2020).

Severe acute respiratory syndrome coronavirus 2 genomes, approximately 30,000 bases in length are organised in a series of open reading frames (ORFs) consisting of four structural and 16 non-structural proteins (Arya et al., 2021). The 5′ end contains a leader sequence followed by the 5′ UTR and two large polyproteins (ORF1a and ORF1b) which encode all the non-structural proteins. These two ORFs are followed by the structural and accessory proteins, which include the spike protein (S), ORF3a, envelope protein (E), membrane protein (M), ORFs 6, 7a, 7b, 8, nucleocapsid (N), and ORF10 capped off by the 3′ UTR and poly-A tail (Naqvi et al., 2020; Nomburg et al., 2020). Following cytoplasmic entry into a host cell, the 1a and 1b large polyproteins are directly translated from genomic RNA (gRNA), while the remaining structural proteins are translated from sgRNA intermediaries (Sola et al., 2015; Song et al., 2019). The subgenomic RNA or sgRNA transcripts are produced through a complex mechanism involving discontinuous or “paused” transcription, followed by an RNA-dependant RNA polymerase (RdRp) template switch during negative-strand RNA synthesis (Parker et al., 2021). The resulting nested set of negative sense RNAs serve as templates for the transcription of positive strands, forming mRNAs for translation of distinct proteins. sgRNAs contain a common leader sequence (65–90 nt) derived from the 5′ untranslated region, in addition to a transcription regulatory sequence (TRS) immediately adjacent to the 5′ ORF of the structural and accessory genes, responsible for the pausing of virus transcription during negative strand synthesis (Sola et al., 2015).

The sgRNA of SARS-CoV-2 encode the structural proteins S, E, M, and N, in addition to the several accessory proteins 3a, 6, 7a, 7b, 8, and 10 (Davidson et al., 2020; Kim et al., 2020). It is not well understood role sgRNA expression plays during infections. There have been reports that the detection of sgRNAs in clinical samples indicates an active viral infection, and expression levels correlate strongly to the severity of symptoms (Wong et al., 2021). However, others report that sgRNA expression is not a reliable indicator of viral replication (Alexandersen et al., 2020). Overall, understanding of the role of sgRNA during infections and quantification of sgRNA expression during SARS-CoV-2 infections is limited.

Compared to DNA viruses, the replication of RNA viruses is typically associated with a high error rate due to the lack of sufficient proofreading activities during genome replication (Domingo and Holland, 1997). However, coronaviruses employ a highly conserved proofreading exoribonuclease encoded by non-structural protein 14 (nsp14) which enhances the fidelity of RNA synthesis (Graepel et al., 2017). Despite this mechanism, the mutation rate of SARS-CoV-2 is 1–2 mutations per month and is generally higher than DNA viruses (Smith et al., 2014; Day et al., 2020; Nakagawa and Miyazawa, 2020). Additionally, coronaviruses have the propensity to recombine and generate extensive and diverse recombination products, particularly within the spike region of the genome (Wells et al., 2021). At an inter-host level, newly emerging viruses acquire adaptive mutations to enhance replication, modulate the host response, and facilitate effective transmission. However, the intra or within-host variability of RNA viruses is associated with the quasi-species concept, leading to multiple diverse circulating quasi-species of varying frequencies linked through mutation (Karamitros et al., 2020; Ramazzotti et al., 2020). The quasi-species collectively contribute functional characteristics at the population level, and in combination with the genetic profile of the host, can influence viral phenotype and adaptive capabilities (Stone et al., 2006). Since most of the immune escape and adaptive mechanisms of SARS-CoV-2 involve intra-cellular interactions, it is expected that SARS-CoV-2 evolves through intra-host selective pressure (Kumar et al., 2020), highlighting the capacity for the development of genetically different SARS-CoV-2 viruses within the same host.

Higher within-host diversity of viral RNA pathogens can be associated with increasing viral virulence and antigenic variability (Stone et al., 2006), exacerbated disease severity and clinical outcome, immune escape (Nowak et al., 1991), and drug resistance (Johnson et al., 2008). Given these effects, the real-time monitoring of SARS-CoV-2 variants at the within-host level is important. Monitoring within-host diversity via the detection of intrahost single nucleotide variants (iSNVs) can inform genomic epidemiology (Lythgoe et al., 2021), and provide early indications of diagnostic PCR dropouts (Sapoval et al., 2020). The ability to predict mutations under positive selection, particularly functionally important and emerging mutations informs public health surveillance and the design of therapeutics (Popa et al., 2020; Tonkin-Hill et al., 2021; Wang et al., 2021).

Currently, variant analyses for SARS-CoV-2 focus primarily on mutations occurring at the consensus-level (single consensus sequence for each infected person), which represent the dominant variants within infected individuals (Lythgoe et al., 2021). However, genomic epidemiology of SARS-CoV-2 has revealed the capacity for viral mutations to emerge within an individual host (Al Khatib et al., 2020; Karamitros et al., 2020; Lythgoe et al., 2021; Wang et al., 2021), and so an understanding of the complete underlying within-host diversity at the population-level proves imperative.

This study aimed to investigate the consistency and timing of iSNV detection over the course of clinical and in vitro SARS-CoV-2 infections using longitudinally collected specimens from the same patient. We examined iSNV profiles shared by SARS-CoV-2 lineages during an epidemiological characterised outbreak in Sydney, Australia. We investigated if these iSNVs were more frequently detected in severe illness, and if they develop over the time course of COVID-19 disease. We also measured changes in sgRNA to investigate if sgRNA is associated with increased genomic diversity during the course of individual infections.



MATERIALS AND METHODS


Clinical Specimens

Clinical specimens were collected within a time span from 5 days prior to the onset of COVID-19 symptoms to 23 days post symptom onset. If the date of symptom onset was unknown, the date of sample collection from the first positive specimen was considered the date of symptom onset. A total of 90 clinical specimens RT-qPCR positive for SARS-CoV-2 were examined. The majority of specimens were from the upper respiratory tract with nasopharyngeal swabs (n = 78), lower respiratory tract samples included bronchoalveolar lavages (n = 10), and sputum (n = 2) representing SARS-CoV-2 cases diagnosed in NSW, Australia between March 2020 and August 2021 (Supplementary Figure 1). The cohorts consisted of cases admitted to the intensive care unit ± intubation (classified as severe disease) (n = 19 cases, 48 specimens), and mild cases which recovered as outpatients (classified as mild disease) (n = 32, 42 specimens). Nasopharyngeal swabs in Universal Transport Media (UTM) which were RT-qPCR negative for SARS-CoV-2 (n = 4) and collected in the study period were also included as negative controls. All specimens were de-identified and stored at −80°C. Following genome and variant level quality filtering the final cohorts consisted of 16 severe cases (n = 26 swabs) and 23 mild cases (n = 25 swabs) (Supplementary Figure 1).



Ethics Statement

Governance and human ethics approval for clinical metadata and use of specimens from cases positive for SARS-CoV-2 in New South Wales was obtained by Western Sydney Local Health District Human Research Ethics Committee (2020/ETH02426 and 2020/ETH02282).



Cultured Isolates

Daily sampling was conducted to determine the fifty percent tissue culture infective dose (TCID50) of SARS-CoV-2 viral stocks from three lineages of SARS-CoV-2 (Lineage A – referred to as Wuhan, Beta – B.1.351, and Delta – B.1.617.2). Briefly, clinical samples confirmed to be SARS-CoV-2 positive by RT-qPCR (n = 3) were sequenced to determine the infecting SARS-CoV-2 lineage before being used for inoculation. CostarÒ 24-well clear tissue culture-treated multiple well plates (CorningÒ, Corning, NY, United States) were seeded at 40% confluence with Vero C1008 cells (Vero 76, clone E6, Vero E6) (ATCC ® CRL-1586™) in Dulbecco’s minimal essential medium (DMEM, Lonza Bioscience, Alpharetta, GA, United States), and supplemented with 9% foetal bovine serum (FBS, HyClone, Cytiva, Sydney, NSW, Australia). Culture media was changed within 12 h and contained 1% FBS, and 1% antimicrobials including amphotericin B deoxycholate (25 μg/mL), penicillin (10,000 U/mL), and streptomycin (10,000 μg/mL) (Lonza, Basel, Switzerland) to inhibit microbial overgrowth. The plates were inoculated with 200 μL of serially diluted virus stock (1 × 10–2 to 1 × 10–6) in triplicate. Cells were incubated at 37°C in 5% CO2 for 4 days (days 0–3), and were sealed with AeraSealä Film (Excel Scientific, Inc., Victorville, CA, United States) to minimise evaporation, spillage, and well-to-well cross-contamination. Visual inspection for the presence of cytopathic effect (CPE) was undertaken daily and 100 μL of supernatant was sampled from a single well to quantify viral replication every 24 h. Mycoplasma testing was routinely conducted to exclude contamination of the culture media and cell line. The presence of CPE along with confirmation and quantification of SARS-CoV-2 viral load was performed by RNA extraction and RT-qPCR of culture supernatant daily (days 0–3) after viral load quantification RNA extracts were stored at −80°C or immediately used to prepare libraries for sequencing. All culture samples were identified via the following naming convention: <lineage> - <day> <dose> (i.e., A-D1-03; Lineage A, sampling day one, dilution 1 × 10–3). All SARS-CoV-2 culture was performed under level 3 biosafety conditions within a NSWHP physical containment level 4 laboratory (PC4) accredited facility.



RNA Extraction

Total RNA was isolated from mild clinical samples using the RNeasy Mini Kit (Qiagen) with minor modifications. A total volume of 200 μL of UTM/culture supernatant was added to 600 μL of RLT buffer and vortexed briefly. Next, 800 μL of 70% ethanol was added and mixed well by pipetting. The solution was then loaded on the RNeasy column in successive aliquots until the entire volume of the sample was extracted. RNA was eluted in 32 μL and stored at −80°C. Clinical samples from cases in severe (n = 48), mild (n = 42), and culture supernatants (n = 34) were extracted using the BioRobot EZ1 and EZ1 Virus Mini Kit v2.0 (Qiagen, Valencia, CA, United States) in PC4 facilities. An input volume of 100 μL was used and RNA was eluted into 60 μL as per the manufacturer’s instructions. The culture supernatants were extracted prior to removal of RNA from the PC4 facility.



RT-qPCR of Severe Acute Respiratory Syndrome Coronavirus 2

The SARS-CoV-2 viral RNA was detected and quantified using a previously described RT-qPCR targeting the N-gene (Rahman et al., 2020; Lam et al., 2021). Ten-fold serial dilutions (1 × 106 to 1 × 102 copies/μL) of the commercially available synthetic RNA control reference strain (Wuhan-1 strain, TWIST Biosciences) containing six non-overlapping fragments of the SARS-CoV-2 reference sequence (NCBI GenBank accession MN908947.3) was used to generate a standard curve and quantify SARS-CoV-2 viral load. The N-gene SARS-CoV-2 RT-qPCR was employed to determine the viral load of positive specimens sequenced as part of this study. The absence of SARS-CoV-2 in negative samples was confirmed by RT-qPCR.



Virome Enrichment, Capture, and Sequencing

Viral enrichment of clinical extracts, in vitro culture isolates, and the synthetic SARS-CoV-2 positive control spiked into negative culture supernatant was performed using the Illumina RNA Prep and Enrichment with the Respiratory Viral Oligo Panel (RVOP) v2 (Illumina, United States). This probe-based capture technique was selected as it was designed to generate near full length SARS-CoV-2 genomic sequences with even coverage in mutagenic regions. RNA denaturation, first and second strand cDNA synthesis, cDNA tagmentation, library clean-up and normalisation were performed according to the manufacturer’s instructions. Individual libraries were pooled in 3-plex reactions for probe hybridisation based on each samples SARS-CoV-2 viral load. The final probe hybridisation step was held overnight at 58°C. The enriched library was purified, and the concentration and fragment size were quantified using the Qubit™ 1x dsDNA High Sensitivity Assay (Thermo Fisher Scientific, United States), and Agilent High Sensitivity D1000 ScreenTape assay on the Agilent 4200 Tapestation (Agilent, Germany), respectively. The libraries were sequenced using 2 × 74 bp runs on the Illumina MiniSeq™ or iSeq (Illumina, United States) and multiplexed with the aim of producing 2 × 106 raw reads per library.



Bioinformatic Analysis and Clustering

The raw sequence reads were subjected to an in-house quality control procedure prior to downstream analysis. The reads were demultiplexed and quality trimmed using Trimmomatic version 0.36 (minimum read quality score of 20, leading/trailing quality of 5). Reference mapping and consensus calling was performed using iVar version 1.2.1. Reads were mapped to the reference SARS-CoV-2 Wuhan-Hu-1 genome (NCBI GenBank accession: MN908947) and unmapped reads discarded. Mapping coverage and depth across the genome and structural and accessory genes was determined using MOSDEPTH version 0.2.9. Only genomes with > 80% coverage over a 100× depth in all variant positions were included in further analyses. A consensus sequence was generated (map quality > 20), and the 5′ (first 55 nt) and 3′ (last 100 nt) UTR regions were masked due to the known suboptimal sequencing quality of these regions. All genomes that passed filtering were submitted to NCBI GenBank (PRJNA633948). Phylogenetic Assignment of Named Global Outbreak LINeages (PANGOLIN)1 was used to infer SARS-CoV-2 lineages. In addition, isolates within lineages were assigned a genomic cluster denoting their position within NSW outbreak cases based on SNP distance from an epidemiological defined index case (Rockett et al., 2020).



Variant Filtering and Analysis

The frequency and positions of variants (SNPs and iSNVs) in all samples were determined using Varscan version 2.3.9. SNPs were defined as mutations with a read frequency of ≥ 0.9. Variants with a read frequency between 0.05 and 0.9 were defined as low frequency variants. Variants occurring in the TWIST control were highlighted as potential artefacts (MN908947 genome reference positions 5765, 5766, 1107, 11082, 12413, 12926, 23652, and 26433), and those associated with mis-mapping at the ends of insertion or deletion events in B.1.351 and B.1.617.2 (11288, 22029, 22034, 22287, 23598, 23607, 23609, 23616, 28248, and 28249) were identified and excluded from downstream analyses. Changes in the iSNV profiles were determined between longitudinal sampling from single cases, cases from the same household (known transmission events), within severe and mild cohorts, across lineages, and genomic clusters.



Detection of Severe Acute Respiratory Syndrome Coronavirus 2 Subgenomic RNAs

Subgenomic RNA analyses was conducted using Periscope (Parker et al., 2021). Briefly, Periscope distinguished sgRNA reads based on the 5′ leader sequences being directly upstream from each genes transcription. The sgRNA counts were then normalised into a measure termed sgRPTL, by dividing the sgRNA reads by the mean depth of the gene of interest and multiplying by 1,000.



Phylogenetic Analysis

Consensus SARS-CoV-2 genomes were processed using the Nextstrain Conda environment. Augur (bioinformatics tool) v13.0.0,2 and Auspice (open-source visualisation tool) v2.30.03 were employed for analysis and visualisation (Hadfield et al., 2018). As a comparison, a representative global subset of SARS-CoV-2 genomes curated by Nextstrain between September 2019 and August 2021 was included in our phylogenetic analysis.



Statistical Analysis

Statistical significance (p ≤ 0.05) was determined using the Mann–Whitney test for difference between means on variables which contained at least five data points (iSNV/SNP counts and read frequencies, sgRNA counts and read frequencies).




RESULTS


Phylogenetic Analysis

Overall, 84 high-quality SARS-CoV-2 genomes from the clinical cohorts and culture dilutions passed genome- and variant-level filtering and were included in the final analysis. The genomes included representatives from lineages A, A.2.2, B.1, B.1.1, B.1.617.2, B.6, and D.2, as illustrated in the SARS-CoV-2 global phylogeny (Figure 1).
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FIGURE 1. Genomic and epidemiological diversity of clinical and culture SARS-CoV-2 sequences. The SARS-CoV-2 phylogeny was constructed in a local version of Nextstrain (auspice.us) and shows the evolutionary relationship of SARS-CoV-2 genomes sequenced within this study (black dots) and a subsample of publicly available SARS CoV-2 genomes collected globally (n = 1,079). The tree branch lengths represent divergence, with sequences rooted relative to early samples collected in Wuhan, China (Wuhan-Hu-1/2019).




Cohort Sequencing Results

Following quality control, 25 SARS-CoV-2 consensus genomes were recovered from the mild (n = 23, average sample per case = 1.1) and 26 from the severe (n = 16 cases, average sample per case = 1.6) cohorts (Table 1). There were no significant differences between age and sex across the mild and severe cohorts, however, a significant difference between the age ranges (p = 0.16) was noted (Table 1). Thirty-three SARS-CoV-2 consensus genomes were sequenced from 34 culture specimens of varying sample dilutions and time intervals (one genome did not pass quality filtering and was excluded). High depth genomes were produced across all cohorts and the median depth achieved was not significantly different. The median depth for the severe cohort was 2,021×, mild 928×, Lineage A 2,964×, Beta VOC 3,408×, and Delta VOC 2,529× (Supplementary Figure 2B).


TABLE 1. Demographics of SARS-CoV-2 positive cases within the severe and mild cohorts.
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Severe Acute Respiratory Syndrome Coronavirus 2 Viral Load

A range of SARS-CoV-2 viral loads were detected in each cohort (Supplementary Figure 2A). The median severe viral load was 516,643 copies (range: 151,246,026–2,512 copies), and the median mild viral load was 457,284 copies (range: 95,727,865–668.7 copies). Within the culture cohorts, lineage A median viral load was 1,408,340 copies (range: 18,976,383–29.4 copies), Beta median viral load was 560,453.7 copies (range: 9,026,044–130.2 copies), and Delta median viral load was 300,232.9 copies (range: 3,107,421–424.5 copies) (Supplementary Figure 2A). There was no significant difference between the viral loads across cohorts.



Severe Acute Respiratory Syndrome Coronavirus 2 Pango Lineages and Epi-Clusters

A wide variety of pango lineages were defined across the clinical cohorts (Table 1). The majority of cases were designated to lineage B.1.617.2 or Delta VOC (n = 20, cases; P601, P603, P608, P611, P612, P614, P615, P622, P624, P626, P629, P604, P606, P618, P620, P621, PG27, and P628), followed by B.1 (n = 13 cases P0332, P0570, P0495, P0676, P1384, P1434, and P1494), D.2 genomes (n = 11, cases; P0340, P0341, P0417, P0642, P0858, P1149, P2099, P2152, P1498, and P1551) and B.6 (n = 4, case P0105). Single genomes from lineage A.2.2 (case P1727), lineage A genome (case P1811), and lineage B.1.1 (P1020) (Figure 1 and Table 1). Within some lineages, genomes were designated distinct genomic epi-clusters based on SNP distances and known epidemiological links from public health investigations. Within Lineage B.1.617.2 there was one cluster (NSW 130, n = 20), B.1 had 3 clusters (NSW 17.5, n = 3; NSW 9, n = 7, and singletons n = 2), B.6 had 1 cluster (NSW 3.1, n = 4), and D.2 had 2 clusters (NSW 33.1, n = 6; NSW 33, n = 7). Within the epi-clusters known transmission events between members within a household were also captured; group 1 lineage B.1 (n = 3 cases, 3 samples), group 2 lineage D.2 (n = 2 cases, 2 samples), group 3 lineage B.1.617.2 (n = 2 cases, 3 samples), group 4 lineage B.1.617.2 (n = 2 cases, 2 samples), and group 5 lineage B.1.617.2 (n = 2 cases, 2 samples) (Supplementary Figure 1B).



Frequency of Intrahost Single Nucleotide Variants Across Clinical Cohorts and Cultured Genomes

Low frequency iSNVs were detected in 92% (24/26) of the severe (Figure 2A), 80% (20/25) of the mild (Figure 2B), and 100% (33/33) of the culture samples (Figure 2C). Longitudinal samples collected from the same patient were collected over a mean of 6.36 days (range: 0–11) post-symptom onset compared to 1–3 days after inoculation in cultured specimens. Overall, there were 91 iSNVs detected in the severe cohort (median number of iSNVs per sample per case = 3, median frequency = 0.106), and 129 iSNVs detected in the mild cohort (median number of iSNVs per sample per case = 4, median frequency = 0.085) (Figure 2B). The frequency of iSNVs per SARS-CoV-2 gene between severe and mild cohorts was significantly different only for the S gene (p = 0.0209) (Figure 3). Of the culture specimens there were 60 iSNVs (median frequency per specimen = 0.373) for the lineage A cultures, the Beta culture contained 39 iSNVs (median frequency = 0.345), and the Delta culture contained 39 iSNVs (median frequency = 0.214) (Figure 2C).
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FIGURE 2. iSNV and SNP frequencies and the corresponding synonymous and non-synonymous mutations across the SAR-CoV-2 genomes for the (A) severe and (B) mild cohorts, and (C) culture dilutions. A frequency of ≥ 0.9 was considered a SNP (red), frequencies below 0.05 were not included in the analysis. Identified problematic sites are outlined in black and denoted with an * on the x-axis. Amino acid changes for non-synonymous mutations in the spike region are in bold. The spike gene is highlighted in pink. SARS-CoV-2 Delta lineages are highlighted in grey. Horizontal black bars group samples from the same patient. Descriptors A, B, and D in panel (C) refer to Lineage A, B.1.351, and B.1.617.2, respectively. Bracketed numbers indicate the date of sample collection post-symptom onset.
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FIGURE 3. Frequencies of SNPs (A) and iSNVs (B) by SARS-CoV-2 gene for severe (red) and mild (green) cohorts. Frequencies ≥ 0.9 were considered SNPs. Problematic sites are not included. NC signifies non-coding region of the genome. Statistical significance (p ≤ 0.05) is denoted by (*). The frequency of iSNVs in the spike gene of SARS-CoV-2 were significantly different between the severe and mild cohorts.


There was no significant difference between the median numbers of iSNVs per case when comparing the severe and mild cohorts. However, a significantly higher median read frequency of iSNVs between the severe and mild cohorts (p = 0.023) was observed. There was also a significant difference between the mean frequency of iSNVs between the severe and culture cohorts (p = 0.016), and the mild and culture cohorts (p = 0.00001). There was also a significantly higher number of iSNVs in the lineage A compared to Delta culture dilutions (p = 0.00001). The highest number of SNPs and iSNVs/per SARS-CoV-2 genome in cases for all cohorts were found in ORF1ab, S, ORF8, and N genes. Differences between the counts of iSNVs between severe and mild cohorts were significant only at the ORF1ab gene (p = 0.0357) (Figure 4). Across all cohorts, the number of non-synonymous SNP and iSNV mutations were greater than synonymous, indicating positive selection. The average non-synonymous/synonymous mutation ratio (Ka/Ks) per genome per cohort for iSNVs and SNPs was 2.30 and 3.33 in culture, 1.47 and 5.29 in severe cases, and 1.65 and 2.84 in the mild cohort. The SNP ka/ks ratio was highest across all cohorts when compared to the iSNV ka/ks ratio.
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FIGURE 4. Counts of SNPs (A) and iSNVs (B) by SARS-CoV-2 gene for severe (red) and mild (green) cohorts. Frequencies ≥ 0.9 were considered SNPs. Problematic sites are not included. Statistical significance (p ≤ 0.05) is denoted by (*) and NC signifies non-coding region of the genome. The number of iSNVs in the ORF1ab gene of SARS-CoV-2 were significantly different between the severe and mild cohorts.


We further investigated iSNVs encoding non-synonymous structural changes within the S gene. A total of 5, 10, and 3 non-synonymous iSNVs were detected in the severe, mild and in vitro cultured genomes respectively. Interestingly the mutation S:K129N was detected 4 times in different cases in the severe cohort. The iSNV S:T76I was detected in four culture genomes from the infection with the Beta variant and H655Y was also noted in culture genomes.



Clinical Longitudinal Samples Measuring Intra-Host Diversity

Our cohort contained four severe cases with longitudinal samples (P0105, P0332, P608, and P615), with an average of 3.25 samples per case (Figure 2A). The SNP profile of each patient remained relatively fixed over time, with an average of 1.66 SNPs gained or lost (range 1–2) compared to the initial genome collected for each case. There was a general trend observed with an increase in the number of iSNVs over the course of the earlier lineage infections. For severe case P0105, a single iSNV (genome position 6310 nt, read frequency < 0.12) remained consistent across three longitudinal samples which were collected 7–10 days post symptom onset. However, this iSNV was lost at 11 days post symptom onset. Despite the loss of the iSNV on day 11 (position 6,310 nt), this sample contained iSNVs (frequencies < 0.3) at eight new locations within the genome; five in ORF1ab, two in spike, and one in nucleocapsid. Severe case P0332 had no consistent iSNVs throughout their infection, although an average of three iSNVs (range: 0–13) were detected per sample. Days nine and ten post symptom onset (last two sampling points) contained the greatest diversity of iSNVs and were present at 12 positions on day nine (ORF1ab, n = 9; S, n = 1; M, n = 1; and NC, n = 1), and three positions on day ten (ORF1ab n = 3). For Delta genomes, there were fewer conserved iSNVs which tended to be lost rather than gained. For case P608 one iSNV and one low frequency deletion event were retained from 1 day to 11 days post symptom onset (NC, n = 1; ORF8, n = 1). In addition, one iSNV present at 1 day post symptom onset converted to a SNP at 11 days post symptom onset (NC, n = 1) and one high frequency deletion event at day one converted to a low frequency deletion event by day 11 (S, n = 1). The final longitudinal sample, severe case P0615, retained one iSNV and two low frequency deletion events from 3 days post symptom onset to 8 days post symptom onset (ORF1ab, n = 1; S n = 1; NC, n = 1) with one iSNV lost at day 8 (NC, n = 1).

Our cohort also contained five epi-linked family groups. There were no shared iSNVs between cases in groups 1 and 2 (Lineages B.1 and D.2). Group’s three to five were all in lineage B.1.617.2, and of those groups, groups four and five had no shared iSNVs between cases. In group three there was one iSNV shared amongst all cases and samples (ORF1ab, n = 1), and one iSNV that was present in one case and gained later in the course of infection in the other case (NC, n = 1). However, in all three groups there were two shared deletion events (S, n = 1; NC, n = 1).



Culture Intra-Experiment Genomic Diversity

In culture, SNPs remained relatively stable over sampling time-points and across lineages and dilutions with zero SNPs in lineage A, 15 SNPs and four high frequency deletion events in lineage Beta, and one SNP and two high frequency deletion events in lineage Delta were lost or gained over the three-day experiment (Supplementary Figures 3, 4). There was overall greater diversity of iSNVs occurring within Beta and Delta when compared to lineage A (60 and 39 compared to 20 with median frequencies of 0.288 and 0.153 compared to 0.0663). There was a significant difference between the median frequencies of lineage A compared to Beta (p = 0.00001) and Delta (p = 0.00214) but no significant difference between Beta and Delta. Large indels were noted in the lineage A spike gene (22,203–22,213 nt and 23,595–23,585 nt) and remained at relatively high frequency (> 0.4) over time and dilutions. Lineage-specific deletions in Beta (position 22,270–22,280 nt) and Delta (position 28,240–28,247 nt) cultures were maintained over the time course of the experiment but remained at frequencies less than 0.9. Interestingly, iSNVs that occurred in vitro were not present at baseline (inoculum sample) 88% (8/9), 75% (6/8), and 71% (5/7) of the time in lineage A, Beta, and Delta variants, respectively. These iSNVs were often 96% (45/47) below a frequency of 0.3.



Within-Host Genomic Diversity Between Lineages and Epidemiologically Defined Transmission

Within the clinical cohort, there were higher numbers of iSNVs detected in the B.1, n = 12 genomes (39 positions along the genome, with an average of 1.025 iSNVs/position), D.2, n = 11 genomes (45 positions along the genome, with an average of 1.666 iSNVs/position), and B.1.617.2 lineages, n = 13 genomes (29 positions along the genome, with an average of 1.714 iSNVs/position). Lineages with < 5 genomes were excluded. Within those lineages iSNVs were most commonly shared between genomic clusters in the D.2 lineage and were only shared once between a singleton and cluster 9 lineage B.1. Within-host variants were shared between lineages B.1 and D.2 at eight positions (ORF1ab – 269 nt, 3,761 nt, 5,372 nt, 6,604 nt, 11,511 nt; ORF3a – 25,408 nt; M – 26,545 nt; and NC – 27,870 nt). There was one occasion where a SNP in lineage B.6 was a 0.05 frequency iSNV in another (D.2).



Subgenomic RNA

Subgenomic RNA was present in almost all genomes from the severe and mild cohorts (24/26, 25/25), although at low levels, median 1.7% of the read depth compared to gRNA (range; 0.02–52% of depth/average gene depth). The N-gene was the highest sgRNA transcript detected in the severe cohort measured by median sgRPTL (severe 41.916; mild 76.25) followed by the M gene (22.309; 22.549), ORF3 (24.873; 32.389), ORF7a (15.867; 24.259), ORF8 (6.227; 14.386), and S (4.353; 13.422) (Figure 5). Only a small number of genomes expressed sgRNA for ORF1ab (0.849 n = 1; 2.87 n = 2), ORF6 (0.386 n = 1; 6.623 n = 11) and E (0.311 n = 1; 7.335 n = 6), no sgRNA was detected for ORF10. There was a significant difference (p = 0.00804) between the sgRNA across all genes of the severe and mild cohorts – comparing individual genes where both had a sample size greater than 5, there were no significant differences except in the N (p = 0.0114) and S (p = 0.0128) genes (Figure 5). Although there were trends in sgRNA between lineages, the sample sizes per lineage were insufficient to determine significance (Supplementary Table 1). Within the culture cohort, sgRNA was also present in the majority of genomes (30/33) at low levels with a median of 0.8% of the total reads compared to gRNA (range 0.02–10.4% depth/average gene depth). Overall, sgRNA expression was significantly less than in both the severe (p = 0.0002) and mild (p = 0.0001) cohorts (Supplementary Figure 5).
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FIGURE 5. Distribution of sgRPTL counts across all genes. sgRNA was detected in in the mild (red) and severe (green) clinical cohorts. Statistical significance (p ≤ 0.05) is denoted by (*). S sgRNA detected in n = 24/26 severe and n = 21/25 mild genomes, ORF3a in 24/26 severe genomes and 17/25 mild genomes, E in 1/26 severe genomes and 6/25 mild genomes, M in 20/26 severe genomes and 15/25 mild genomes, ORF6 in 1/26 severe genomes and 11/25 mild genomes, ORF7a in 24/26 severe genomes and 18/25 mild genomes, ORF8 in 22/26 severe genomes and 20/25 mild genomes and N in 25/26 severe genomes and 24/25 mild genomes.


There were some interesting trends in sgRNA expression during the three-day in vitro SARS-CoV-2 infections (Supplementary Figure 6). Within the Lineage A culture dilutions, the levels of sgRNA increase at each sampling time point except for a reduction in sgRNA expression on day three in the S and E genes The inoculum expressed higher levels of sgRNA than were seen at day one. However, the sgRNA expression exceeded that of the inoculum on days two and three in all but the N gene, where sgRNA expression only surpassed the inoculum levels at day three. For lineages Beta and Delta, the inoculum sgRNA levels remained higher than subsequent sampling points in all genes except E, ORF7a and ORF 8 for Beta and E and ORF7a for Delta (Supplementary Figure 6). Although sgRNA expression has shown to increase in culture over time, this theory requires further evaluation with biological replicates.




DISCUSSION


Intra-Host Variation

Since the emergence of SARS-CoV-2 in 2019, the virus has been persistently acquiring polymorphisms. In some cases, these changes have resulted in VOCs that pose a greater threat to public health, in the form of increased transmissibility, more severe disease, and evasion of current prevention strategies (Wu et al., 2020). The evolutionary rate of SARS-CoV-2 has been estimated at 1.1 × 10–3 substitutions/site/year (Smith et al., 2014; Day et al., 2020), however, some variants, such as Alpha (Lineage B.1.1.7) and Delta (Lineage B.1.617.2) have established a higher percentage of nucleotide changes (Duchene et al., 2020; Rambaut et al., 2020). Within-host variants within the viral population of an affected host are thought to be a contributing factor to the emergence of mutations. These iSNVs have been described across the entirety of the genome and can affect both non-protein coding and protein coding genes (Karamitros et al., 2020; Armero et al., 2021; Lythgoe et al., 2021). In this study we documented that the majority of iSNVs detected in the clinical samples were present at low frequencies (average: 0.0795), and were not consistently present in longitudinal samples. To accurately quantify iSNVs we sampled longitudinal samples collected from six cases and three known transmission events. Cases P0105 and P0332 had severe disease and contained variants present on the day of symptom onset at reference position 12,412 nt (synonymous, gene ORF1a I4049I) that reverted, but subsequent samples 10 days post symptom onset detected iSNVs at position 19,862 nt (non-synonymous, gene ORF1b A2132V). Where consistent iSNVs were present across longitudinal samples, they were at low frequencies that were subsequently lost. For example, patient P0105 at position 6,310 nt (insertion, gene ORF1a 2015), iSNVs were present at seven, eight, and 10 days post symptom onset, but were no longer detectable at 11 days post symptom onset (final sampling timepoint). This appears to be consistent with previous studies that demonstrate transmission bottlenecks, where the majority of iSNVs are eventually lost and not transmitted onto new individuals (Lythgoe et al., 2021; Valesano et al., 2021). However, there may be implications for transmission and potential emergence of VOCs if iSNVs evolve into SNPs. Our findings indicate that the number of iSNVs tends to increase the longer the infection progresses, particularly in the ORF1ab, S, and N genes. It is therefore possible that the longer an individual remains infectious, likely in immunocompromised individuals, the higher the likelihood of the accumulation and transmission of functional iSNVs.

It is important to note that the presence and/or absence of iSNVs and their distribution across the genome changes from patient to patient and within cases over time. There are some consistently polymorphic positions, for example, position 23,929 nt in lineage B.6 is a consensus level change but is commonly an iSNV in the D.2 lineage. Lineage D.2 and B.1 in particular, had high levels of iSNVs respectively, and high levels of shared iSNV positions in the genome. All samples from lineages D.2 and B.1 were collected from cases of local transmission, whereas infection in cases associated with lineages A and B.6 were acquired overseas. This supports the recent report by Armero et al. (2021) of high levels of carryover iSNV diversity in the ORF1ab, S, and N genes within an outbreak in Victoria, Australia.

In contrast when SARS-CoV-2 was grown within in vitro culture systems and sampled at consistent timepoints, the location of iSNVs was conserved and present at a significantly higher read frequency than within the clinical cohorts. Within the Beta lineage culture, multiple iSNVs in roughly 50% of the reads at inoculation became a high frequency iSNV (in > 80% of reads) or a SNP (≥ 90% of reads) by day three. We also documented instances where iSNVs were present at low frequencies at inoculation (baseline sampling) and remained at a low frequency across the study period, except for one dilution in which a SNP developed at day two and persisted. The Delta culture contained an iSNV that was present at inoculation, lost in all dilutions at day one, returning in one dilution on day two and then became present in all but one dilution by day three. Additionally, there were no iSNVs within the S gene of the Delta lineage. Therefore, the presence of an iSNV early in infection does not ensure that the variant will remain throughout the patient’s course of infection, consistent with what has been observed in prior work (Armero et al., 2021; Lythgoe et al., 2021). It is also evident that a lack of iSNVs early on in infection does not indicate that a mixed population will not arise at some point during the infection course. This observation has implications for interpreting relationships between genomes when iSNVs are used to trace chains of transmission. There was also an interesting change in the representation of deletion events at the sub-consensus level between culture lineages. Within lineage A there were two low frequency deletion events within the S gene that overlapped, positions 23,583–23,598 nt, and 23,596–23,617 nt where the first deletion was at a considerably lower frequency than the second. This is indicative of positive viral selection. These polymorphisms are concentrated near the furin cleavage site and occurred predominately when SARS-CoV-2 is grown in VeroE6 cells. This cell line lacks key proteinases that enable more efficient viral entry and fusion (Chaudhry et al., 2020). The lack of proteinases in VeroE6 additionally explains the occurrence of the H655Y (C23525T) mutation in Lineage A culture samples days 2 and 3 (dilution 1 × 10–2) at low frequencies (5.2 and 6.2%, respectively). This substitution has been found at high prevalence (> 98%) in the Gamma and Omicron VOCs, and at an extremely low prevalence (< 0.1%) in Delta, Alpha, and Beta lineages (Mullen et al., 2020). This mutation is proximal to the furin cleavage site (Escalera et al., 2022), and is associated with variations in antigenicity via conferring escape from human monoclonal antibodies (Baum et al., 2020).

While most mutations are purged or have no effect on the fitness of the virus, some may be selected for and alter transmissibility, infectivity, or pathogenicity (Plante et al., 2021). In both the clinical cohorts and culture dilutions, over 50% of the iSNVs resulted in a non-synonymous change, and between 21 to 37% iSNVs indicated a synonymous change. In all instances, positive selection was observed. Coronavirus mutations in the functionally important spike protein have the potential to affect virus infectivity, pathogenicity, and susceptibility to neutralising antibodies (Harvey et al., 2021). The spike gene encompasses positions 21,563–25,384 nt and iSNVs were seen within this range in the clinical cohorts and culture dilutions at the second highest frequency, with only ORF1ab being higher. This is consistent with studies that have observed positive pressure on protein coding genes, especially those associated with surface glycoproteins (Lo Presti et al., 2020).



Subgenomic RNA Variation

We uncovered low levels of sgRNA expression across all three cohorts, representing, on average less than 2% of the read depth of gRNA. However, the relative abundance of the eight sgRNA transcripts was similar to other investigations, where nucleocapsid sgRNA transcripts were the most abundant, and ORF10 sgRNA was not detected (Alexandersen et al., 2020; Parker et al., 2021). Interestingly, the pattern of sgRNA detection was similar across both the clinical cohorts and culture dilutions, dissimilar to Nomburg et al. (2020), where sgRNA was detected more frequently in culture. Instead, a significantly higher level of sgRNA was identified in patients with mild disease. This is an interesting finding as it has been reported that sgRNA transcripts are reduced in asymptomatic cases of COVID-19 (Wong et al., 2021). However, this may be a result of the lack of intervention in mild cases compared to interventions which would have been received by hospitalised severe disease cases. This similar pattern of expression also remained unchanged between viral lineages (D.2, B.1, and B.1.617.2). The presence of sgRNA transcripts in the E and N genes can be considered markers for increased replication (Zollo et al., 2021). However, it was postulated (Alexandersen et al., 2020) that levels of sgRNA may not be a reliable indicator of disease progression. Our data supports this assumption with levels of sgRNA in genes of importance, such as S and N remaining relatively even across the longitudinal clinical samples. Further to this concept, the median levels of sgRNA detected in the severe cohort were less than detected in the mild cohort in all genes except M. This is inverse to the assumption that cases in the severe cohort are generally considered to have high levels of sgRNA. It is possible that the production of sgRNAs is more relevant for transmission, cell entry and less important in viral propagation. In addition, tri-nucleotide mutations have been identified in some lineages generating novel TRS which increases expression of sgRNA transcripts. This can be seen in the B.1 and D.2 lineages which expressed the highest levels of sgRNA transcripts for the nucleocapsid encoded by a GGG > AAC mutation (28,881–28,883 nt). It is still unknown how these new transcripts will impact pathology, but it is hypothesized that it could lead to diversification and adaptation to the host (Long, 2021).

We have established significant differences of iSNVs between severe and mild disease cohorts and SARS-CoV-2 genes, as well as distinct and consistent patterns of sgRNA. Our findings are also consistent with relative abundances of sgRNA described in S and N genes (Alexandersen et al., 2020). However, this study was limited in the available sample size, which was further complicated by low viral levels in later longitudinal samples. Strict lockdown procedures and border closures in NSW, Australia also greatly reduced or eliminated the proliferation of SARS-CoV-2 lineages, leading to low numbers of representative genomes per lineage. Further investigations with larger time frames and more longitudinal samples will be required to gain an understanding of the behaviour and contribution of iSNVs to COVID-19 disease and its transmission.




CONCLUSION

We demonstrate that iSNVs in SARS-CoV-2 genomes can accumulate over the course of COVID-19 disease and were predominately sporadic across cases with severe or mild disease. There were lineage-specific hot spots associated with persistent and low level iSNVs within diverse samples. sgRNA expression appears relatively consistent across both severe and mild disease, with the exception of significantly higher expression of sgRNA S and N transcripts in the mild disease cohort. The levels of sgRNA were, on average, less than two percent of the total reads for any gene in any clinical sample, indicating that SARS-CoV-2 sgRNA may not be a major contributor to the severity of clinical presentations of COVID-19. The ongoing surveillance and monitoring of subpopulations and iSNVs within lineages over time can improve our understanding of the underlying SARS-CoV-2 host adaptation. In addition, monitoring of sgRNA levels, especially associated with severity of disease may be important in understanding their impact on the spread of COVID-19.
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Supplementary Figure 2 | Boxplots depicting the SARS-CoV-2 copy number (A) and median genome depth (B) for all cohorts. The bold line indicates the median, the interquartile range (25th to 75th percentile) is represented by the white shading, the whiskers represent the minimum and maximum values, and the outliers are shown by the black circles.

Supplementary Figure 3 | Counts of SNPs (A) and iSNVs (B) by SARS-CoV-2 gene for the culture cohort. Frequencies ≥ 0.9 were considered SNPs. Problematic sites are not included. NC signifies non-coding region of the genome.

Supplementary Figure 4 | Frequencies of SNPs (A) and iSNVs (B) by SARS-CoV-2 gene for culture cohort. Frequencies ≥ 0.9 were considered SNPs. Problematic sites are not included. NC signifies non-coding region of the genome.

Supplementary Figure 5 | Violin plots depicting the sgRPTL normalized counts for sgRNA abundance at each gene from top to bottom of Culture A, Culture Beta, and Culture Delta. There was significantly higher sgRNA across all genes in Delta compared to A and Beta. A and Beta were not significantly different. Individually, N was significantly higher in Delta compared to Beta and ORF 7a and 8 were significantly high than both A and Beta. The boxplots within the violins indicate the median and the interquartile ranges (25th to 75th percentile).

Supplementary Figure 6 | Median sgRPTL by SARS-CoV-2 gene from inoculum (day 0) to day 3 for culture dilutions (top) lineage A, (middle) Beta, and (bottom) Delta.
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Since March 2020, SARS-CoV-2 has plagued the world with COVID-19 and individuals of all ages have experienced varying symptoms of disease. Older adults were experiencing more severe disease compared to children and were prioritized by vaccination efforts. While biologic therapies and vaccinations were implemented, there were changes in public health restrictions with subsequent surges resulting in more infected children. During these surges there was a rise of different SARS-CoV-2 variants with the dominant variant initially alpha (B.1.1.7 and other Pango lineages) and epsilon (B.1.427/B.1.429) in early 2021 and a dramatic shift to delta (B.1.617.2 and other Pango lineages) by mid-summer 2021. In this study we aimed to characterize the clinical severity and host factors associated with disease by SARS-CoV-2 variant and evaluate if there are differences in disease severity by circulating variant. We retrospectively included all individuals 0–25 years of age who presented to our center and had a positive SARS-CoV-2 RT-PCR, SARS-CoV-2 variant mutation testing, and documented clinical notes from 1 January 2021 through 31 December 2021. We identified 745 individuals who met inclusion criteria and found the delta variant was associated with severe/critical disease compared to the other variants studied. The results of the model showed that underlying respiratory disease and diabetes were risk factors for progression to severe disease. These insights are important when evaluating public health measures and treatment options for children as more variants arise.

Keywords: pediatrics, SARS-CoV-2, COVID-19, severity, variants, SARS-COV-2 variants


INTRODUCTION

The novel coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been associated with less severe outcomes in children in comparison to adults. Over the course of the COVID-19 pandemic, adult patients filled hospitals to capacity across the United States with children's hospitals experiencing severe cases to a lesser extent (1). As new biologic therapies and vaccinations were implemented in the setting of loosening of public health restrictions, there were surges with children becoming a larger percentage of positive cases (1). In 2021, while children were returning to school, many did not receive or did not qualify for the COVID-19 vaccination, with approval for younger ages occurring in stages through the year. Although the goal was to provide protection for a larger portion of the population, there has been a slower uptake in vaccination and decline in overall vaccination rates in the younger age groups, placing individuals at risk for infection and severe disease (2, 3).

With implementation of vaccinations alongside other SARS-CoV-2 therapeutics, there has been a rise in variants of concern for SARS-CoV-2 (4). SARS-CoV-2 is a positive-sense, single-stranded RNA virus and it is expected for RNA viruses to introduce random genomic error during replication, especially with a high replication rate that has been observed. Since the beginning of the COVID-19 pandemic, the virus has been under continuous selective pressure and evolving (5–7). This can lead to the rapid emergence and spread of viral variants with major genetic changes that have been classified as variant being monitored or variant under monitoring (VBM/VUM), variant of interest (VOI), variant of concern (VOC), and variant of high consequence (VOHC) (5).

As of November 2021, the World Health Organization (WHO) had designated five SARS-CoV-2 variants as VOCs: alpha (B.1.1.7, first detected in the UK), beta (B.1.351, first detected in South Africa), gamma (P.1, first detected in Brazil), delta (B.1.617.2, first detected in India), and omicron (B.1.1.529, first detected in South Africa) (8). In March 2021, epsilon (B.1.427 and B.1.429, first detected in California, USA) was considered a VOC, but after delta cases increased, this variant was changed to VBM in September 2021 (9).

Throughout 2021 in the United States there was a notable change in the dominant SARS-CoV-2 variant in circulation with a shift from alpha (B.1.1.7 and other Pango lineages) to delta (B.1.617.2 and other Pango lineages) by mid-year (7). Locally in Northern California Epsilon (B.1.427/B.1.429) was co-circulating with alpha (B.1.1.7) but was also replaced by delta (B.1.617.2) in co-circulation. Among all the VOCs, particularly alpha and delta were believed to carry mutations that increase the transmissibility of SARS-CoV-2 and potentially lead to more severe disease.

Studies on COVID-19 infection in children and teenagers have noted differences in infection rates, symptoms, and mortality as compared to adults (10). Children infected with SARS-CoV-2 usually have mild symptoms but can range from an asymptomatic infection to critical disease with multi-organ dysfunction (11). Additionally, various comorbidities have been associated with progression to severe disease in adults, including obesity, chronic respiratory disease, cardiovascular disease, neurological disorders, immune disorders, metabolic disease, hematologic disorders, cancer, renal disease, and gastrointestinal disease (12). Given the nature of COVID-19 disease, the majority of clinical data and research studies have occurred in adults and been applied to children. There are limited pediatric studies comparing the differences in clinical severity between variants, particularly in the Western United States. Here we conduct a single center observational study to examine the differences of SARS-CoV-2 variant infections in 2021.



METHODS

We retrospectively identified all SARS-CoV-2 RT-PCR positive individuals aged 0–25 years old that were tested through Stanford Children's Health and Stanford Healthcare at Stanford University from 1 January 2021 to 31 December 2021. Individuals had samples collected from the clinic setting, urgent care, drive-thru testing, pre-operative testing, the Emergency Room, and upon admission at the Lucile Packard Children's Hospital and Stanford Hospital. SARS-CoV-2 nucleic acid amplification testing (NAAT) and variant genotyping was performed at the Stanford Clinical Virology Laboratory. Initial respiratory SARS-CoV-2 NAAT was conducted on a variety of platforms according to manufacturer and emergency authorization instructions as previously described (13).


Laboratory Methods

During the time frame of this study, all available specimens testing positive for SARS-CoV-2 by NAAT with reverse-transcription quantitative polymerase chain reaction (RT-qPCR) cycle threshold (Ct) <35, or transcription-mediated amplification relative light units (RLU) > 1,100 were subject to different multiplex allele-specific genotyping RT-qPCR reactions targeting spike mutations associated with known variants of concern. Due to the evolving variant landscape, individual samples may have been genotyped by one, two, or all three of the following previously-described RT-qPCR reactions: Reaction 1 targeting mutations in N501Y, E484K, L452R with internal control of wildtype N501 (13), Reaction 2 targeting mutations in del69-70, K417N, T478K with internal control of wildtype 69-70 (14), and/or Reaction 3 targeting mutation in del211-214 with internal control of E gene (15). Reaction 1 alone can differentiate alpha vs. epsilon vs. other, and was used exclusively from 1/1/2021-4/28/2021 when these were the dominant circulating variants. Reaction 2 in conjunction with Reaction 1 can differentiate between epsilon and delta, and was used between 4/28/2021-8/1/2021 when these two variants were co-circulating. From 8/1/2021-12/9/2021, epsilon essentially disappeared from circulation, and Reaction 1 was again used in isolation to differentiate between delta vs. alpha vs. other variants. From 12/9/2021-12/31/2021, Reaction 3 was used in conjunction with Reactions 1 and/or 2 to differentiate delta vs. omicron vs. other variants. SARS-CoV-2 whole genome sequencing was performed on 18.1% of the RT-qPCR genotyped samples as previously described to confirm genotyping assay performance and epidemiology at each of these time points (13).

We utilized the Stanford University research data repository (STARR) for the EPIC electronic medical record at both hospitals to identify individuals. A pediatric infectious physician team member also manually reviewed each chart to collect relevant clinical information. The study was approved by the Stanford University Institutional Review Board (IRB protocol 60259). Individuals were classified by the NIH/CDC criteria for acute COVID-19 disease into five categories: asymptomatic/pre-symptomatic infection, mild illness, moderate illness, severe illness, and critical illness (16). Asymptomatic/pre-symptomatic infection included individuals who tested positive for SARS-CoV-2 but did not have symptoms. Mild illness included individuals with symptoms such as fever, cough, sore throat, malaise, headache, muscle pain, nausea, vomiting, diarrhea, loss of taste, or loss of smell but who did not have shortness of breath, dyspnea, or abnormal chest imaging. Moderate illness included individuals who had evidence of lower respiratory disease during clinical assessment or imaging but oxygen saturation (SpO2) ≥ 94% on room air at sea level. Severe illness included individuals who had SpO2 <94%, a respiratory rate > 30 breaths/min, lung infiltrates > 50%, or new/increased oxygen requirement by nasal cannula or high flow nasal cannula. Critical illness included individuals who had respiratory failure (requiring non-invasive positive pressure ventilation or mechanical ventilation), septic shock, and/or multiple organ dysfunctions.



Statistical Analysis

SAS (r) Proprietary Software 9.4, Copyright (c) 2016 by SAS Institute Inc., Cary, NC, USA was used to perform the statistical analysis of the study data. To assess the normality of distribution of continuous variables in our dataset, the Shapiro Wilk (n <2,000) test was used. Descriptive statistics for continuous variables that were normally distributed included mean ± standard deviation and median (min-max) for non-normally distributed variables. Mann Whitney-U test was used to compare non-normally distributed continuous variables, and independent sample t-test to compare normally distributed continuous variables. The Chi-Square test statistic was also used to compare independence between disease severity and variant subtype, and between disease severity and other covariates in the study. When assumptions of the Chi -square statistic used in our analysis were violated, the non-parametric equivalent Fisher's exact test was used. Univariate and multivariate proportional odds models were then used to evaluate the influence of various SARS-CoV-2 variants on disease severity. We conducted proportional odds model analysis examining factors impacting disease severity (asymptomatic, mild, moderate, and severe/critical) among our study participants. Given the low number of patients with severe and critical disease we combined these categories as all individuals in this category required oxygen support. Overall unadjusted and adjusted models did not meet the proportional odds assumption and so, we report the average effect of our models. All statistical tests were 2-sided, and p-values < 0.05 were considered statistically significant. Informed consent for retrospective data collection was waived as approved by the institutional review board.




RESULTS

Initially 2,137 SARS-CoV-2 RT-PCR positive individuals aged 0–25 years old were identified by testing through Stanford Children's Health and Stanford Healthcare at Stanford University from 1 January 2021 to 31 December 2021. Of those 1,504 had variant data and the remaining 633 without were excluded. In review of the variant data, 591 were identified to be the omicron VOC at the end of December 2021 and were excluded from this study. In review of the charts, 165 did not have any relevant clinical data and were excluded. Three individuals were identified to have multisystem inflammatory syndrome in children (MIS-C) and excluded. After meeting all the inclusion/exclusion criteria for our study, a total of 745 individuals were included for analysis as shown in Table 1. The patients' median age was 14.14 (interquartile range, 6.05 to 20.24), 50.47% of the patients were males, 48.59% were of non-Hispanic ethnicity, with only 5.64% being of African American origin. Of the 745 individuals included in our analysis, majority (68.05%) were classified as having a mild infection, with only 3.22% classified as having a severe/critical infection. The delta variant of SARS-CoV-2 was the predominant variant (57.18%) found among our study participants. With regards to comorbidities, the most reported comorbidity was underlying respiratory disease (56.11%) as shown in Tables 1, 2.


Table 1. Characteristics of the patients at diagnosis by outcome.
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Table 2. Characteristics of the Patients at diagnosis by exposure to different SARS-CoV-2 variants.
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The overall unadjusted and adjusted results of the proportional odds models examining disease severity following exposure to different SARS-CoV-2 variants were significant (p-value =< 0.0001). Individuals infected with SARS-CoV-2 variants other than the delta VOC were on average less likely to have severe disease as seen in both the unadjusted and adjusted models. Age was evaluated as a continuous variable and an increase in age by one unit was also likely to increase the risk of severe disease among our study participants. Unadjusted, Individuals with diabetes had a 2.8 times higher likelihood of having severe disease compared to individuals without diabetes which was statistically significant (OR = 2.84, 1.13–7.16). However, upon controlling for other independent variables in our model, there was only a 2.2 higher likelihood of severe disease among those with diabetes compared to those without diabetes (OR = 2.22, 0.83–5.96).

Our study however did find that the unadjusted model met the proportional odds assumption (p value = 0.84) with a 2.2-fold increase in the odds of more severe disease among individuals with underlying respiratory disease (other than COVID-19) when compared to individuals with no underlying respiratory disease (OR = 2.23, 1.63–3.06). The results from our unadjusted and adjusted proportional odds models are shown in Table 3.


Table 3. Unadjusted and adjusted odds ratios and confidence intervals for disease severity.
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DISCUSSION

In this study we found few severe and critical COVID-19 cases in younger individuals, which is consistent with the available epidemiologic data (11). Delta (B.1.617.2 and sublineages) was the most prevalent variant and was associated with more severe/critical disease compared to alpha, epsilon, and others, which correlates with COVID-NET reporting of increased hospitalizations in the summer of 2021 (11). Our study captured individuals 0–25 years of age from the surrounding greater San Francisco Bay Area with representation from six different counties (San Mateo, San Francisco, Santa Clara, Alameda, Santa Cruz, and Contra Costa). To our knowledge, this was one of the first studies to compare the severity among variants in pediatric patients in the Western United States.

There are multiple hypothetical explanations for the association of the delta VOC with more severe disease. With evolutionary changes and increased mutations in the genome encoding for the receptor binding domain and N-terminal domain of the SARS-CoV-2 spike protein, there can be more evasion from the immune system and diminished neutralizing ability (17, 18). The reduction in neutralization may explain increased transmissibility of the rising variants like delta, even in the setting of vaccination. With initial immune evasion resulting in enhanced viral entry there is an increased chance for direct viral toxicity, vasculitis induced ischemic injury, thrombosis, and immune dysregulation (19). This can provoke severe respiratory disease but also result in multi-organ disease (19). Additionally, there were social and political factors like relaxation of public health measures that may have contributed to increased transmission in mid-2021 in the region. In June 2021, the state of California lifted indoor masking mandates for vaccinated individuals and there was a subsequent rise in cases in the state and across the country (20–22). Throughout this time, most children were not eligible for vaccination with the Food and Drug Administration (FDA) granting Emergency Use Authorization (EUA) for the Pfizer-BioNTech COVID-19 vaccine for individuals aged 12–15 years in May 2021 and 5–11 years on 29 October 2021. With a rise in more cases, increase in travel, relaxation of protective measures, and ineligibility for vaccination, it is understandable more children were presenting with infection and disease. As demonstrated in Figure 1, there was a peak in the total number of positive tests at the same time the delta variant dominantly emerged in circulation.


[image: Figure 1]
FIGURE 1. (A) Shows the absolute number of samples tested at our center in 2021 by month and included in the study. (B) Shows the monthly percentages of variant types from the positive test. Of note December does not reflect the Omicron variant which was prominent in the final week of December 2021.


Underlying respiratory problems and diabetes were two risk factors associated with more severe disease, similar to what is reported in the literature (12). We did not find a significant association with obesity or immunocompromised status and severe disease, although they are also risk factors defined by the CDC. Although these results have consistencies with the national data, they are not likely representative of the entire burden infection as most individuals presented for testing with symptoms or a known exposure. There were likely more asymptomatic individuals not captured given they did not present for testing.

There were several limitations in this study. The individuals included were all those who had variant testing results and clinical data. Eight hundred and one individuals were excluded and could have ranged in disease severity, as the excluded group did include multiple deaths. Fortunately the demographics were likely to be similar between genotyped and non-genotyped individuals (13, 14). Given the low proportion of individuals with diabetes among individuals with severe disease, it is likely that our study underestimated the effect of diabetes among individuals diagnosed with severe COVID-19. Studies with a higher proportion of participants with diabetes diagnosed with severe COVID-19 are needed to clearly define the odds of severe disease among children diagnosed with diabetes.

As we have progressed through the pandemic, hospital systems have required routine testing regardless of symptoms for all individuals admitted to the hospital or undergoing a procedure, capturing a larger pool of individuals which would have not been identified. With the implementation of vaccinations for the pediatric population, some individuals were potentially protected from acquiring infection, developing symptoms, or progressing to severe disease, although this effect may be minimal with variable vaccine uptake. There was also no long-term follow-up for all individuals who had asymptomatic or mild infection and it is possible some may have developed new symptoms after the initial encounter. This is less likely as we are a tertiary referral pediatric center and many other individuals who tested positive did present back to our center for additional evaluation when symptoms progressed. Another limitation is development of post-acute sequelae of COVID-19 infection which is not captured with the current data. We also excluded omicron (B.1.1.529) given there was a rise in cases at the end of December 2021 with majority of cases falling outside the window for this study, resulting in an incomplete characterization for this variant.

An additional limitation is in the methodology of multiplex RT-qPCR genotyping as a way to identify and differentiate between variants of concern. While theoretically inferior in accuracy when compared to whole genome sequencing, our RT-qPCR approach allowed for genotyping of a much larger number of samples, including samples with lower viral loads that could not be successfully sequenced. Furthermore, sensitivity and specificity of these RT-qPCR reactions when compared with whole genome sequencing was >99% in the literature (13–15). All of the samples with both RT-qPCR and sequencing data in this study had concordant results, suggesting that any unidentified genotyping errors are likely rare, and would not have influenced the final results of this study.

This study highlights that the delta variant was associated more with severe disease than prior variants in children at our center and that certain vulnerable groups (with respiratory disease and diabetes) are at risk for more severe disease. Further studies can investigate the differences with newer variants as they arise.
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SARS-CoV-2 and its variants, such as the Omicron continue to threaten public health. The virus recognizes the host cell by attaching its Spike (S) receptor-binding domain (RBD) to the host receptor, ACE2. Therefore, RBD is a primary target for neutralizing antibodies and vaccines. Here, we report the isolation and biological and structural characterization of a single-chain antibody (nanobody) from RBD-immunized alpaca. The nanobody, named DL28, binds to RBD tightly with a KD of 1.56 nM and neutralizes the original SARS-CoV-2 strain with an IC50 of 0.41 μg mL−1. Neutralization assays with a panel of variants of concern (VOCs) reveal its wide-spectrum activity with IC50 values ranging from 0.35 to 1.66 μg mL−1 for the Alpha/Beta/Gamma/Delta and an IC50 of 0.66 μg mL−1 for the currently prevalent Omicron. Competition binding assays show that DL28 blocks ACE2-binding. However, structural characterizations and mutagenesis suggest that unlike most antibodies, the blockage by DL28 does not involve direct competition or steric hindrance. Rather, DL28 may use a “conformation competition” mechanism where it excludes ACE2 by keeping an RBD loop in a conformation incompatible with ACE2-binding.

Keywords: conformation competition, coronavirus, COVID-19, crystal structure, nanobody, receptor-binding domain, SARS-CoV-2


INTRODUCTION

A key step for SARS-CoV-2 infection is the molecular engagement between the receptor-binding domain (RBD) on the Spike (S) protein and the human receptor angiotensin-converting enzyme 2 (ACE2; Hoffmann et al., 2020; Shang et al., 2020; Walls et al., 2020; Wrapp et al., 2020a). The S is a heavily glycosylated trimeric protein that in the pre-form contains 1,273 amino acid residues. Upon cleavage by host proteases, S breaks down to two subunits, S1 and S2 at a region near residue 685. RBD (residues 330–526) is contained in the S1 subunit (Hoffmann et al., 2020). In the pre-fusion state, S exists in multiple conformations regarding the relative position of RBD to the rest of the protein. In its “closed” conformation, all three subunits are very similar and the receptor-binding motif (RBM) of the RBD is buried by adjacent N-terminal domains (NTDs) of S1. The RBD in the closed S is referred to as the “down” conformation and they are incompetent to engage with ACE2. In the “open” state, one, two, or all three RBDs could assume the “up” conformation, exposing the RBM to engage with ACE2 (Henderson et al., 2020; Walls et al., 2020; Wrapp et al., 2020a; Zhang et al., 2021). Reflecting the importance of ACE2-RBD binding in viral infection, hundreds of existing neutralizing antibodies target this event by direct blockage, steric hindrance, or locking the RBDs in the “down” conformation (Barnes et al., 2020).

The single-chain camelids-derived antibodies possess attractive features (Muyldermans, 2013). The variable region of the heavy-chain antibodies is referred to as nanobodies owing to their small sizes (~14 kDa). Despite having a single chain, nanobodies can target antigens with comparable selectivity and affinity to conventional antibodies. Being small, nanobodies are ultra-stable, relatively easy to produce (in microbial) with low costs and high yields, and amenable to protein engineering, such as fusion in various forms. Such fusion can result in improved potency, functional affinity and neutralizing activity can increase by hundreds to thousands of folds (Schoof et al., 2020; Li et al., 2021a; Yao et al., 2021). In addition, nanobodies that recognize non-competing epitopes can be conveniently fused to make biparatopic nanobodies that are potentially more tolerant to escape mutant strains (Koenig et al., 2021; Li et al., 2021a; Yao et al., 2021). The heat stability of nanobodies opens the possibility of using them as inhaling drugs for respiratory diseases (Muyldermans, 2013) [and indeed potentially for SARS-CoV-2 as demonstrated in hamsters Nambulli et al., 2021] and offers convenience in storage and transport. In the past months, dozens of neutralizing nanobodies against SARS-CoV-2 have been reported (Chi et al., 2020; Custódio et al., 2020; Esparza et al., 2020; Hanke et al., 2020; Huo et al., 2020a; Schoof et al., 2020; Xiang et al., 2020; Koenig et al., 2021; Li et al., 2021a; Pymm et al., 2021; Walter et al., 2022).

A challenge in developing neutralizing antibodies and vaccines against viruses is their ability to mutate. In particular, mutations in RBD that retain its structural integrity and function (ACE2-binding) may escape neutralizing antibodies by altering the binding surface either in composition or in conformation, or both (Weisblum et al., 2020; Harvey et al., 2021; Liu et al., 2021; Starr et al., 2021). In the past months, strains, such as the lineage B.1.1.7, B.1.351, P.1, B.1.617.2, B.1.1.529, referred to as the Alpha, Beta, Gamma, Delta, and Omicron variant by the World Health Organization, have caused outbreaks and concerns about how these variants, the Omicron in particular (Viana et al., 2022), could change the course of the pandemic due to their high virulence and their general resistance against antibodies and vaccines that were developed using previous strains (Hoffmann et al., 2021; Planas et al., 2021; Wang et al., 2021; Bolze et al., 2022). Given the large number of active cases, it is reasonable to assume that more escape mutants are almost certain to emerge. Due to the lag phase between outbreaks caused by new mutants and the development of vaccines/mAbs against the mutants, it is important to have different antibodies and to test and develop strategies to identify antibodies with broad reactivity and different neutralization mechanisms.

Here, we report the selection and structural characterization of an RBD-targeting neutralizing nanobody (dubbed DL28) isolated from immunized alpaca. The DL28 shows a broad activity against five variants of concern (VOCs) including the currently prevalent Omicron. Unlike most neutralizing nanobodies, the DL28 does not use direct competition or steric hindrance to block ACE2. Rather, structural analysis suggests a mechanism hypothesis by which DL28-binding causes a loop within the RBM to assume a conformation that is incompatible with ACE2-binding.



RESULTS


Isolation of a High-Affinity Neutralizing Nanobody From Immunized Alpaca

To elicit neutralizing nanobodies against SARS-CoV-2, an adult female alpaca was immunized four times using recombinantly expressed RBD. The enzyme-linked immunosorbent assay (ELISA) test of sera showed an antibody titer of ~1 × 106 after four rounds of immunization compared with the pre-immunization sample. The mRNA isolated from the peripheral blood lymphocytes of RBD-immunized alpaca was reverse-transcripted into cDNA for the construction of a phage display library (Figure 1A). Three rounds of solution panning were performed with increasingly stringent conditions and an off-selection step to screen high-affinity nanobodies. Subsequent screening using ELISA and fluorescence-detection size exclusion chromatography (FSEC; Li et al., 2021a,b) identified binders with ELISA signal that is at least three times higher than a control nanobody, as well as the ability to shift the gel filtration peak of fluorescently labeled RBD at 0.5 μM (Figure 1A). We identified 28 unique clones as positive clones and we focus on DL28 for this study.


[image: Figure 1]
FIGURE 1. Strategy and isolation of neutralizing nanobodies. (A) Schematic flowchart for the identification of neutralizing nanobodies (Nbs). Immunization dose and schedule are indicated. The mRNA was isolated from an alpaca that was immunized with the RBD. A phage display library expressing nanobodies was selected against RBD. Positive clones were screened using ELISA and fluorescence-detector size exclusion chromatography (FSEC) for RBD-binding, and purified nanobodies were screened using neutralization assays with SARS-CoV-2 pseudoviruses. (B) Unpurified DL28 causes earlier elution of the fluorescently labeled RBD on analytic gel filtration. (C) Binding kinetics of DL28 to RBD using BLI with RBD immobilized and DL28 as analyte at indicated concentrations (nM). Solid lines indicate original data and dotted lines indicate fitted curves. (D) Evidence for the binding between DL28 and S protein. Apparent binding kinetics are not fitted due to the existence of bridged complexes between immobilized DL28 and the trimeric analyte S. (E) Neutralization assay of Fc-DL28 against SARS-CoV-2 pseudoviruses.


As shown in Figure 1B, the DL28 causes an earlier elution of RBD in FSEC. Using the biolayer interferometry (BLI) assay, we determined the binding affinity of DL28 with RBD (KD = 1.56 nM) (Figure 1C) and demonstrated its ability to bind S (Figure 1D). Subsequent assays using SARS-CoV-2 pseudotyped particles bearing the S from the first-reported strain from Wuhan (termed the wild-type, WT) displayed an IC50 of 0.41 μg mL−1 (Figure 1E) for the Fc version of DL28 (Fc-DL28).



DL28 Is Broadly Active Against SARS-CoV-2 VOCs

The destructive spread of VOCs, the Omicron variant in particular, poses new challenges to the public health systems. One of the central problems is the break-through infection by VOCs which essentially concerns the tolerance of antibodies to S mutations (mostly RBD mutations). To test whether DL28 possesses a broad-spectrum activity, we constructed SARS-CoV-2 pseudoviruses bearing the S from five VOCs, namely the Alpha (B.1.1.17), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529). The results showed that the mutations relating to the Alpha strain (N501Y, only RBD mutations are listed hereafter) did not affect the neutralizing activity of DL28, reporting a slightly lower IC50 (0.35 μg mL−1). The IC50 for the Beta (K417N/E484K/N501Y), Gamma (K417T/E484K/N501Y), and Delta (L452R/T478K) increased to 2.5, 3, and 4-fold, respectively (Figure 2A). Interestingly, despite having the highest number of mutations (Walter et al., 2022; Figure 2B), the Omicron strain remained sensitive to DL28 (IC50 = 0.66 μg mL−1; Figure 2A).
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FIGURE 2. DL28 displays broad activity against SARS-CoV-2 variants. (A) IC50 determination. (B) A summary of variant information, RBD mutations, and IC50 values.




Structural Interpretation of the Varying Activity of DL28 Against VOCs

To accurately characterize the epitope of DL28, we crystallized the DL28-RBD complex in the space group of P6522 and solved its structure to 3.0-Å resolution by molecular replacement using published RBD and nanobody structures (Li et al., 2021a) as search models. The structure was refined to Rwork/Rfree of 0.2264 / 0.2476 with no geometry violations (Table 1). The asymmetric unit contains two DL28-RBD complexes with high similarity (Cα RMSD of 0.51 Å). The chains A/C are used for structure description.


Table 1. Data collection and refinement statistics.
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The RBD structure assembles a high-chair shape and DL28 binds to RBD at one side of the high-chair with a buried surface area (Krissinel and Henrick, 2007) of 986.3 Å2 (Figure 3A), with contributions of 41.9 Å2 from CDR1, 195.4 Å2 from CDR2, 377.8 Å2 from CDR3. The framework region also contributed significantly to the binding, with a buried surface of 371.2 Å2 (~40% of the total). Characteristically, most interactions are contained in CDR3 and only one residue in CDR1 is involved in the binding (Figure 3B). Overall, the interaction involves hydrophobic interactions, 17 hydrogen bonds, and a π-π interaction between Phe47 and Phe490' (Figure 3B, Supplementary Table 1; for clarity, we label residues from RBD with a prime).
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FIGURE 3. Molecular insights into the activity of DL28 against SARS-CoV-2 variants. (A) The overall structure of DL28 (light blue) in complex with RBD (white). DL28 binds the high-chair-shaped RBD at one side. The binding interface is colored green. Three complementarity-determining regions (CDRs) and the framework residues involved in the binding are color-coded as indicated. (B) Stick representation of the interaction residues from DL28 (cyan, magenta, orange, and yellow) and RBD (green). DL28 residues are labeled in black and RBD residues are labeled in gray. Dash lines indicate distances within 3.8 Å. (C) The distribution of RBD mutations (magenta sphere) from the Alpha (i), Beta/Gamma (ii), Delta (iii), and Omicron (iv) variants in the context of the DL28 epitope. RBD (green) and DL28 (blue) are shown as ribbon representations except that DL28 is shown as Adaptive Poisson-Boltzmann Solver electrostatic potential surfaces in ii. The expanded view in iii highlights the interaction between Leu452' and indicated DL28 residues.


Analysis of the crystal packing shows that regions around the RBD-DL28 interaction interface are involved in crystal contact mediated by a DL28 and an RBD molecule from two different adjacent asymmetric units (Supplementary Figure 1A). Despite having these two distinct packing patterns (Supplementary Figures 1B,C), the two copies of DL28-RBD complex showed superimposable conformations (Supplementary Figure 1D). This suggests that the observed interactions are unlikely to be influenced by crystal packing and hence are of functional significance.

The structural information offers insights into the broad activity of DL28 against SARS-CoV-2 variants. Consistent with the similar reactivity of DL28 against the original strain (WT) and the Alpha variant (Figure 2), the mutation from the Alpha strain (N501Y) is not involved in DL28-binding. For the three RBD mutations from the Beta/Gamma strain, K417N/T and the abovementioned N501Y are expected to be neutral because they are remote from the DL28 epitope. In contrast, E484K happens at a site adjacent to the DL28 epitope. Although the side chain of Glu484' was not involved in the DL28-binding (Figure 3B), the charge reversal by E484K would cause charge–charge repulsion with DL28 (Figure 3C). This may explain the mild resistance of the Beta/Gamma to DL28 (Figure 2). Similarly, although the T478K mutation from the Delta strain is distant from the DL28 epitope, the L452R mutation would weaken the interactions by diminishing hydrophobic interactions with Tyr37/Trp104 in the DL28 framework and introducing a charge–charge repulsion with Arg45. Finally, although the mutation spectrum in the Omicron overlaps with the epitope of DL28 by three residues (G446S/E484A/Q493R), the neutralizing activity of DL28 was not drastically altered. This will be discussed in the next section.

Consistent with its ability to bind to S (Figure 1D), the structure alignment of DL28-RBD with S reveals no clashes when DL28 is aligned onto the “up”-RBD, and only minor clashes with the NTD from the clockwise subunit when DL28 is aligned onto the “down”-RBD (Supplementary Figure 2). Whether and how DL28 binds “down”-RBDs in the context of S trimer remains to be experimentally determined.



DL28 Unlikely Uses Direct Competition or Steric Hindrance to Block ACE2

To probe neutralization mechanisms for DL28, we performed cross-competition binding assays and found that DL28 blocked receptor-binding to near completion (Figure 4A). Direct competition and steric hindrance are the two most common mechanisms for ACE2-blocking activity of antibodies. However, as analyzed below, DL28 does not seem to fall into either of the two categories.
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FIGURE 4. The ACE2-blocking activity of DL28 unlikely involves direct competition or steric hindrance. (A) Pre-incubation of DL28 with RBD blocks ACE2-binding. A sensor coated with RBD was first treated with 100 nM of DL28 before being incubated with a DL28-containing solution with (blue) or without (red) ACE2. As a control, the ACE2-RBD binding profile (black) was recorded without DL28 on a biolayer interferometry (BLI) system. (B,C) The overlap (blue) between the DL28 epitope (green) and the ACE2-binding site (RBM, red) (B) is speculated to be compatible for binding with both DL28 and ACE2 (C). Black/magenta dashed lines indicate ACE2-RBD and DL28-RBD interactions, respectively. (D–F) The minor clashes between DL28 and ACE2 do not play a major role in cross-competition. (D) Gln44 on DL28 is in close contact with the RBD-interacting α-helix from ACE2 when the DL28-RBD structure is aligned onto the ACE2-RBD structure. (E) Neutralization assays for Q44G and K43G/Q44G using the SARS-CoV-2 WT strain. The data for DL28 are obtained from Figure 1E for comparison reasons. (F) The triple-glycine DL28 (Gly42, K43G/Q44G) retained the ability to inhibit ACE2 for RBD-binding. The experimental setting was the same as in (A). Monovalent DL28 was used in (A) and Fc-dimers were used in (E,F).


For direct competition, the DL28 epitope and the RBM overlap by four residues, namely Gly446', Tyr449', Glu484', and Gln493' (Figure 4B). However, the overlap appears to be compatible with binding to both ACE2 and DL28 owing to their distinct interaction modes (Figure 4C). RBD Gly446' and Gln493' are only in proximity and do not form hydrogen bonds with DL28 (Supplementary Table 1); although ACE2 Gln42 forms a hydrogen bond with Gly446', and ACE2 Lys31 and Glu35 interact with the side-chain of Gln493', they approach RBD at the opposite of DL28 (Figure 4C). The rest of the two residues, Tyr449' and Glu484' form hydrogen bonds with DL28 via their main-chain atoms. The side chain of Tyr449' forms a hydrogen bond with ACE2 Asp38 and Gln42, but Glu484' only interacts with ACE2 via Van der Waals forces. Finally, both the main-chain and side chain of the four RBD residues showed negligible differences between the ACE2- and DL28-bound forms (Figure 4C). The analyses suggest a lack of direct competition between ACE2 and DL28. In line with this, simultaneous mutation of three of the four residues (G446S/E484K/Q493R), as found naturally in the Omicron strain (Figure 3C), did not cause appreciable resistance to DL28 (Figure 2).

For steric hindrance, aligning the DL28-RBD structure to the ACE2-RBD (Lan et al., 2020) structure revealed minor clashes between DL28 Lys43/Gln44 in a framework loop and the ACE2 α-helix α20−52 (subscript numbers refer to the start-end residues) (Figure 4D) which contains most of the key receptor–RBD interactions (Lan et al., 2020). To investigate if steric hindrance plays a role, we made a Q44G mutant to eliminate the side chain which protrudes to ACE2 α20−52 near Asp38 in the aligned model. Interestingly, the Q44G showed a slightly increased neutralizing activity (Figure 4E), excluding Gln44 as an ACE2-clashing residue. Further mutation of the adjacent Lys43 to glycine slightly reduced the ACE2-blocking (Figure 4F) and neutralization activity (Figure 4E). This result may be interpreted as Lys43 being a clashing residue. However, since the Lys43 side-chain points away from ACE2 in the aligned model, we favor an alternative possibility: the tri-glycine motif (together with Gly42) introduces structural instability to the nanobody framework and affects the orientation of the CDRs for tight binding. Taken together, we conclude that DL28 does not rely on direct competition or steric hindrance for the blocking of ACE2-binding. Rather, we propose a “conformation competition” mechanism for the neutralizing activity of DL28 (refer to Discussion).




DISCUSSION

SARS-CoV-2 S-RBD has been a focus for antibody development since the beginning of the outbreak. So far, there are more than 30 RBD-targeting nanobodies with their epitopes structurally characterized (Supplementary Figure 3). These RBD-targeting neutralizing nanobodies can be categorized into four classes (Class A–D) based on their mechanisms. The most common class (Class A) blocks ACE2-binding by direct competition (Custódio et al., 2020; Xiang et al., 2020; Ahmad et al., 2021; Güttler et al., 2021; Huo et al., 2021; Koenig et al., 2021; Li et al., 2021a; Pymm et al., 2021; Sun et al., 2021; Wagner et al., 2021; Walter et al., 2022) and their epitopes overlap with RBM (Supplementary Figure 3A). Class B nanobodies are also frequently reported and they impede ACE2-binding by steric hindrance (Supplementary Figure 3B; Hanke et al., 2020; Wrapp et al., 2020b; Güttler et al., 2021; Koenig et al., 2021; Pymm et al., 2021; Sun et al., 2021; Wagner et al., 2021; Xu et al., 2021; Walter et al., 2022). Class C nanobodies destabilize the S trimer (Huo et al., 2021; Sun et al., 2021) by targeting epitopes that are buried between RBD and the N-terminal domain of adjacent subunits (Supplementary Figure 3C). Finally, Class D nanobodies, represented by Nb6 from a synthetic library and C5 from immunized llama (Schoof et al., 2020; Huo et al., 2021), prevent ACE2-engagement by binding two RBDs and by locking the RBDs in the “down” conformation (Supplementary Figure 3D).

Although DL28 can block ACE2-binding, our results suggest that DL28 is unlikely a Class A/B nanobody. Rather, structural analysis, as will be described below, suggests a “conformation competition” mechanism through which DL28 keeps the “backrest” part of the RBD in a state incompatible with ACE2-binding.

The “backrest” part of the RBM shows conformational dynamics (Figure 5A) in the unbound form (Zhou et al., 2020a). The two conformations with the most dramatic differences (dubbed Unbound form 1 and 2) show a ~2.0-Å displacement. The DL28-bound form assumes a conformation more similar to Unbound form 1 while the ACE2-bound form assumes a similar conformation to Unbound form 2. Superposing the ACE2-RBD onto the DL28-RBD structure reveals severe clashes between ACE2 α20−52 (numbers indicate start and end of second structures) and three RBM residues (Phe486', Asn487', Tyr489') in the DL28-bound form (black box, Figures 5B,C). Further, despite the conformation dynamics of the unbound RBD at the “backrest” and “seat” regions (Figure 5A and ref. Williams et al., 2022), they are relatively inflexible once bound with DL28 (Figure 5D) according to the b-factor analysis. Thus, unless ACE2 and DL28 make a compromise on the relative position to RBD, or if the “backrest” region assumes a compact conformation to accommodate both ACE2 and DL28, the receptor- and nanobody-binding events would be mutually exclusive.
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FIGURE 5. Structural basis for the proposed “conformation competition” mechanism for the ACE2-blocking activity of DL28. (A) Comparison of the RBD conformations at the RBM between two unbound forms (blue, magenta), the ACE2-bound (Lan et al., 2020) form (yellow), and the DL28-bound form (cyan). The ACE2-interacting residues are shown as green Cα spheres. (B) Alignment of the DL28-RBD structure (green surface and cyan ribbon) with the ACE2-RBD structure (Lan et al., 2020; wheat surface and yellow ribbon). DL28 pushes the boxed loop in (A) toward ACE2, causing clashes between two aromatic residues and the RBD-interacting α-helices in ACE2. (C) Both ACE2 and DL28 use a rigid structure to interact with the boxed loop in (A), making a compromise unlikely to reach. The black box highlights the clash between ACE2 (wheat) and the DL28-bound form of RBD (cyan). The clashing RBD residues in the ACE2-bound form are shown as yellow sticks. The magenta box highlights the interaction between DL28 and the “backrest” region mediated by main-chain interactions. (D) Cα b-factor distribution shown in putty representation using a rainbow ribbon with a radius that increases from the lowest (61.6 Å2; dark blue) to the highest (170.0 Å2; red) B-factor. The average B-factor of the “backrest” region (residue 470–491) is 76.59 Å2 which is lower than that of the whole chain (97.5 Å2), suggesting relative inflexibility.


But such a compromise is unlikely to reach. The transition from the DL28-bound form to the ACE2-bound form may be difficult because the “backrest” part is pushed by a 4-residue β-strand (β56−59) which is part of the stable DL28 framework consisting of four stacking β-strands (Figure 5C). In fact, DL28 β56−59 is aligned with the “backrest” loop such that a fragment within the loop (Gly482-Val483-Glu484) is transformed into a β-strand that stacks with the nanobody β-sheet (the magenta box, Figure 5C). Similarly, ACE2 also interacts with this “backrest” region via a rigid helix (α20−52) which lies on the top of RBM like a lever. A 2-Å displacement at the “backrest” area would push this lever at the N-terminal end (black arrow, Figure 5C) and cause the C-terminal end to disengage from the “seat” region unless the helix can deform/break. However, α-helices are generally rigid and α20−52 contains no helix-destabilizing residues, such as proline and glycine. Finally, the “backrest” region of RBD contains a disulfide bond made of Cys480'/488' (Figure 5A). This bridged structure endows the region with local rigidity, making it difficult for the backrest to be “compressed” by ACE2 and DL28. Based on the structural analyses, we propose that DL28 neutralizes SARS-CoV-2 by a “conformation competition” mechanism. Such a mechanism has not yet been reported in SARS-CoV-2 antibodies but a similar mechanism has been proposed for an antibody (named MERS-4) against the Middle East respiratory syndrome coronavirus (MERS-CoV; Zhang et al., 2018).

Notably, the epitope of DL28 overlaps with two Class C nanobodies, NB17, and Nb36 (Supplementary Figure 3C). Apart from this similarity, the “backrest” region of RBD in both Nb17-bound (Supplementary Figure 4A) and Nb36-bound form (Supplementary Figure 4B) also assumes a conformation that is incompatible with ACE2-binding, as observed for DL28 (Figure 5A). Despite this, these nanobodies cause no inhibition (Nb17) or only weak inhibition (Nb36) on ACE2-binding (Sun et al., 2021). This may reflect the structural differences between NB17/Nb36 and DL28. As shown in Supplementary Figure 4C, the “backrest” region in the Nb17-bound form unwinds into a flexible loop with the Cys480'-Cys488' disulfide bond being broken (we would note the possibility of model inaccuracy owing to the relatively low resolution (3.73 Å) of the reported structure). Thus, this flexible loop may swing away to avoid clashing with ACE2. In the case of Nb36, the nanobody is remote from the “backrest” region, leaving enough space for this region to assume a conformation compatible with ACE2-binding (Supplementary Figure 4D). By contrast, the “backrest” region binds tightly to DL28 (magenta box, Figure 5C) and the rigidity of the DL28 core would lock the loop in the current position.

Due to high demands and limited BSL3 laboratory resources during the continuing outbreak, the neutralization activity of DL28 against the authentic SARS-CoV-2 and the VOCs were not tested in this study. However, accumulating evidence from publications in this field since early 2020 has highlighted a strong correlation between assays using pseudovirus and authentic virus (Bewley et al., 2021; Jones et al., 2021; Li et al., 2021a,b). Thus, it is likely that DL28 would neutralize the authentic viruses too. Another immediate concern is the protection efficacy of DL28 in animal models. Previously, we have demonstrated that nanobodies, when in divalent forms, can protect hamsters from viral infection and lift symptoms (Li et al., 2021a). This observation was corroborated by several other studies (Huo et al., 2021; Nambulli et al., 2021; Pymm et al., 2021; Ye et al., 2021; Li et al., 2022). Such previous results warrant a more thorough investigation of the therapeutic potential of DL28 in the future.

We would note the modest neutralizing of DL28. As revealed by the binding competition assay, the block of ACE2-binding was incomplete. This may have caused the observed moderate neutralizing activity. Alternatively, the relatively low activity of DL28 may be an intrinsic feature for non-RBM-targeting antibodies. According to an antibody survey (Dejnirattisai et al., 2021), antibodies that target RBM generally neutralize SARS-CoV-2 with higher activity, and the exact reasons are yet to be discovered. Nevertheless, non-RBM-targeting antibodies like DL28 are attractive candidates for therapeutic cocktails due to their generally broader spectra (Huo et al., 2020b; Pinto et al., 2020; Zhou et al., 2020b; Li et al., 2021b).

In summary, we report a nanobody with neutralizing activity against SARS-CoV-2 VOCs including the Omicron. Structural characterizations rationalize the tolerance of DL28 for mutations found in various VOCs. Mutagenesis, binding assays, and structural analyses suggest a “conformation competition” mechanism through which DL28 locks RBD in a state incompatible for receptor engagement. Since the epitope of DL28 only marginally overlaps with the RBM, DL28 may be able to bind to RBD in the presence of other RBM-targeting nanobodies and human monoclonal antibodies. Such pairs will allow for the development of biparatopic nanobodies to increase the tolerance of escape mutants and the high affinity of DL28 could offer great advantages in such applications.



MATERIALS AND METHODS


Protein Expression and Purification—Spike (S)

The polypeptide containing, from N- to C-terminus, residues Met1 – Gln1208 (without the C-terminal transmembrane helix, Uniprot P0DTC2) of the SARS-CoV-2 S with mutations K986P/V987P, a GSAS linker substituting the furin sites (Arg682-Arg685), a C-terminal T4 fibritin trimerization motif (GYIPEAPRDGQAYVRKDGEWVLLSTFL), a tobacco etch virus (TEV) protease cleavage site, a FLAG tag and a polyhistidine tag (Zhang et al., 2021) was encoded in a pCDNA3.1 backbone vector and overexpressed in Expi293 cells by transient transfection using polyethylenimine (PEI). After 3.5 days of suspension culturing, the medium was harvested by filtration through a 0.22-μm membrane, and adjusted to contain 200 mM of NaCl, 20 mM of imidazole, 4 mM of MgCl2, and 20 mM of Tris-HCl pH 7.5. The filtrate was incubated with 3 mL of Ni-NTA beads at 4°C for 2 h. The beads were loaded into a Bio-Rad gravity column, washed with 50 column volume (CV) of 20 mM of imidazole, and subsequently eluted with 250 mM of imidazole in 200 mM of NaCl, and 20 mM of Tris-HCl pH 7.5. Fractions containing S were pooled, concentrated with a 100-kDa cut-off membrane concentrator, and further purified by gel filtration. The S protein was quantified using a theoretical ε280 of 138,825 M−1 cm−1.



Protein Expression and Purification—RBD

The polypeptide containing, from N- to C-terminus, the honey bee melittin signal peptide (KFLVNVALVFMVVYISYIYAA), a Gly-Ser linker, residues 330-531 of the SARS-CoV-2 S (Uniprot P0DTC2), a Gly-Thr linker, the 3C protease site (LEVLFQGP), a Gly-Ser linker, the Avi tag (GLNDIFEAQKIEWHE), a Ser-Gly linker, and a deca-His tag were encoded in a pFastBac-backbone vector for overexpression in Trichoplusia ni High Five suspension cells. Cells at 2 × 106 cells per milliliter were transfected with baculovirus generated using standard Bac-to-Bac procedures (Invitrogen) and the expression was allowed for 48–60 h at 27°C in flasks. The medium from 1 L of culture was filtered using a 0.22-μm membrane and the filtrate was adjusted to contain 30 mM of imidazole before incubating with 3.0 mL of Ni-Sepharose Excel (Cat. 17-3712-03, GE Healthcare) beads for 2 h at 4°C with mild agitation. The beads were loaded into a gravity column, washed with 10 CV of 20 mM of imidazole, and eluted using 300 mM of imidazole in 150 mM of NaCl and 20 mM of Tris HCl pH 8.0. For site-specific biotinylation, the Avi-tagged RBD at 0.8 mg mL−1 was incubated with 5 mM of ATP, 10 mM of magnesium acetate, 43.5 μM of biotin, 22 μg mL−1 of home-purified BirA in a 3.2-mL reaction mix and incubated at 4°C for 16 h. Biotinylated RBD was concentrated with a 10-kDa cut-off membrane to ~3 mg mL−1 before loaded onto a Superdex Increase 200 10/300 GL column for gel filtration. Fractions containing the RBD were pooled, aliquoted, flash-frozen in liquid nitrogen, and stored at −80°C before use.

For crystallization, the RBD eluted from the Ni-NTA column was desalted using a desalting column and digested with home-purified 3C protease to remove the C-terminal tags. The resulted tag-free RBD was mixed with nanobodies (refer to the section below) at a molar ratio of 1:1.3 and the mix was loaded onto a Superdex Increase 200 10/300 GL column for gel filtration. Fractions containing the complex were pooled and concentrated to 10 mg mL−1 for crystallization.



Protein Expression and Purification—Monovalent Nanobodies in Escherichia coli

Monovalent nanobodies were expressed with a C-terminally Myc tag and a hexahistidine tag in Escherichia coli (E. coli) MC1061 cells. Briefly, cells carrying nanobody-encoding pSb-init plasmids (Zimmermann et al., 2018) were grown in Terrific Broth (TB, 0.017 M of KH2PO4 and 0.072 M of K2HPO4, 1.2 %(w/v) of tryptone, 2.4 %(w/v) of yeast extract, 0.5% (v/v) glycerol) supplemented with 25 mg L−1 of chloramphenicol at 37°C with shaking at 200 rpm. When cell density reached an OD600 of 0.5 (~2 h), the shaker was set to 22°C and the cells were allowed to grow for another 1.5 h before added with 0.02% (w/v) arabinose for induction for 17 h. Cells were harvested by centrifugation and lysed by osmotic shock as follows. Briefly, cells from 1 L of culture were resuspended in 20 mL of TES-high Buffer (0.5 M sucrose, 0.5 mM EDTA, and 0.2 M Tris-HCl pH 8.0) and incubated at 4°C for 30 min. Dehydrated cells were then abruptly rehydrated using 40 mL of ice-cold MilliQ H2O at 4°C for 1 h to release periplasmic protein. The periplasmic extract was collected by centrifugation at 20,000 × g at 4°C for 30 min. The supernatant was adjusted to have 150 mM of NaCl, 2 mM of MgCl2, and 20 mM of imidazole before being incubated with Ni-NTA beads that had been pre-equilibrated with 20 mM of imidazole, 150 mM of NaCl, and 20 mM of Tris HCl pH 8.0. After batch-binding for 2 h, the Ni-NTA beads were washed using 30 mM of imidazole, before being eluted using 300 mM of imidazole, 150 mM of NaCl, and 20 mM of Tris HCl pH 8.0. Nanobodies were quantified using their theoretical molar extinction coefficient calculated based on the contents of aromatic residues.



Protein Expression and Purification—Divalent Nanobodies in Mammalian Cells

Nanobodies with a C-terminal Fc fusion and an N-terminal leader peptide (MEFGLSWVFLVALLRGV) were transiently expressed in Expi293 suspension cells. Briefly, cells at 2.5 × 106 cells per milliliter were transfected with a mix of plasmids and PEI. Valproic acid was included at 2 mM to increase the expression. After 65 h at 37°C, the medium was harvested by centrifugation at 1,000 × g and filtration. The filtrate was incubated with rProtein A beads (Cat. SA012005, SmartLifesciences, China) for batch binding at 4°C for 3 h. The beads were packed into a gravity column, washed using 20 CV of PBS buffer before being eluted using 0.1 M of glycine pH 3.0. The elution was immediately neutralized with 1 M of Tris HCl pH 8.0. The buffer was then exchanged to PBS on a Bio-Rad desalt column.

Nanobody mutants in this study were all generated on the Fc-fusion constructs using standard PCR-based site-directed mutagenesis protocols. DNA sequences were verified by sequencing, and the mutants were expressed and purified the same way as their wild-type proteins.



Alpaca Immunization and Antibody Titer Determination

Purified RBD (0.5 mL at 2 mg mL−1) was mixed with an equal volume of the Gerbu adjuvant (Cat. 3111) by vortexing. The resulted emulsion was injected by the subcutaneous route at 10 sites near the bow lymph node in the neck base of an adult female alpaca (3-years old). The immunization process was repeated thrice (a total of four rounds) with 4 days between each injection.

To determine the antibody titer, 3 mL of blood samples before and after each injection were collected. After 2 h at room temperature (RT, 20–25°C), the clotted sample was centrifuged at 3,000 × g for 5 min at RT to collect the sera in the supernatant. Wells of 96-well plates (Maxisorp, Nunc Thermo Fisher Scientific) were coated overnight at 4°C with 100 μL of 2 μg mL−1 of biotinylated RBD in Tris-HCL buffer solution (TBS) (150 mM of NaCl, 20 mM of Tris-HCl, pH 8.0) and blocked with 0.5% of bovine serum albumin (BSA) in TBS. After washing five times with TBS, the serially diluted alpaca sera were added and incubated for 1 h. After washing, the bound nanobody was detected by HRP-conjugated Goat anti-Alpaca IgG (Cat. S001P, NBbiolab) using tetramethylbenzidine (TMB; Cat. T2885, Merck) as a substrate for horseradish peroxidase (HRP). The ELISA test of sera showed an antibody titer of ~1 × 106 after four rounds of immunization compared with the pre-immunization sample.



Phage Display Library Construction and Panning

Eighty milliliters of blood were collected from the immunized alpaca in EDTA-coated tubes. The tubes were inverted twice to inhibit coagulation. The peripheral blood lymphocytes were isolated using Ficoll Plus (density of 1.077 g mL−1) according to the manufacturer's instructions. Isolated lymphocytes were used for mRNA isolation with RNAsio Plus (TaKara). Reverse transcription was performed using mRNA and a commercial kit (Cat. R312-01, Vazyme). Polymerase chain reaction (PCR) was carried out with 50 ng of cDNA and the primer pair CALL001 (5'-GTCCTGGCTGCTCTTCTACAAGG-3') and CALL002 (5'-GGTACGTGCTGTTGAACTGTTCC-3') using the PCR Master Mix (Cat. 10149ES01, YEASEN Biotech, Shanghai, China). The PCR product was loaded onto a 1.5% (w/v) agarose gel and the 700-bp band was excised. The purified PCR product was used for the second round of PCR using the prime pair, VHH-BspQI-F (5'-ATATGC TCTTCAAGTCAGGTGCAGCTGCAGGAGTCTGGRGGAGG-3') and VHH-BspQI-R (5'-TATAGCTCTTCCTGCCGAGGAGACGGTGACCTGGGT-3') which anneals to the framework 1 and framework 4 regions of nanobodies, respectively. The primers contained a recognition site (italic) for the Type IIs restriction enzyme, BspQI for cloning purposes. The PCR product was purified using a FastPure kit (Cat. DC301, Vazyme).

One microgram of the PCR product and 10 μg of the pDX_init vector (Zimmermann et al., 2018) were digested separately with 50 units of BspQI (Cat. R0712L, New England Biolabs) for 1.5 h at 50°C before heat inactivation at 80°C for 10 min. The digested DNA was gel-purified and 0.3 μg of the PCR product was mixed with 1.2 μg of vector and 10 units of T4 ligase in the ligation buffer (Cat. B110041, Sangon Biotech, Shanghai, China) for 1.5 h. The mixture was transformed into E. coli SS320 cells by electroporation in a 2-mm cuvette using a Gene Pulser Xcell (Bio-Rad) with a setting of 2,400 volts, 25 μF, and 750 Ω.

Cells were grown in 225 mL of 2-YT broth [1.0 %(w/v) yeast extract, 1.6 %(w/v) tryptone, 0.5 %(w/v) NaCl, pH 7.0] supplemented with 200 μg mL−1 of ampicillin and 2% (w/v) glucose in a 37°C shaking incubator at 220 rpm. To 10 mL of the overnight culture, 27 μL of the M13KO7 helper phage at 1012 plaque-forming units of mL−1 were added. After brief mixing, the mixture was incubated at 37°C for 30 min. The cells were collected by centrifugation at 3,200 × g for 10 min, resuspended in 2-YT broth supplemented with 200 μg mL−1 of ampicillin and 25 μg mL−1 of kanamycin, and placed in a shaker incubator at 37°C with 160 rpm.

After 16 h of culture, the medium from 50 mL of culture was collected by centrifugation at 3,200 × g for 30 min at 4°C. The supernatant (40 mL) was transferred to a fresh Falcon tube. Phage particles were precipitated by incubating the supernatant with 10 mL of 20%(w/v) PEG 6,000 and 2.5 M of NaCl for 30 min on ice. Precipitated phage particles were collected by centrifugation at 3,200 × g for 30 min at 4°C before being resuspended in 1 mL of PBS buffer. After centrifugation at 20,000 × g for 5 min, the supernatant was transferred into a fresh 1.5 mL tube and the procedure was repeated once.

The first round was performed in a Nunc Maxisorp 96-well immunoplate. The plate was first coated with 67 nM of neutravidin (Cat. 31000, Thermo Fisher Scientific) overnight at 4°C, followed by blocking with TBS buffer supplemented with 0.5 %(w/v) BSA for 30 min. Phage particles (4.9 mL) were incubated with 50 nM of biotinylated RBD, added to the neutravidin-coated wells, washed, and released from the plate by tryptic digestion (10 min at RT) with 0.25 mg mL−1 of trypsin in the buffer containing 150 mM of NaCl and 20 mM of Tris-HCl pH 7.4. After being treated with the trypsin inhibitor, AEBSF, the selected phage particles were amplified in E. coli SS320, and the second solution panning was performed as the first round except that the plate was replaced with 12 μL of MyOne Streptavidin C1 beads (Cat. 65001, Invitrogen). The bound-phage particles were challenged with 5 μM of non-biotinylated RBD to compete off binders with fast off-rates. The third round of panning was performed the same as the second round except that the RBD concentration was at 5 nM. The particles were eluted, and the phagemid was sub-cloned into pSb_init vector by fragment-exchange (FX) cloning and transformed into E. coli MC1061 cells for periplasmic expression and screening.



ELISA—Nanobody Selection

Single colonies carrying pSb-init plasmids were grown at 37°C for 5 h in a shaking incubator at 300 rpm before 1:20 seeded into 1 mL of fresh TB supplemented with 25 μg mL−1 of chloramphenicol. Cells were induced with 0.02% (w/v) of arabinose at 22°C for 17 h before being collected by centrifugation at 3,000 × g for 30 min. Cell pellets were resuspended in TES Buffer [20 % (w/v) sucrose, 0.5 mM of EDTA, 0.5 μg/mL of lysozyme, 50 mM of Tris-HCl pH 8.0], and incubated for 30 min at room temperature (RT, 20–25°C). The lysate was added with 0.9 mL of TBS (150 mM NaCl, 20 mM of Tris-HCl pH 7.4) supplemented with 1 mM of MgCl2. The mix was centrifuged at 3,000 × g for 30 min at 4°C and the supernatant containing nanobodies was used for ELISA as follows.

Wells of a Maxi-Sorp plate (Cat. 442404, Thermo Fisher) was coated with Protein A at 4°C for 16 h. The plate was then blocked by 0.5 % (w/v) of BSA in TBS buffer for 30 min at RT and washed thrice using TBS before being incubated with anti-Myc antibodies at 1:2,000 dilution in TBS-BSA-T buffer [TBS supplemented with 0.5% (w/v) of BSA and 0.05 % (v/v) of Tween 20] for 20 min at RT. The plate was then washed thrice with TBST (TBS supplemented with 0.05% of Tween 20) to remove excess antibodies. The wells were incubated with the Myc-tagged nanobodies prepared over 20 min at RT. After washing thrice with TBST, the wells were incubated with 50 nM of biotinylated RBD or maltose-binding protein (MBP, as a control) for 20 min at RT. The wells were again washed thrice with TBST before being incubated with streptavidin-conjugated with horseradish peroxidase (HRP) (1:5,000, Cat S2438, Sigma). After 30 min, the plate was washed thrice with TBST. ELISA signal (absorbance at 650 nm) was developed by incubating the wells with 100 μL of developing reagents [51 mM of Na2HPO4, 24 mM of citric acid, 0.006% (v/v) of H2O2, 0.1 mg mL−1 3,3',5,5'-tetramethylbenzidine] at RT.



Fluorescence-Detection Size Exclusion Chromatography—Nanobody Selection

Fluorescence-detection size exclusion chromatography (FSEC) analysis of RBD-binding by nanobodies was performed as previously described (Li et al., 2021a). Biotinylated RBD was incubated with streptavidin (Cat. 16955, AAT Bioquest) which was chemically labeled by fluorescein. The fluorescent complex (500 nM) was mixed with the cell lysate containing unpurified nanobodies and the mixture was applied onto an analytic gel filtration column (Cat. 9F16206, Sepax) connected to an HPLC system equipped with a fluorescence detector (RF-20A, Shimadzu) for FSEC analysis. The FSEC profile was monitored by fluorescence at the excitation/emission pair of 482/508 nm and compared to that incubated with a control MBP-nanobody for peak shift.



Biolayer Interferometry for S-Nanobody Binding and Competitive Binding

The binding kinetics was measured by a BLI assay using an Octet RED96 system (ForteBio). For DL28-RBD binding, biotinylated RBD (2 μg mL−1) was immobilized on an SA sensor by incubating with the sensor in the BLI Buffer [0.05 %(v/v) Tween 20, 1 × phosphate-buffered saline] at 30°C. The sensor was then placed in various concentrations (2, 5, 10, and 20 nM) of DL28 for 360 s (association). For dissociation, the sensors were moved into DL28-free BLI buffer, and the signal was monitored for 600 s. Data were fitted for a 1:1 stoichiometry for KD, kon, and koff calculations using the built-in software Data Analysis 10.0.

For DL28-S binding, a streptavidin-coated SA sensor (Cat. 18-5019, Sartorius) was coated with 5 μg mL−1 of biotinylated nanobodies for ~1 min. The sensor was equilibrated in a nanobody-free buffer for ~30 s, before being bathed in solutions containing various concentrations (association) of Spike (analytes) for 360 s. For dissociation, the sensors were placed back into nanobody-free buffer. Binding kinetics were not fitted for DL28-S binding.

For competition between ACE2 and DL28, biotinylated RBD (2 μg mL−1) was immobilized on an SA sensor by incubating with the sensor in the BLI Buffer at 30°C. The RBD-loaded sensor was saturated in 100 nM of DL28 for 6–15 min. The sensor was then bathed in nanobody solutions with or without 100 nM of ACE2 (Cat. 10108-H08B, SinoBiological). The association of ACE2 was monitored for 360 s. As a control, the ACE2-RBD binding profile was recorded using the same procedure as above but in the absence of nanobodies.



Crystallization

Crystallization trials were set up in a two-well sitting-drop plate with 70 μL of reservoir solution, and 1 μL each of the protein solution and the precipitant solution. The plates were incubated at 16°C for crystal growth. The precipitant solution contained 20% (w/v) of polyethylene glycol 3,350, and 0.2 M of potassium phosphate dibasic. Cryo protection was achieved by adding 20% (v/v) of glycerol in the respective precipitant condition. Crystals were harvested using a MitGen loop, and flash-cooled in liquid nitrogen before X-ray diffraction data collection.



X-Ray Data Collection and Structure Determination

X-ray diffraction data were collected at beamline BL18U1 at Shanghai Synchrotron Radiation Facility with a 50 × 50 μm beam on a Pilatus detector at a distance of 450 mm, with oscillation of 0.5° and a wavelength of 0.97915 Å. Data were processed using HKL2000 (Otwinowski and Minor, 1997). The structure was solved by molecular replacement using Phaser (McCoy et al., 2004) with the individual RBD and nanobody structures (PDB 7C8W) as the search model. The model was built with 2Fo-Fc maps in Coot (Emsley and Cowtan, 2004), and refined using Phenix (Adams et al., 2010). The structure was visualized using PyMol.



Neutralization Assay Using SARS-CoV-2 Pseudoviruses

Retroviral pseudotyped particles were generated by co-transfection of HEK293T cells using PEI with the expression vectors encoding the various viral envelope glycoproteins, the murine leukemia virus core/packaging components (MLV Gag-Pol), and a retroviral transfer vector harboring the gene encoding the green fluorescent protein (GFP). The S protein expressed by phCMV-SARS-CoV-2 has been truncated to remove 19 amino acid residues at the C-terminal. Supernatants that contained pseudotyped particles were harvested 48 h post-transfection and filtered through a 0.45-μm membrane before neutralizing the assays.

VeroE6-hACE2 cells (104 cells/well) were seeded into a 48-well plate and infected 24 h later with 100 μL of virus supernatant in a final volume of 150 μL. Nanobodies were pre-incubated with the pseudotype samples for 1 h at 37°C before cell/virus co-incubation. After 6 h of co-incubation, the supernatants were removed, and the cells were incubated in the medium for 72 h at 37°C. The GFP expression was determined by fluorescence-activated flow cytometry analysis (FACS). The infectivity of pseudotyped particles incubated with nanobodies was compared with the infectivity using pseudotyped particles and Dulbecco's modified Eagle's medium, 2% of fetal calf serum only and normalized to 100%.

SARS-CoV-2 pseudotypes for the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) variants were generated by incorporating the corresponding S mutations into the phCMV-SARS-CoV-2 plasmid. Desired mutations were verified by DNA sequencing. For the Omicron strain, the S protein contains the following mutations: A67V, del69-70, T95I, del142-144, Y145D, del211, L212I, insert214EPE, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, and L981F. Since this first sequence (BA.1), other B.1.1.529 isolates such as BA.1.1 usually include an additional R346K mutation which is absent from our constructs in this study.



Animal Experiment and Ethics

The alpaca immunization procedures were conducted in conformity with the institutional guidelines for the care and use of laboratory animals, and the protocols were approved by the Institutional Committee of Ethics and Research of the Central Laboratory at Xinyang Agricultural and Forestry University.
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The outbreak of coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was first reported in Wuhan, China, in December 2019. As of 21 December 2021, a total of 275 648 933 confirmed cases, including 5 364 584 deaths in more than 200 countries, areas, and territories, have been reported globally by the Center for Systems Science and Engineering at Johns Hopkins University (https://www.arcgis.com/apps/dashboards/bda7594740fd40299423467b48e9ecf6) (Dong et al., 2020). The Omicron variant, designated by the World Health Organization (WHO) on 26 November 2021 (https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern), is the latest SARS-CoV-2 variant of concern (VOC) (Viana et al., 2021). Based on recent data (18 December 2021), Omicron has become the dominant VOC in the United States, accounting for 73.2% of all new COVID-19 cases according to the Centers for Disease Control and Prevention (CDC) (https://covid.cdc.gov/covid-data-tracker/#variant-proportions). Compared to previous SARS-CoV-2 variants of concern (VOCs) (i.e., Alpha, Beta, Gamma, and Delta) and variants of interest (VOIs) (i.e., Lambda and Mu), Omicron is a mutation-laden SARS-CoV-2 variant (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/), containing some 36 non-synonymous mutations in its spike protein (Hadfield et al., 2018) (https://covariants.org/variants/21K.Omicron#21L), several of which are thought to play key roles in ACE2 binding, transmissibility, and immune evasion (Cameroni et al., 2021) (Figure 1).


[image: Figure 1]
FIGURE 1. Prevalence of spike protein mutations in Omicron compared to other SARS-CoV-2 VOCs. Prevalence of spike protein mutations in Omicron compared to four SARS-CoV-2 VOCs (Alpha, Beta, Gamma, Delta). Mutations with >90% prevalence in at least one SARS-CoV-2 VOC and within >2 sequences are shown. Plot was generated from the outbreak website (https://outbreak.info/). Data were obtained from GISAID (as of 25 April 2022).


As of 21 December 2021, 19 127 genome sequences of Omicron from 78 countries have been submitted to GISAID (Elbe and Buckland-Merrett, 2017) EpiCoV (https://www.gisaid.org/hcov19-variants/). The estimated epidemic growth rate of Omicron in the United States is 0.23, corresponding to a doubling time of 3 days (Figgins and Bedford, 2021) (https://github.com/blab/rt-from-frequency-dynamics/tree/master/results/omicron-countries). The Omicron incubation period also appears to be shorter than that of Delta and other SARS-CoV-2 variants (Brandal et al., 2021; Grant et al., 2021), which may explain its rapid rise and fall in South Africa (https://ourworldindata.org/coronavirus/country/south-africa). Globally, as of 21 December 2021, 57% of people have received at least one dose of a COVID-19 vaccine, with 8.78 billion doses administered to date and 36.07 million doses currently administered each day (https://ourworldindata.org/covid-vaccinations). However, only 8.1% of people in low-income countries have received at least one dose, indicating large inequity in access to COVID-19 vaccines between high- and upper-middle-income countries and low-income countries. For instance, as of 20 December 2021, 56.95% of people worldwide have been vaccinated against COVID-19 (https://ourworldindata.org/covid-vaccinations), including 47.65 and 9.30% fully and partially vaccinated, respectively. Specifically, 72.7% of people in the United States have been vaccinated against COVID-19, including 61.0 and 11.7% fully and partially vaccinated, respectively, whereas, in Nigeria, only 4.16% of people have been vaccinated against COVID-19, including 1.96 and 2.20% fully and partially vaccinated, respectively.

Research indicates that Omicron infects and replicates 70 times faster than the original SARS-CoV-2 and Delta in human bronchi, which may indicate higher transmissibility (https://www.med.hku.hk/en/news/press/20211215-omicron-sars-cov-2-infection?utm_medium=social&utm_source=twitter&utm_campaign=press_release). However, Omicron also replicates more than 10 times lower in human lung tissue than the original SARS-CoV-2, this is consistent with an order of magnitude lower of titer of Omicron in lung tissue compared to Delta as recently reported (https://www.gla.ac.uk/media/Media_829360_smxx.pdf), which may be an indicator of less severe disease. This is consistent with research in South Africa showing a 70% (95% confidence interval: 50–80%) reduction in illness severity for Omicron compared to Delta (Wolter et al., 2021). This implies that Omicron may have undergone distribution drift, i.e., from cells in the lungs to cells in the bronchi, hinting that nasal vaccination may show better protection against Omicron than Delta or other SARS-CoV-2 variants (https://medicine.yale.edu/news-article/nasal-vaccines-may-protect-against-respiratory-viruses-better-than-injected-vaccines/). Recent study has suggested that Omicron is more transmissible (>three–five-fold) but less pathogenic than Delta (https://drive.google.com/file/d/1rhCazFav1pokFKmsZI5_oqIeH9ofFckR/view). Omicron also appears to show better immune evasion of neutralizing antibodies elicited from the adenovirus ChAdOx-1 vaccine than the mRNA BNT162b2 vaccine (Pfizer-BioNTech) (Meng et al., 2021). Furthermore, Omicron shows lower S1/S2 cleavage efficiency than the original SARS-CoV-2 and Delta variant, and less infectivity of Calu-3 lung cells than Delta (Meng et al., 2021). In addition, the fusogenicity of the Omicron spike protein shows impairment, resulting in less syncytium formation than Delta, consistent with recent research (https://drive.google.com/file/d/1rhCazFav1pokFKmsZI5_oqIeH9ofFckR/view). Thus, based on the abovementioned studies, Omicron shows reduced lung infectivity in comparison to Delta. Crucially, three independent studies in England (https://www.imperial.ac.uk/mrc-global-infectious-disease-analysis/covid-19/report-50-severity-omicron/), Scotland (https://www.research.ed.ac.uk/en/publications/severity-of-omicron-variant-of-concern-and-vaccine-effectiveness-), and South Africa (Wolter et al., 2021) also show a lower risk of hospital admission with Omicron infection.

Crucially, while neutralizing activity from mRNA double-vaccinated individuals is undetectable to very low against Omicron (Carreno et al., 2021), antibody neutralization is largely restored by a booster dose of mRNA vaccine (i.e., Moderna or Pfizer-BioNTech) (i.e., three doses of vaccine overall) (Carreno et al., 2021; Zeng et al., 2021). For example, 50-μg and 100-μg dose boosters of the Moderna vaccine can increase neutralizing antibody levels against Omicron by ~37-fold and 83-fold compared to pre-booster levels, respectively (https://investors.modernatx.com/news/news-details/2021/Moderna-Announces-Preliminary-Booster-Data-and-Updates-Strategy-to-Address-Omicron-Variant/default.aspx). Previous study showed that, against COVID-19-related hospitalization, effectiveness of two doses of Pfizer-BioNTech was 93% (95% confidence interval: 90–95) during 14–60 days but fell to 87% (95% confidence interval: 84–89) during 91–180 days, and effectiveness of three doses of Pfizer-BioNTech was increased to 96% (95% confidence interval: 95–97) during 14–60 days (https://www.researchsquare.com/article/rs-1489822/v1). Previous study showed that, against hospital admission, effectiveness of three doses of Pfizer-BioNTech against Omicron was 85% (95% confidence interval: 80–89) at <3 months but fell to 55% (95% confidence interval: 28–71) at 3 months or longer [https://www.thelancet.com/journals/lanres/article/PIIS2213-2600(22)00101-1/fulltext]. Previous study showed that, protection against severe COVID-19 and infection, effectiveness of four doses of Pfizer-BioNTech was 3.5-fold (unadjusted rate; 95% confidence interval: 2.7–4.6) and 2.0-fold (adjusted rate; 95% confidence interval: 1.9–2.1) lower rates than three doses of Pfizer-BioNTech, respectively (Bar-On et al., 2022). Thus, there are several strategies to increase vaccine effectiveness, including increasing the number of inoculations, increasing the dose of vaccinations, and combining different vaccines (e.g., different vaccines for first, second, and booster doses). However, these strategies need to be urgently evaluated.

Research has shown that the Johnson & Johnson vaccine is less effective than the mRNA vaccines (i.e., Moderna and Pfizer-BioNTech), and thus provides poorer protection (Garcia-Beltran et al., 2021). Another study has shown that two doses of COVID-19 vaccine are unlikely protective against Omicron, and the third dose of an mRNA vaccine provides substantially less protection against Omicron (37%, 95% confidence interval, 19–50) than Delta (93%, 95% confidence interval, 92–94) (Buchan et al., 2022). Therefore, based on concern regarding current vaccine effectiveness, I, a virologist in Ningbo, Zhejiang Province, China, strongly recommend that people, at this stage, vaccinate with mRNA vaccines (for instance, Moderna or Pfizer-BioNTech) for their first dose (unvaccinated people), second dose (partially vaccinated people), and booster dose (fully vaccinated people) prior to the emergence of universal COVID-19 vaccines (Morens et al., 2021; Li, 2022).

As such, it is important for the WHO to evaluate the effectiveness of the various mRNA- or non-mRNA-based vaccines against novel SARS-CoV-2 VOCs and VOIs among people of all ages (e.g., efficacy of vaccines and boosters, optimal doses of each vaccine, and safety of vaccine combinations). Although COVID-19 non-mRNA vaccines (e.g., Johnson & Johnson vaccine) can be used for partial and full vaccination, booster doses appear to be less effective against novel SARS-CoV-2 VOCs and VOIs compared to the mRNA vaccines. Notably, a previous study showed that Omicron formed a novel antigenic cluster associated with immune escape compared to the preceding four VOCs (Alpha, Beta, Gamma, and Delta) of SARS-COV-2 (van der Straten et al., 2022), indicating an urgent need for updated vaccines (Morens et al., 2021; Li, 2022). The growing COVID-19 vaccine hesitancy seen in developing countries is likely related to people wanting a much more effective one-dose vaccine that can protect over an entire lifetime (Li, 2022), rather than soon-to-expire “leftover” vaccines from high- and middle-income countries that require many doses over a short period of time and are less effective. Therefore, I strongly recommend that the WHO formally evaluate the effectiveness of each COVID-19 vaccine to allow people to make an informed choice on which vaccine to take, rather than being subjected to an endless cycle of boosters, which could waste medical and financial resources and exacerbate vaccine inequity.
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The emergence of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) as a serious pandemic has altered the global socioeconomic dynamics. The wide prevalence, high death counts, and rapid emergence of new variants urge for the establishment of research infrastructure to facilitate the rapid development of efficient therapeutic modalities and preventive measures. In agreement with this, SARS-CoV-2 strains were isolated from patient swab samples collected during the first COVID-19 wave in Odisha, India. The viral isolates were adapted to in vitro cultures and further characterized to identify strain-specific variations in viral growth characteristics. The neutralization susceptibility of viral isolates to vaccine-induced antibodies was determined using sera from individuals vaccinated in the Government-run vaccine drive in India. The major goal was to isolate and adapt SARS-CoV-2 viruses in cell culture with minimum modifications to facilitate research activities involved in the understanding of the molecular virology, host–virus interactions, drug discovery, and animal challenge models that eventually contribute toward the development of reliable therapeutics.
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INTRODUCTION

Since the emergence of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in December 2019 in Wuhan, China, the virus had an unprecedented effect on human health and wellbeing worldwide (Wu et al., 2020; Zehender et al., 2020; Zhou et al., 2020). According to WHO (2021), the virus had infected 240 million individuals globally and has so far caused 4.8 million fatalities (WHO, 2021). SARS-CoV-2 is a single-stranded, positive-sense RNA virus belonging to the genus Coronavirus, family Coronaviridae, and order Nidovirales (Zehender et al., 2020). The SARS-CoV-2 genome is around 30 kb in size and shares 79 and 50% homology with the genome of SARS-CoV and MERS-CoV, the causative agents of two earlier coronavirus epidemics in 2002-03 and 2012, respectively. Based on the reproductive number (R0), SARS-CoV-2 (2–2.2) is highly infectious than SARS-CoV (1.7–1.9) and MERS-CoV (< 1) (Petrosillo et al., 2020).

In the SARS-CoV-2 genome, ORF1a/ORF1ab encodes for two polyproteins, pp1a/pp1ab which accounts for two-thirds of the viral genome and the remaining one-third near the 3′-end encodes for four structural proteins: spike (S), envelope (E), membrane (M), and nucleocapsid (N) (Zhou et al., 2020). The spike glycoprotein is situated on the surface of the virus and plays an essential role in viral infection. It helps in receptor recognition, cell membrane fusion, and entry into the host cells. It is comprised of two subunits, S1 and S2. Furin or furin-like proteases, which are composed of multiple arginine residues, cleave the spike protein at the S1/S2 cleavage site and produce S1 and S2 subunits. Surface subunit S1 comprises a receptor-binding domain that binds to the host receptor angiotensin-converting enzyme 2. A transmembrane subunit S2 facilitates the fusion of viral and host cell membranes by making a six-helical bundle via the two-heptad repeat domain (Duan et al., 2020; Huang et al., 2020).

During the first wave of the pandemic, symptomatic and asymptomatic patients have coexisted together. In Pune and Madurai districts, India, 85.6 and 2.5% of patients were asymptomatic (Bhardwaj et al., 2021; Laxminarayan et al., 2021). In addition, 70.38% mortality was seen in males at a tertiary care hospital in Rishikesh, India (Tendulkar et al., 2022).

Virus isolation has not been an easy task, and hence only a few isolated strains are available with full characterization for research work. The virus was relatively easy to isolate from the samples that were collected from the throat during the first week of symptoms as it contained high viral loads, whereas the virus was difficult to isolate after the eighth day in spite of the high viral load. Virus isolation was also unsuccessful from the stool samples (Wölfel et al., 2020). In another report, attempts were made to isolate the virus from OP samples; however, only one virus was successfully isolated which had the highest viral load among all the samples (Chatterjee et al., 2021).

The whole-genome sequencing analysis was carried out in India during the initial phase of the pandemic to identify the circulating strains of SARS-CoV-2. The whole-genome sequencing data from January 2020 to July 2021 revealed that Alpha, Beta, Delta Eta, Gamma, Iota, and Kappa strains of SARS-CoV-2 contribute to 9, 1, 43, < 0.1, < 0.1, < 0.1, and 10% of the total viral isolates, respectively. The B.1.1.7 lineage was found to be predominant in the Karnataka and Maharashtra states, while in Kerala, cases belonging to clades B, I/A3i, and A2a were predominant. In Gujarat, the strains were clustered with clades 20A and 20D, whereas in Odisha, whole-genome sequencing data revealed the presence of three clades, namely, 20A, 19A, and 19B (Raghav et al., 2020; Chatterjee et al., 2021). Later on, all the other strains were replaced by delta, which became the dominant strain all over India because of its increased transmission and immune escape ability (Limaye et al., 2021). Globally, the B.1 lineage was leading. The B.1.1.7 and B.1.351 lineages were present in Qatar, while B.1.428 lineage was detected in Australia, the United States, Sweden, and Qatar. The maximum occurrence of B.1.428 sub-lineage was observed in Iraq, Tunisia, Jordan, and UAE (Benslimane et al., 2021).

The global prevalence of SARS-CoV-2 and rampant growth in the human host lead to the emergence of mutational variability among the circulating viruses. The presence of multiple variants with variability in infection/transmission and disease manifestation urges for isolation of the circulating SARS-CoV-2 variants to enhance our understanding of variant-specific differences in the viral growth characteristics, host interactions, and disease pathogenesis. In this study, five circulating strains of SARS-CoV-2 belonging to early clades have been isolated from laboratory-confirmed COVID-19 patient swab samples collected during the first COVID-19 wave in Odisha, India. The isolated strains have been further characterized and sequenced to enable the utilization of these isolates as resources in research and development toward prevention and effective therapeutic intervention against COVID-19. Due to the acquisition of several mutations in the SARS-CoV-2 strain, the efficacy and effectiveness of the currently available vaccines are also a major point of concern. Thus, further studies have been conducted to check the neutralizing capacity of sera from vaccinated persons.



MATERIALS AND METHODS


Cells, Viruses, and Antibodies

Vero E6, Vero, BHK-21, HEK293T, and Huh7 cells were maintained in high-glucose DMEM supplemented with 10% fetal bovine serum and 1X penicillin/streptomycin. CaCo2 cells were maintained in DMEM supplemented with 20% fetal bovine serum and 1X penicillin/streptomycin. The THP-1 and RAW 264.7 cells were maintained in RPMI supplemented with 10% fetal bovine serum, 1X penicillin/streptomycin, 10 mM sodium pyruvate, 1M HEPES, and glucose. The details about all eight cell lines are provided in Table 1. All the cell cultures were maintained in a humidified environment with 5% CO2 at 37°C. SARS-CoV-2 spike and nucleocapsid antibodies were procured from Abgenex, India.


TABLE 1. Details of the various cell lines used in this study.
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Virus Infection

The cells were seeded a day before infection such that they attain confluency on the day of infection. Next day respective virus infection was given at a multiplicity of infection (MOI) of 0.1 in serum free media for 1.5 h at 37°C with gentle rocking for every 15 mins. After 1.5 h, the inoculum was removed, and cells were washed two times with PBS and supplemented with complete media. Five different viral strains were isolated and characterized in the current study. The details regarding these viral strains are mentioned in Table 2.


TABLE 2. Accession numbers of the genome sequence and clade information of the viral RNA from source swab samples (S) and isolated and culture adapted viruses (A) used in this study.
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Specimen Collection

Oropharyngeal (OP) swab samples from COVID-19-confirmed patients were collected in VTM from Odisha from April to June 2020. The samples were tested for the presence of virus by qRT-PCR, and samples with Ct (cycle threshold) values below 15 were subsequently used for virus isolation. Upon confirmation of infection, the samples were aliquoted and kept in deep freezers until further use.



Ethics Statement

The current studies involving swab samples from human participants were reviewed and approved by the Institutional Human Ethics Committee, Institute of Life Sciences. The Institutional Ethics Committee (IEC)/Institutional Review Board (IRB) reference number is 96/HEC/2020. The written consent form duly signed by the participants/legal guardian was taken into consideration for this study.



Virus Isolation

Oropharyngeal samples of confirmed COVID-19 patients were used for the isolation of the virus. The OP sample was diluted 1:1 with DMEM supplemented with antibiotics and antifungal agents and filtered through a 0.22-μm filter. Viral infection was carried out according to the method described earlier. The infected cells were regularly monitored for cytopathic effects (CPE) (Harcourt et al., 2020b). Then, 72 h post-infection (hpi), the culture supernatants were collected, and the clarified supernatants (at 3,000 rpm for 5 min) were used as inoculum for the subsequent (second) passage of virus in naïve Vero E6 cells. This process was repeated every 48 h up to the 10th passage. RNA isolated from the culture supernatants was used for the confirmation of SARS-CoV-2 virus isolation by qRT-PCR (Kumar et al., 2021). Virus titers in the culture supernatants were estimated by TCID50 assay. RNA isolated from the 10th passage virus was used for determining the whole-genome sequence. SARS-CoV-2 virus isolation and culture were conducted in the biosafety level-3 containment facility according to the guidelines issued by the Department of Biotechnology, Government of India. This study has been approved by the Institutional biosafety committee (IBSC) (IBSC file no. V-122-MISC/2007-08/01).



Viral RNA Extraction and Estimation

RNA isolation from culture supernatant was performed using the QIAamp Viral RNA Kit (Qiagen, cat. no. 52906) according to the manufacturer’s instructions. The isolated RNA was subjected to qRT-PCR for determining the viral load by absolute quantification by real-time RT-PCR using the Takara PrimeScript™ one-step RT-PCR Kit (RR055A) with forward (5′-GTGAAATGGTCATGTGTGGCGG-3′) and reverse (5′-CAGATGTTAAAGACACTATTAGCATA-3′) primers and probe (5′-FAM-CAGGTGGAACCTCATCAG GAGATGC-BHQ-3′) targeting the SARS-CoV-2 RdRp gene. A standard curve was generated using known quantities of SARS-CoV-2 viral RNA purified from the viral stock supernatants.



Plaque Assay

To determine the viral titer, a plaque assay was performed as described previously (Mishra et al., 2016). In brief, 80% of confluent Vero E6 cells were infected with a serially diluted viral culture supernatant. Subsequently, the cells were overlaid with a complete methylcellulose medium and maintained in the incubator at 37°C with 5% CO2. After the development of the visible plaques (6–7 days), the plaques were fixed by adding 8% formaldehyde. Later on, the cells were stained using crystal violet. The number of plaques was counted as plaque-forming units/mL (PFU/mL).



Tissue Culture Infectious Dose 50 Assay

Vero E6 cells seeded at 90% confluency in 96-well plates were infected for 1 h at 37°C with 100 μl of serially diluted (10-fold) virus inoculum in DMEM with 2% FBS. Then, at 1 hpi, the inoculum was aspirated, and the cells were replenished with fresh media. Three days post-infection, the cells were fixed in 4% paraformaldehyde and stained with 1% crystal violet to determine the cytopathic effects (CPE). The median tissue culture infectious dose (TCID50) was determined by the Reed and Muench method (Reed and Muench, 1938).



Immunofluorescence Assay

The immunofluorescence assay was performed according to the method described by Kim et al. (2013) for the detection of infected cells. The Vero E6 cells grown on glass coverslips were infected with 0.1 MOI of respective isolates, and 48 h post-infection, the cells were fixed in 4% paraformaldehyde. Subsequently, the cells were permeabilized and blocked for 1 h with PBS containing 0.1% TritonX-100 and 3% BSA, followed by incubation with an antibody targeting the SARS-CoV-2 nucleocapsid overnight at 4°C. After washing, the cells were stained with the respective Alexa Fluor-conjugated secondary antibody (Invitrogen, Carlsbad, CA) for 1 h at room temperature. After the final wash, the coverslips were mounted onto ProLong Gold Antifade (Invitrogen, Carlsbad, CA). Images were captured under a × 100 oil immersion objective lens using a Leica TCS SP5 Confocal Microscope for the detection of protein.



Western Blot Analysis

Immunoblot analysis was carried out as mentioned before (Kim et al., 2013). In brief, cells were lysed in RIPA buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 50 mM NaF, 1 mM Na3VO4, 0.1% SDS, and 0.5% TritonX-100) containing the protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, United States). The whole-cell lysates (WCL) were subjected to SDS-PAGE and transferred to nitrocellulose membrane (Thermo Scientific, Waltham, MA, United States), followed by blocking and immunoblotting with antibodies specific for SARS-CoV-2 spike and nucleocapsid proteins.



Micro-Neutralization Assay

Micro-neutralization assay was performed as mentioned before (Zhao et al., 2018). In India, initially, only two vaccines, Covaxin and Covishield, were given emergency approval and used in Government-run COVID-19 vaccination drives. The vaccinated sera from Covaxin and Covishield vaccinated healthy individuals with no history of SARS-CoV-2 were collected. Briefly, serum samples were heat-inactivated for 60 min at 56°C and filtered through a 0.22 μm syringe. These samples were then serially diluted twofold in a 96-well plate starting from 1:10 and then mixed with an equal volume of virus solution containing 1,000 TCID50 of SARS-CoV-2. This serum—virus complex was incubated for 1 h at 37°C followed by addition in duplicate to a 96-well plate containing 90% confluent Vero E6 monolayer. The plates were incubated for 36 h at 37°C in a humidified atmosphere with 5% CO2. Afterward, the cells were washed and fixed with 4% paraformaldehyde followed by blocking with 2% BSA for 1 h at room temperature. Cells were then incubated with SARS-CoV-2 rabbit anti-nucleocapsid antibodies for 1–2 h, followed by washing with PBS for three times and 1 h incubation with horseradish peroxidase-conjugated goat anti-rabbit IgG. After that, an equal volume of 3,3′,5,5′-tetramethylbenzidine substrate was added to each well for 15 min with the termination of the reaction by the addition of 2N H2SO4. The plates were read at 450/620 nm using a microplate reader. The neutralization percentage in each well was determined according to the formula: 100 –[(X – average of “novirus” wells)/(average of “virus only” wells – average of “novirus” wells) *100], where X is the read for each well. Non-linear regression curve fit analysis over the dilution curve was performed in the GraphPad Prism 5 software while setting the top and bottom constraints at 100 and 0%, respectively (Amanat et al., 2020; Manenti et al., 2020).



Viral Genome Sequencing and Analysis

For the whole-genome sequencing of the isolated viruses, the viral RNA amplicon libraries were prepared using the QIAseq FX DNA Library Kit and the QIAseq SARS-CoV-2 Primer Panel (Qiagen, cat. no. 180475, cat. no. 333896) as instructed in the protocol of the manufacturer. The library was sequenced using the Illumina platform. The adapter sequence used for each sample was compatible with the Illumina NextSeq 550 instrument with 96-sample configurations (Qiaseq unique dual Y-adapter kit). The average insert length was in the 250–650 bp range. The pre-processing, alignment with viral genome, consensus sequence generation, variant calling, and phylogenetic analysis of the raw data were performed as described by Raghav et al. (2020).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 5. Data were presented as mean ± standard deviation (SD). Either two-way ANOVA or Student’s t-test was used for the analysis. A p-value of < 0.05 was considered indicative of a significant difference, as mentioned in figure legends. The non-linear fit log (inhibitor) vs. response-variable slope was used to determine the percentage inhibition of virus infection due to vaccine-induced antibody-mediated neutralization.




RESULTS


Characterization of Isolated Severe Acute Respiratory Syndrome Coronavirus 2 Circulating Strains

There is an urgent need to isolate and establish the culture of the SARS-CoV-2 circulating viral strains to aid in research and development. Hence, attempts were made to isolate the SARS-CoV-2 virus from the OP samples of COVID-19 patients in the current study. Based on previous reports, Vero E6 cells were used for virus propagation (Harcourt et al., 2020b). The clarified supernatant collected after the 10th passage was used as viral stock for all the experiments in the current study. During the passages, RNA from the collected supernatants was subjected to qRT-PCR to confirm the presence of SARS-CoV-2. Viral titers in the supernatant of the 10th passage were determined by standard plaque (Figure 1A) and TCID50 assays (Figure 1B). It was observed that the viral titers of the respective isolates ranged from 106 to 108/mL. The Vero E6 cells were infected with 0.1 MOI of all isolates for subsequent experiments. To visualize the CPE, bright field images were captured at 48 hpi. All five isolates displayed a significant amount of virus-induced CPE; however, ILS03 displayed the highest level of CPE (Figure 1C). Absolute quantification of viral genome copies was determined by qRT-PCR, which ranged from 109 to 1010 copies/mL (Figure 1D). Cells infected with all five isolates showed profound levels of nucleocapsid and spike proteins, as adjudged by Western blot analysis (Figure 1E). All the isolates displayed reticular cytoplasmic staining across the entire cytoplasm (Figure 1F). The quantification of the percentage of infected cells showed that around 70–90% of cells were infected at 48 hpi with the respective isolates using 0.1 MOI (Figure 1G).
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FIGURE 1. Characterization of isolated SARS-CoV-2 circulating strains. The SARS-CoV-2 circulating strains were isolated from the swab samples of COVID-19 patients via a sequential passage in Vero E6 cells, as described in the “Materials and Methods” section. The viral titers, cytopathic effects, and gene expression were determined in the 10th passage of viral stocks. Quantification of viral titers of the five isolates by plaque-forming unit (PFU) assay (A) and TCID50 assay (B). Absolute quantification of viral genome copies in all five isolates using gene-specific primer and probes targeting SARS-CoV-2 nucleocapsid and ORF-1 gene (C). Bright-field images depicting cytopathic effect in Vero E6 cells infected with the five isolates (D). Western blot analysis of infected Vero E6 cell lysates with antibodies against SARS-CoV-2 spike and nucleocapsid (E). GAPDH was used as a protein loading control. Quantification was done by densitometry using ImageJ software and the number represented the fold of each (spike or nucleocapsid) value normalized to the value of GAPDH. Detection of SARS-CoV-2-infected cells by immunofluorescence using an antibody against SARS-CoV-2 nucleocapsid in Vero E6 cells infected with 0.1 MOI of respective isolates (F) and quantification of the percentage of infection 48 hpi (G). Data are the mean value ± SD (n = 3). Statistical significance was determined using one-way ANOVA (A,B,G) and two-way ANOVA (C) and; *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant (P > 0.05). Non-significant value is not shown.




Time Kinetics of Viral Gene(s) Expression

To access the relative differences in the kinetics of viral gene expression, a time kinetics experiment was conducted by infecting Vero E6 cells at 0.1 MOI and collecting cells at every 4-h interval for 24 h. Western blot analysis of the cell lysates for the spike and nucleocapsid proteins was evaluated. It was found that in isolates ILS01, ILS02, and ILS03, the nucleocapsid protein was observed from 16 hpi, whereas in isolates ILS15 and ILS24, it appeared from 12 hpi onward (Figure 2). Interestingly, the spike protein level was evident only after 16 hpi in all five isolates (Figure 2).
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FIGURE 2. Time kinetics of viral gene(s) expression. Vero E6 cells infected with respective isolates of SARS-CoV-2 were collected at indicated time points post-infection. Cell lysates were subjected to Western blot analysis with antibodies against SARS-CoV-2 spike and nucleocapsid proteins for each isolates individually (A–E). GAPDH was used as an internal loading control. Quantification was done by densitometry using ImageJ software and the number represented the fold of each (spike or nucleocapsid) value normalized to the value of GAPDH.




Viral Growth Kinetics and Cytopathy

To further access the specific variations between the isolates in virus-mediated cytotoxicity and viral replication kinetics, Vero E6 cells were infected at 0.1 MOI with respective isolates, and the cell culture supernatants were collected every 12 h up to 60 hpi. Based on the LDH levels in the supernatants, it appeared that 30% cytotoxicity was induced for ILS01, ILS02, ILS15, and ILS24 isolates, whereas 90% cytotoxicity was induced for the isolate ILS03 with respect to mock at 48 hpi (Figures 3A–F). The quantification of viral genome copies in the culture supernatants suggests a steady increase in the genome copies from 12 to 36 hpi, indicating that there is an exponential increase in the release of viral particles up to 36 hpi followed by a plateau (Figure 3G).
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FIGURE 3. Viral growth kinetics and cytopathy. Infection-associated cytopathy was determined by calculating LDH release, as described in the “Materials and Methods” section. (A–E) Graph depicting the percentage of cytotoxicity in the infected Vero E6 cells at respective time points post-infection. (F) Line plot depicting% cytotoxicity in between the isolation. (G) Line plot showing a time-dependent increase in the viral genome copies in culture supernatants determined by absolute quantification of the viral genome. Data are the mean value ± SD (n = 3). Statistical significance was determined using one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 ns, not significant (P > 0.05).




Susceptibility of Various Cell Lines to the Severe Acute Respiratory Syndrome Coronavirus 2 Isolates

Similar to previous studies, different cell lines were used to check the susceptibility of SARS-CoV-2 isolates in this study (Caccuri et al., 2020; Harcourt et al., 2020b; Wurtz et al., 2021). Various cell lines were infected with the respective isolates, and the culture supernatants were collected at 24 hpi. The human hepatoma cell line (Huh-7), which is highly susceptible to dengue, chikungunya, and hepatitis C viruses (HCV), was found to be more or less equally susceptible to all five isolates (Figure 4A). Similarly, the CaCo2 cell line, which is a human intestinal epithelial cell line that has been shown by various groups to be permissive to SARS-CoV-2, was also found to be susceptible to all five isolates (Figure 4B). However, isolate ILS01 was found to be less infectious compared to the other isolates. Similarly, HEK-293T cells (a human kidney cell line) were found to be more permissive to isolates ILS01, ILS02, ILS15, and ILS 24 when compared to isolate ILS03 (Figure 4C). Immune cells predominantly show selective susceptibility to viruses. Surprisingly, it was found that the human monocyte cells THP-1 and murine macrophage cell line RAW 264.7 were permissive to all the SARS-CoV-2 isolates (Figures 4D,E). Vero E6, Vero, and BHK-21 cell lines, which are commonly used for virus propagation, were found to be equally susceptible to all five isolates (Figures 4F–H).
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FIGURE 4. Susceptibility of various cell lines to the SARS-CoV-2 isolates. Different cell lines were subjected to infection with 0.1 MOI of respective isolates. At 24 hpi, the viral load in the culture supernatants was determined by absolute quantification of viral genome copies. Graphs depicting the viral copies per milliliter of the supernatant in Huh7 (A), Caco2 (B), HEK 293T (C), THP1 (D), RAW 264.7 (E), Vero (F), Vero E6 (G), and BHK-21 (H) cells. Data are the mean value ± SD (n = 3). Statistical significance was determined using one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 ns, not significant (P > 0.05). Non-significant value is not shown.




Neutralization Potential of Sera Obtained From Vaccinated Individuals

To decipher any clade-specific variations toward neutralization, the neutralization capacity and protection of the vaccine-induced antibodies against the respective isolates were determined. The sera were collected 15 days post the second vaccine dose. Horse sera were used as a negative control, as it was difficult to obtain age-matched healthy control sera from individuals who had not been vaccinated or exposed to COVID-19. The micro-neutralization assay suggested that both vaccines were equally effective against all the isolates. Nearly 100% neutralization was observed at 1:10 dilution of sera obtained from vaccinated individuals, which declined to ∼50% or lower at dilution 1:160 or higher in isolates ILS01, ILS03, ILS15, and ILS24 (Figures 5A,C–E). Interestingly, infection with isolate ILS02 was neutralized even at dilution 1:160 and higher, which may be due to non-specific neutralization from the serum per se rather than the effect of neutralizing antibodies developed post-vaccination (Figure 5B).
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FIGURE 5. Neutralization potential of sera obtained from vaccinated individuals: The respective isolates were subjected to micro-neutralization assay using the sera obtained from Covaxin and Covishield vaccinated individuals to determine the neutralization potential of the post-vaccination sera against the respective isolates. The dose-response curves were fitted using a non-linear regression model using the GraphPad software Prism 5. (A–E) Neutralization efficiency of the respective vaccinated sera against the five isolates. Horse sera were used as a negative control.




Mutation Plot of the Isolates and Source Swab Samples

The whole-genome sequencing of culture-adapted viral isolates and viral genomes from the OP samples of patients suggested that repetitive passaging of the SARS-CoV-2 virus in Vero E6 cells did not lead to the emergence of many mutations during the adaptation in cell culture. Next, strain nomenclature and the number of mutations found in the source swab samples and isolated viruses in comparison to the Wuhan reference strain are presented in Table 3. Comparative analysis of common and unique mutations between the source samples and isolates (Table 4) and mutational plot analysis of non-synonymous mutations (Figure 6) suggest that during the culture adaptation, very minimal changes occurred. Further classification of the parent and adapted viral strains using the PANGOLIN lineage analysis suggested that all the culture-adapted viruses have the same sub-lineage as the parent strain in the clinical sample except ILS24 (the isolate is classified as A.7, whereas the parent strain as A). The isolate ILS15 (B.1.36.8) did change from the parent strains (B.1.1); however, both of them are classified as the B.1 sub-lineage (Table 5; O’Toole et al., 2021). The ILS01 isolate (clade19A) gained only one mutation (A23014C) in the spike gene during cell culture adaptation, while it retained all other 10 mutations found in the source swab samples. The isolate ILS24 (clade 19B) gained three mutations (C2143T, C10138T, and C10702T) in the ORF1ab and one mutation (G28326T) in the N genes during adaptation. It retained five mutations found in the source swab sample and gained one reversion (G26730T) to the Wuhan reference strain in the M gene. ILS03 isolated from the swab sample of clade 20A retained nine mutations found in the swab sample and gained one mutation each in ORF1ab (G19514T) and S (A24538C) genes during adaptation. Interestingly, during isolation and adaptation of ILS15 from a swab sample of clade 20B, five reversions occurred, which includes two (C8917T and G9389A) in ORF1ab and three (G28882A, G28881A, and G28883C) in N gene resulting in the reclassification of the cell culture adapted strain ILS15 in clade 20A.


TABLE 3. Tabular representation of genome sequences of all five isolates with reference to Wuhan strain (NC_045512).
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TABLE 4. Tabular representation of SARS-CoV-2 gene-specific non-synonymous mutations in both the swab samples and cell culture adapted strains.

[image: Table 4]

[image: image]

FIGURE 6. Mutation plot of the isolates and source swab samples: Dot plot representing high-quality single-nucleotide non-synonymous and intergenic variants (SNV) present in the initial viral RNA isolated from patients’ swab samples (denoted as S) and viral RNA from culture adapted isolates (denoted as A). The large dot represents the presence of an SNV in the represented sample colored by their functional annotations (gray for intergenic and red for non-synonymous SNVs). The synonymous mutation is not shown in the dot plot.



TABLE 5. Tabular representation of the pangolin and next strain classification of the isolates and parent strains.
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Phylogenetic Network Analysis of the Isolated Viruses

To understand the evolution of the virus and trace the lineage, phylogenetic network analysis was performed using the genome sequence of the four isolates and 33 other largely complete sequences of the SARS-CoV-2 genome from different regions of the world. The analysis indicated that the genome sequence of the swab samples and culture adapted viruses were identical as they cluster close together in the respective clades (Figure 7), which was also in agreement with the mutational plot analysis that showed the presence of similar non-synonymous mutations throughout the respective genomes (Figure 6). Both the swab sample and adapted virus of isolates ILS01 and ILS24 clustered closely with the Wuhan reference strain, as they belong to very early clades 19A and 19B, respectively. Swab sample in the case of isolate ILS15 cluster together with viral genome isolated from India and Brazil belonging to clade 20B, whereas the adapted virus strain clustered together with the genome sequences from Australia and South Korea of clade 20A, which may be due to the five reversions found in the adapted virus. Interestingly, in the case of isolate ILS03, the swab sample and the adapted virus strain were clustered separately from the other viral genome used in this analysis.
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FIGURE 7. Phylogenetic network analysis of the isolated viruses: Maximum likelihood (ML) tree of studied viral sequences in combination with 33 SARS-CoV-2 genome sequences representing different countries around the globe including four sequences from Odisha, India. Bootstrap (n = 1,000) values are represented as branch labels.





DISCUSSION

In the prevailing pandemic state, it is important to isolate and characterize the disease-causing pathogen to facilitate the development of therapeutic strategies and vaccine candidates. Therefore, in this study, five circulating local strains of SARS-CoV-2 were isolated and characterized to aid in research and development, as limited COVID-19 resources were available in India. As done by other groups, Vero E6 cells were used for the isolation of SARS-CoV-2 viruses (Banerjee et al., 2020; Caccuri et al., 2020). A robust virus-induced CPE was observed from the fifth passage onward, similar to the findings of previous reports (Park et al., 2020). The viral titers were around 1 × 106 TCID50/mL in final passages for all the isolates (Figures 1A,B), similar to the titers reported by other groups (Harcourt et al., 2020a; Brandolini et al., 2021). Subsequent infection with the isolated viruses leads to robust infection in Vero E6 cells, which was evident by an exponential increase in the viral release from 12–36 hpi and detection of infection in 80–100% of Vero E6 cells, 48 hpi. The isolates of the current study also showed infectivity in various cell lines ranging from primate to human epithelial and immune cells. The immune cells have been shown to display selective susceptibility to some viruses. For example, the THP-1 monocyte cells are not permissive to HCV and chikungunya viruses (Sourisseau et al., 2007; Revie and Salahuddin, 2014), whereas they are permissive to the dengue virus (Tsai et al., 2014). In this study, it was also found that the viral replication levels of all the isolates were similar in immune cells in comparison to the cells of epithelial lineage. Although the viral growth kinetics was alike for all the isolates, ILS03 displayed a twofold higher cytopathic effect, which might be due to the unique characteristics of ILS03 and not due to mere high viral load (Figure 1). However, further studies are warranted to characterize the mechanism specific to ILS03-mediated CPE and decipher isolate-specific variations in host–virus interactions. The current observations suggest that all five isolates belonging to the four different clades showed indistinguishable viral growth characteristics despite the genomic variations between the clades. This also indicates that the adaptive evolution occurring in the natural host may not be applicable to growth in vitro in cells highly permissive to viral infections.

In the natural environment, SARS-CoV-2 evolves at an estimated nucleotide substitution rate ranging between 10–3 and 10–4 substitutions per site per year (van Dorp et al., 2020), which is a very slow mutational rate. The rapid emergence of SARS-CoV-2 variants has been speculated to have happened in chronically infected immunocompromised patients with high viral replication for extended periods. Under conditions of a challenge due to transfusion of convalescent plasma or broadly neutralizing antibodies (Kemp et al., 2021), the evolution of variants has originated to evade immunity. In a natural host, due to the higher barrier toward infection, the viruses evolve and variants with higher replicative fitness get selected over time. However, in cell cultures using highly permissive cell lines, the barrier against viral replication is very low, which may not favor the rapid evolution of viral variants. The original swab samples may have population variability due to quasi-species; however, genome analysis of the swab did not reveal high population variability. Sequential passaging up to the 10th passage may have also led to a reduction in the variability of the source sample by facilitating the dominance of most fit strains. It was observed that there were a minimal number of mutations in the adapted viruses when compared to their source swab samples even after the tenth passage (Table 4 and Figure 6), suggesting that in vitro cultured viruses are highly stable. Funnell et al. (2021) reported mutations in the furin cleavage site (FCS) of the SARS-CoV-2 spike protein during sequential passage in vitro, which affected the virulence of the passaged virus. They have also reported that the observed alterations in the FCS area range from 1 to 100% upon subsequent passage of various SARS-CoV-2 viral isolates. The current viral isolates did not exhibit any mutation in the FCS region and showed mutations in the range of 0.02–0.04%, which is within the acceptable range of less than 1% mutation (Funnell et al., 2021). These isolates were also found to be highly infectious in different cell lines and in animal models of hamster and human-ACE2 transgenic mice (data not shown). The mutations were also tracked in the evolutionary server data of monkeys1 where they reported 213 sites with the identified features. In the current study, mutations were absent due to sequential passage in the adapted viral isolates that were similar to mutations impacted by natural evolution in the human population. The five isolates used in this study belonged to the four clades (19A, 19B, 20A, and 20B), with the clades 20A and B harboring the D614G mutation in spike protein, which has been suggested to promote the higher infectivity and transmission (Raghav et al., 2020). The observations of the current study suggest that the two vaccines, Covaxin and Covishield, are equally effective and offer protection against these viral isolates from samples collected during the first wave of COVID-19 in Odisha, India. Covaxin is a whole inactivated virus (strain NIV 2020-770), and Covishield is a chimpanzee adenovirus encoding the SARS-CoV-2 spike glycoprotein (ChAdOx1-S) based on the early viral isolates closer to the Wuhan strain. However, during the second wave, many new variants emerged across the world, and they escaped neutralization by antibodies induced by vaccines based on early isolates. The majority of the neutralizing antibodies found in convalescent sera target the spike and RBD domain of the spike (Almehdi et al., 2021; Klingler et al., 2021). Therefore, many organizations have adopted the strategy of developing vaccine candidates based on spike protein. However, further studies are warranted to evaluate the efficacy of vaccines based on whole inactivated viruses and antigenic motifs other than spike, as they can induce a broad antibody response that may be effective against the spike variants. The use of vaccine cocktails may also be an effective strategy to overcome the burden of vaccine escaping viral variants. In agreement, recent evidence suggests that a heterologous prime-boost vaccination strategy is a more effective alternative than a homologous prime-boost vaccination strategy against the emerging variants (Nordström et al., 2021).

In summary, in the current investigation, virus cultures of five SARS-CoV-2 strains belonging to various clades were established from the laboratory-confirmed SARS-CoV-2-infected patients. Their growth kinetics and genome sequences were analyzed, and hence these isolates will be highly useful resources to facilitate research and development in the field of coronavirus biology and COVID-19.
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Genetic mutation and recombination are driving the evolution of SARS-CoV-2, leaving many genetic imprints which could be utilized to track the evolutionary pathway of SARS-CoV-2 and explore the relationships among variants. Here, we constructed a complete genetic map, showing the explicit evolutionary relationship among all SARS-CoV-2 variants including 58 groups and 46 recombination types identified from 3,392,553 sequences, which enables us to keep well informed of the evolution of SARS-CoV-2 and quickly determine the parents of novel variants. We found that the 5′ and 3′ of the spike and nucleoprotein genes have high frequencies to form the recombination junctions and that the RBD region in S gene is always exchanged as a whole. Although these recombinants did not show advantages in community transmission, it is necessary to keep a wary eye on the novel genetic events, in particular, the mutants with mutations on spike and recombinants with exchanged moieties on spike gene.
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INTRODUCTION

A newly emerged betacoronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been ongoing in the world and evolved continuously (Wu et al., 2020a; Plante et al., 2021; Wu et al., 2021). As an RNA virus, genetic mutations play a central role in the evolution of SARS-CoV-2, including the substitution of a single nucleotide, deletion, and insertion, which result mainly from replication errors, base editing, and nucleic acid damage (Sanjuán and Domingo-Calap, 2016). Genetic analyses showed that more than 29,000 single-nucleotide polymorphisms (SNPs) and over 10,000 insertion/deletions have been detected in the SARS-CoV-2 genomes in nearly 2 years1. The high mutation rate, which was estimated to be 10−3 substitutions per year per site (Bar-On et al., 2020), led to a high genetic diversity of SARS-CoV-2. The adaptative advantages of different mutations play an important role in natural selection during the evolution of SARS-CoV-2. Velazquez-Salinas et al. indicated the positive selection at specific residues of the accessory proteins ORF3a and ORF8, which drove the early evolutionary trends of SARS-CoV-2, and explored the importance of epistatic interactions among sites in the generation of variants adapted to humans (Velazquez-Salinas et al., 2020). Subsequently, the World Health Organization (WHO) defined some variants as the Variants of Concern (VOC) including Alpha, Beta, Gamma, Delta, Omicron, Variants of Interest (VOI) including Lambda and Mu, and Variants Under Monitoring (VUM). Our previous work showed that some mutations occurred simultaneously, forming co-mutation modules in the genomes of SARS-CoV-2. By focusing on the co-mutated nucleotides, we classified the SARS-CoV-2 population into different groups, each corresponding to a genotype with a set of co-mutations (Qin et al., 2021).

Mutations result in genetic diversity by changing the nucleotides in specific positions. Recombination shuffles these mutations by exchanging genetic materials to further increase the genetic diversity (Arenas et al., 2018). In most cases, recombinations are caused by the viral polymerase of active replication jumping from one template to another, which provide the viruses with the ability to better adapt to current hosts or to infect new hosts (White et al., 2011). The large SARS-CoV-2 RNA genomes allow genome modifications caused by recombinations (Su et al., 2016; Jungreis et al., 2021), where co-infection is the prerequisite of recombination for SARS-CoV-2. Co-infection provides an opportunity to exchange gene fragments when at least two genetically distinct genomes are within the same host cells (King et al., 1982). With the co-circulation of multiple SARS-CoV-2 variants, more and more evidence showed that co-infection events have occurred in individuals, leading to genetic recombinations (Hashim et al., 2020; Varabyou et al., 2021; Zhou et al., 2021). A recent study indicated that the Alpha variant was involved in multiple recombination events, where some recombinants inherited the S gene from Alpha (Jackson et al., 2021). David VanInsberghe et al. identified five recombinant SARS-CoV-2 genomes as of August 2020 (VanInsberghe et al., 2021), and Ales Varabyou et al. detected 225 likely recombinants from 87,695 genomes. These studies revealed an obvious signal of genetic recombinations in SARS-CoV-2 (Varabyou et al., 2021).

The above studies showed that the genetic mutations and recombinations have occurred in SARS-CoV-2 frequently and left many genetic imprints in the SARS-CoV-2 genomes (Lam, 2020). Although some mutants and recombinants have been reported in some studies, there is no work to identify all the variants in SARS-CoV-2 and the evolutionary relationships between them. With the increase of high-quality genomic data, it is feasible to depict the evolution pathway, which facilitates the prevention and control of SARS-CoV-2.

In this work, we constructed a complete genetic map showing the explicit evolutionary relationships among all SARS-CoV-2 variants based on the genetic imprints, which enables us to track the evolutionary pathway of the novel variants quickly. As of 31st October 2021, we identified the genetic events of all the downloaded SARS-CoV-2 genomes, where 58 groups involving genetic mutation and 46 recombination types including 1,229 recombinants were identified. For these recombinants, the spatio-temporal distributions showed the co-circulation of their parents and indicated that these recombinants did not have advantages in community transmission. We found that SARS-CoV-2 had a high frequency to form recombination junctions in the 5′ and 3′ of S gene and N gene. Most notably, the receptor-binding domain (RBD) of S gene is always exchanged as a whole, which may be associated with the observation that the current recombinants did not develop into dominant variants. In summary, we developed a novel method to identify the genetic events, including genetic mutation and recombination, of SARS-CoV-2 variants to track its evolutionary dynamics, where the characteristics of identified genetic recombination events were further analyzed.



MATERIALS AND METHODS


Data Collection and Processing

A total of 3,392,553 SARS-CoV-2 high-quality genomes sampled from humans were downloaded from the GISAD database as of 31st October 2021 with the labels of “complete,” “high coverage,” and “collection date complete.” 2,817,027 sequences submitted to GISAD as of 30th September 2021 were used to identify the co-mutations. After the data processing using the pipeline described in the previous work, the remaining 2,454,712 genomes were used for the genetic grouping. The 3,392,553 genomes were aligned to the SARS-CoV-2 reference genome in GenBank (NCBI Accession number: NC_045512.2; Wu et al., 2020b) using MAFFT (Katoh et al., 2002) and were analyzed in the following work.



Identification of Genetic Events


Labeling Co-mutations in the Genome

Our previous work classified the SARS-CoV-2 population into different groups based on the co-mutation modules instead of the phylogenetic tree. Each group corresponds to a set of specific co-mutations that captured the vital evolutionary information of SARS-CoV-2 and the evolutionary relationship between groups accurately. In summary, 58 groups involving 247 co-mutations were identified. In this work, we used specific co-mutations in different groups and the association of mutation and recombination to identify genetic events in SARS-CoV-2 genomes. For each SARS-CoV-2 sequence, we searched for these co-mutations in the genome and labeled them with the corresponding group name, such as “G3, G3, G3.2.6, G3.2.6. G3.14, G3, G3.14.1, G3.14.1.” The label would be changed into the adjacent label when the neighboring group name is its sub-group. For example, “G3, G3.2.6” would be changed into “G3.2.6, G3.2.6.” After the iteration, each sequence is represented by a set of mutually exclusive group names sorted according to the position of the mutation site, such as “G3.2.6, G3.2.6, G3.2.6, G3.2.6, G3.14.1, G3.14.1, G3.14.1, G3.14.1.”



Determining the Genetic Events

Based on the source and distribution of these co-mutations in the SARS-CoV-2 genome, the genetic event could be determined. First of all, the genome was considered as G0 if it did not contain any co-mutations. In addition to G0, there were three cases. Case 1: all the co-mutations were from the same group, indicating that the virus belonged to this group. Case 2: the co-mutations detected in the genome were from two or more groups. In the label set, the distribution of these group names was irregular, that is, the same group names did not form the block structure. Then, the virus was considered as a mutant, which has the largest number of identical co-mutations with its parental group, compared with the other groups. Case 3: the detected co-mutations were from two or more groups, and the same group names formed a block structure, which was regarded as the genetic recombination. Here, we only detected the recombination events hosted by two parental groups. In this way, not only the genetic events in the virus have been identified, but also the parents of the virus have been pointed out.




Validation of the Detected Recombination Events


Verifying the Parental Groups

To verify the parental groups, we first searched for the direct ancestor of each recombinant fragment from all the downloaded genomes. The sequence which was sampled from the same country at an earlier time with the highest similarity was regarded as the direct ancestor of the recombinant fragment. The inferred parental group was verified if the searched direct ancestors belonged to this group.



Constructing Phylogenetic Trees

The phylogenetic trees were constructed to observe the topology. The parental sequences, collected from the same country with the recombinants and collected before the recombinants in the same month, were selected. The recombinant sequences and the representative sequences in the parental groups were used to construct the phylogenetic trees of the recombinant region and non-recombinant region. The breakpoint positions inferred by RDP4 and Simplot (Lole et al., 1999; Martin et al., 2015) were different but both were located in a region where the gene exchange might occur. We first adopt the breakpoints inferred by RDP4 for analysis. The breakpoints inferred by Simplot were accepted when there is no recombination signal in RDP4. These trees were constructed with FastTree (Price et al., 2009) and visualized with FigTree (http://tree.bio.ed.ac.uk/software/figtree/).



Checking the Spatial–Temporal Distribution

All the sequences in the parental groups were used for the analysis of spatial distribution, while the sequences collected from the countries where the recombinants were collected were used to analyze the temporal distribution. The temporal distribution data were analyzed by EXCEL. The spatial distribution map was drawn with self-written code by calling the package “Pyecharts” of Python3.





RESULTS


Framework to Identify the Genetic Events in SARS-CoV-2

Figure 1A shows the hypothesis about the evolution of SARS-CoV-2. Specifically, the descendants involving genetic mutations experience gene drift when inheriting the genetic characteristics of their parents, where the mutations may be rare, or may be dominant to form a sub-genotype. The recombinant inherits genetic characteristics from at least two genetically different parents and forms the structure of the crossover site. Based on the hypothesis, we developed a pipeline to identify the genetic imprints in the SARS-CoV-2 genome to figure out its evolutionary path. This work was based on the identified co-mutations from SARS-CoV-2 genomes with the method in our previous study, where the SARS-CoV-2 population was classified into multiple groups, each representing a genotype with a set of specific co-mutations (Qin et al., 2021). For an emerging SARS-CoV-2 strain, it may belong to one of the three cases according to the distribution of group-specific co-mutations. As shown in Figure 1B, case one is that all the co-mutations in the genome come from the same group, showing the virus belongs to the group; case two is that the detected co-mutations are from two or more groups and are distributed irregularly, indicating the virus is a mutant, which has the largest number of identical co-mutations with its parental group, compared with the other groups; case three is that the co-mutations are from two or more groups, and that the co-mutations with the same group form the block structure, which is considered as the genetic recombination. For the detected recombinants, they would be validated based on the similarity of these fragments with the inferred parents, phylogenetic trees, and epidemiology, which is described in Methods in detail (Figure 1C).
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FIGURE 1. The workflow for identifying the genetic events during SARS-CoV-2 evolution. (A) The possible evolutionary pathways of SARS-CoV-2 viruses. Gx and Gy are two genotypes, each corresponding to a set of specific mutations, whose genomes are colored green and blue, respectively. Viruses in each genotype could evolve in two ways, including genetic mutation and genetic recombination. For genetic mutation, the descendant inheriting the specific mutations of its parental genotype has some new mutations that may be rare, or may be dominant to form a sub-genotype Gx.1. For genetic recombination, the descendant (virus with the green and blue genome) inherits mutations from the parents Gx and Gy, leading to the structure of the crossover site. (B) Detection of the genetic events in the SARS-CoV-2 genomes. The SARS-CoV-2 population is first classified into multiple groups, such as Gx, Gy, and Gz, each corresponding to a genotype with a set of specific co-mutations. For a new virus (virus with red genome), we label the co-mutations (CM) occurring in its genome as the corresponding group. There are three cases: (i) all the co-mutations are labeled as the same group “Gx,” indicating that the virus belongs to Gx; (ii) the largest number of the detected co-mutations come from Gx, and co-mutations from other groups are sporadic and are distributed irregularly, indicating that the virus is a mutant of Gx; (iii) the co-mutations come from different groups (Gx and Gy), where “Gx” and “Gy” both form the block structure, showing that the virus is a recombinant of Gx and Gy. (C) Validation of the detected recombination events. Validation is done in three ways: (i) verification of the parental groups of recombinant fragments; (ii) the topology of phylogenetic trees of recombinant region and non-recombinant region; and (iii) the spatial–temporal distribution of the parental groups.




The Genetic Map of SARS-CoV-2 Variants

As of 30th September 2021, 58 groups were identified from 2,454,712 high-quality SARS-CoV-2 genomes, involving 247 co-mutations (more information shown in http://cmmgroup.grmh-gdl.cn:20023). Further, we identified the genetic events in SARS-CoV-2 genomes collected before 31st October 2021 based on the developed pipeline (Figure 1). As shown in Figure 2 and Supplementary Figure S1, 6,059 genomes did not have any co-mutations and were assigned to G0; 1,241,614 genomes were identified as case one, which contained a single source of co-mutations; 2,143,651 genomes were classified into case two, which were the mutants of groups; and 1,229 genomes were identified as genetic recombinants, in which 843 recombinants were intragenic recombinations, the others were intergenic recombinations (Supplementary Table S3). These results showed that about 41% and 27% of sequences were the mutants of G3.14.1 (corresponding to the Alpha variant) and G3.2.6 (corresponding to the Delta variant), or belonged to them, respectively, indicating that the co-mutations of these two groups were the dominant imprints in the evolution of SARS-CoV-2. In addition, the detected 1,229 recombinants were divided into 46 recombination types. These results showed that genetic mutation and genetic recombination have occurred frequently in the evolution of SARS-CoV-2.
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FIGURE 2. Genetic map including all identified SARS-CoV-2 variants. The diamond, rectangles, and ellipses represent the origin of SARS-CoV-2 (ProCoV), 58 groups and 46 recombination types, respectively. The recombination types were named parent 1 and parent 2, where the former is the parent of the non-recombinant region and the latter is the parent of the recombinant region. The color corresponds to the number of samples in each variant. The black lines with arrows indicate the evolutionary direction.


To visualize the evolution of SARS-CoV-2, a complete evolutionary map was constructed, in which the genetic relationships among these variants involving 58 groups and 46 recombination types were shown explicitly. As shown in Figure 2, most of the groups were the descendants of G3, carrying the co-mutations C241T in 5’UTR, C3037T, and C14408T (corresponding to amino acid substitution P4715L) in ORF1ab, and A23403G (corresponding to amino acid substitution D614G) in spike protein. The Alpha, Beta, Gamma, and Delta variants in VOC and Epsilon, Iota, and Lambda variants in VOI correspond to the group of G3.2.6, G3.12, G3.2.10.1, G3.14.1 and G3.11.1, G3.13.1, and G3.2.2.1, respectively. The G3.2.6 (corresponding to the Alpha variant) and G3.14.1 (corresponding to the Delta variant) groups both evolved into three novel sub-groups, which were named G3.2.6.1, G3.2.6.2, and G3.2.6.3 and G3.14.1.1, G3.14.1.2, and G3.14.1.3, respectively. In addition, all of the VOCs and VOIs mentioned above harbored the genetic recombination events, in which the G3.2.6 group was the most common genomic donor. These results are expected since there are more opportunities for mutation and recombination in the dominant variants.



Recombination Events Hosted by G3.2.6/Alpha and G3.14.1/Delta

In the identified recombination events, two of them were hosted by G3.2.6 (corresponding to the Alpha variant) and G3.14.1 (corresponding to the Delta variant). As shown in Figure 3A, the genome (GISAID ID: EPI_ISL_4697938, sampled on 19th July 2021 from Japan) has the specific co-mutations of G3.2.6 in ORF1ab 5’end, S, ORF8, and N, and with the specific co-mutations of G3.14.1 in ORF1ab. It formed a structure of the crossover site and corresponded to case three. In addition, the source of all the mutations in the genome of EPI_ISL_4697938 showed the same mosaic structure, revealing that EPI_ISL_4697938 was a recombinant involving the G3.2.6 and G3.14.1. The breakpoints of this recombinant were inferred using RDP4 (Martin et al., 2015): (i) positions 1 to 4,709 and 17,175 to the end and (ii) positions 4,710 to 17,174 nt, indicating the recombination event was intragenic recombination (Supplementary Figures S4, S5 and Supplementary Table S1). Two phylogenetic trees of the recombinant region and the non-recombinant region were constructed, including the recombinant sequence and the representative sequences of G3.2.6 and G3.14.1. The result showed that EPI_ISL_4697938 clustered with the G3.2.6 variants in the phylogenetic tree of non-recombination region, and clustered with the G3.14.1 variants in the phylogenetic tree of the recombinant region. The phylogenetic trees including more information are shown in Supplementary Figures S2, S3. Besides, the sequence similarity networks visualized by Simplot++ (Samson et al., 2022) showed that EPI_ISL_4697938 was more similar with G3.14.1 in 4710 ~ 17,174 nt of viruses genomes than that with G3.2.6, while it was more similar with G3.2.6 in other regions than that with G3.14.1 (Supplementary Figure S6A). Furthermore, the epidemiological analysis showed that G3.2.6 and G3.14.1 were co-circulated and dominant in Japan for a long time, suggesting this recombination event likely occurred in Japan in July 2021.
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FIGURE 3. The recombination events hosted by G3.2.6/Alpha and G3.14.1/Delta. (A) Genetic recombination in EPI_ISL_4697938. All the mutations of EPI_ISL_4697938 and their positions in the genome are listed, in which nucleotides same with G3.2.6 are shaded in green, and nucleotides same with G3.14.1 are shaded in blue. The phylogenetic tree of whole genomes including EPI_ISL_4697938 and the representative parental sequences is on the left. The co-mutations in the recombinant genome are marked with color and are mapped on the parental sequences. The phylogenetic trees of the recombinant region and non-recombinant region are on the right. (B) Genetic recombination in EPI_ISL_5701780. Refer to the legends in (A).


The other recombination event involving the G3.2.6 and G3.14.1 groups is shown in Figure 3B and Supplementary Materials, which was intergenic recombination. EPI_ISL_5701780 that was sampled on 18 August 2021 from Japan had the co-mutations 241 T, 913 T, 3037 T, 3267 T, 5388A, 5,986 T, 6954 T in ORF1a gene, which were from G3.2.6, and had the co-mutations 14,408 T, 15451A, 16,466 T, 19220 T, 21618G, 21,846 T, 23403G, 23604G, 24410A, 25,469 T, 26767C, 27638C, 27,752 T, 27874 T, 28170 T, 28461G, 28,881 T, 28916 T, 29402 T, and 29,742 T, which were from G3.14.1. The co-mutations in the same group formed the block structure, indicating EPI_ISL_5701780 belonged to case three. As shown in Supplementary Figure S5B, its recombinant region and non-recombinant region inferred by RDP4 were 1 ~ 11,623 nt and 11,624 ~ end, respectively. The sequence similarity networks showed that EPI_ISL_5701780 was more similar with G3.2.6 between 1 and 11,623 nt in genomes than that with G3.14.1, while it was more similar with G3.14.1 in the rest region of genomes than that with G3.2.6 (Supplementary Figure S6B). In addition, the epidemiological analysis indicated that this recombination event likely occurred in Japan in August 2021.

The sources of gene fragments of the two recombinants are different, although both parents of them were G3.2.6 and G3.14.1. Notably, the spike protein of EPI_ISL_4697938 was from G3.2.6, inheriting the functional mutations N501Y and P681H. While the spike protein of EPI_ISL_5701780 came from G3.14.1, inheriting the functional mutations T478K and P681R. Beyond the acquisition of a set of functional spike mutations of G3.2.6 or G3.14.1, there are no obvious biological advantages that can be attributed to these recombinants.



The Spatio-Temporal Distribution of Recombinants and Their Parental Groups

As shown in Figure 4A, we analyzed the temporal distribution of these recombination types, where three representative recombination types were shown. The recombination events hosted by G3.2.6.1 and G3.2.6.3 were earliest found in January 2021, which persisted at low frequency for 2 months before expanding and then decreasing. A similar distribution was observed in the other recombination types, indicating that the currently detected recombinants have not developed into the dominant variants. Compared with the temporal distributions of the recombinants, the parental variants kept co-circulation from the beginning to the end of the recombination event.
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FIGURE 4. Spatio-temporal distribution of the recombinants and their parental groups. (A) The temporal distribution of the recombinant and its parents. Three representative recombination types are shown: G3.2.6.1 and G3.2.6.3, G3.4 and G3.2.6, and G3.1 and G3.2. (B) The spatial distribution of the recombinant and its parents. Three representative recombination types are shown: G3.2.6.1 and G3.2.6.3, G3.4 and G3.2.6, and G3.1 and G3.2. The red stars and the black dotted lines with arrows represent the country where the recombinant was collected for the first time, and the likely transmission direction of recombinants, respectively.


In addition, the spatial distributions of the three representative recombination types are shown in Figure 4B. The recombinants of G3.2.6.1 and G3.2.6.3 were earliest collected in Georgia and later sampled in Italy, France, Slovakia, Germany, Sweden et al. It is likely that the recombinants in other countries came from Georgia, but it is likely that they were caused by the co-infection of local people, as the parental groups also co-circulated in these countries. The recombinants evolved from G3.4 and G3.2.6 were collected in multiple countries, including the United Kingdom where the recombinant was collected for the first time, Latvia, Italy, Spain, and Denmark. Most of the recombinants were sampled in the United Kingdom where the parental groups G3.4 and G3.2.6 were dominant. In the recombination type hosted by G3.1 and G3.2, all the recombinants were sampled in the United States, which is the origin of most of the parental variants. These results showed that the parental groups co-circulated in the sampled regions of recombinants, and that the probability of recombination is high when the co-circulating variants were dominant in a region.



Characteristics of Spike and Nucleoprotein Genes in Genetic Recombination

The inferred recombination regions for some recombination types (the number of the recombinants was at least two) are shown in Figure 5. The inferred breakpoints in 82% (18/22) of recombination types were located in the 5′ or the 3′ of S and N genes, indicating that the 5′ or 3′ of S and N genes have high frequencies to form the recombination junctions. The recombinants often inherited the N gene from G3.2 or G3.2.10, the former containing the co-mutations G28881A, G28882A, and G28883C, the latter including A28877T, G28878C, G28881A, G28882A, and G28883C. The most frequent donor G3.2.6 usually contributed the functional spike protein which included the non-synonymous co-mutations N501Y, A570D, P681H, T716I, S982A, and D1118H. Interestingly, the RBD region of S gene was exchanged as a whole in all recombination types, which suggested that the RBD protein-coding region may be of a modular design to keep a robust exchange in SARS-CoV-2.
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FIGURE 5. Summary of the recombination sites in the detected recombination types. Blocks matching the parental group contributing the S gene are shown in blue, while blocks matching other groups are colored in green. The region between the yellow dotted lines is the S gene, and the region between the red dotted lines is RBD.





DISCUSSION

In this study, a method to identify the genetic events of SARS-CoV-2 variants was developed based on the classification of SARS-CoV-2 proposed in our previous work (Qin et al., 2021). Each group corresponds to a set of specific co-mutations that captured the vital evolutionary information of SARS-CoV-2 and the evolutionary relationship between groups accurately. Our classification clearly revealed the additive feature of co-mutation modules, and systematically reflected the evolution patterns of SARS-CoV-2. The classification proposed by the WHO mainly focuses on the epidemiology of SARS-CoV-2 variants, including the transmissibility, virulence, clinical representation, and so on. The WHO named the variants that significantly affected the current public health by integrating the nomenclature systems including GISAID (https://www.gisaid.org/), Nextstrain (https://nextstrain.org/sars-cov-2/) and Pango (Rambaut et al., 2020). It is easier to attract public attention and more practical to be discussed by non-scientific audiences but cannot reflect the evolution of SARS-CoV-2 effectively. On the other hand, our classification was based on the co-mutations, which avoided the statistical uncertainty and limitations in computation and visualization of the phylogenetic tree-based classification like GISAID, Nextstrain, and Pango.

We draw a complete genetic map showing the relationships among all SARS-CoV-2 variants, in which the parental groups of these variants and their evolutionary path were indicated. For emerging SARS-CoV-2 strains, the evolutionary path and its parental groups can be identified quickly based on our method. The construction of a high-quality genetic map was driven by intensive surveillance and large-scale sequencing. However, the sampling biases and incomplete information of the samples would influence the refinement of the genetic map. To address this issue, we can simulate the intermediate variants to connect the parents and descendants, based on the prior knowledge and viral evolution patterns. In addition, undetected infection paths among hosts can be inferred by combining intra-host genomic diversity with data-driven epidemiological models (Ramazzotti et al., 2021).

As of 31 October 2021, the genetic events detected in 3,392,553 SARS-CoV-2 genomes were mapped on the genetic map, which included 58 groups involving genetic mutation and 46 recombination types (a total of 1,229 recombinants). We validated the recombination events from three aspects: (i) the sequence similarity of each recombinant fragment with the inferred parents, (ii) the topology in phylogenetic trees of recombination region and non-recombination region, and (iii) the spatial–temporal distribution of the parental groups. Recombinations are caused by the viral polymerase of active replication jumping from one template to another when there is a co-infection of at least two genetically distinct genomes (Kirkegaard and Baltimore, 1986; Simon-Loriere et al., 2011). Although the co-circulation of parental viruses was observed which enabled co-infection (Sabir et al., 2016), more reliable methods should be developed to determine the co-infection of parental viruses. For example, a recent study by Zhou et al. captured the co-infection events in large-scale sequencing data and provided a framework for detecting the SARS-CoV-2 co-infection events in the Next-Generation Sequencing (NGS) data (Zhou et al., 2021).

For all detected recombination types, they did not show the advantage in community transmission, even the recombinants that inherited the spike gene with functional mutations from the dominant variants like G3.2.6 and G3.14.1. Taking the amino acid mutations in G3.2.6/Alpha as an example, N501Y increases the binding ability of RBD:ACE2, the infectivity, and the neutralization resistance (Supasa et al., 2021); P681H optimizes the cleavage of S protein by Flynn protease (Garcia-Beltran et al., 2021); and T716I contributes to the higher infectivity (Tian et al., 2021; Supplementary Table S2). This observation may be related to the modular transfer of RBD region. The mutations on RBD were not shuffled to obtain new mutation combinations, while the old mutation combinations kept dominant in the form of parental group. In addition, many studies have shown that spike domain exchange is an important evolutionary mechanism in the reported recombination events of many coronaviruses, which have been called “modular evolution” of the spike protein (Charlesworth et al., 2009; Graham and Baric, 2010; Vakulenko et al., 2021). The RBD of spike protein is generally the principal player in determining the host range, and the shuffle of various RBD moieties between virus strains may lead to host range expansion (Graham and Baric, 2010).

Genetic recombination not only plays an important role in the evolution of SARS-CoV-2 but also has a close relationship with its origin. Some studies showed that SARS-CoV-2 may originate from multiple recombination events (Boni et al., 2020; Domingo, 2021; Makarenkov et al., 2021). In the research of Makarenko et al., the evolutionary relationship between SARS-CoV-2 and 21 related coronaviruses was explored, which identified a detailed list of statistically significant horizontal gene transfer and recombination events for SARS-CoV-2 origin. We also analyzed the 21 related coronaviruses based on our developed method. The results showed that the genomes of RaTG13 and ZXC21 had partial co-mutations of G3.2.6.2, the GD Pangolin P2S and GD Pangolin 1 genomes had a part of co-mutations of G3.4, and the other 17 coronaviruses had some co-mutations of G3.2.10.1 in their genomes. The results indicated that these animal-origin coronaviruses may indeed donor their genomic materials to create the prototype SARS-CoV-2, which is consistent with the conclusion in previous studies. In addition, Makarenkov et al. revealed that the S and N genes of SARS-CoV-2 may result from intragenic recombination between RaTG13 and Guangdong (GD) Pangolin coronaviruses. Notably, our study found that the 5′ or 3′ of S and N genes had high frequencies to form the recombination junctions in the evolution of SARS-CoV-2, which was consistent with Gribble’s study (Gribble et al., 2021; Turkahia et al., 2021). These inspired we can focus on the S and N genes to explore the origin and evolution of SARS-CoV-2. Currently, with the co-circulation of multiple variants increasing the probability of recombination, close monitoring is needed to capture the novel recombination events, in particular, the recombinants with exchanged moieties on spike protein.
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Background: Reinfection with SARS-CoV-2 has been well documented, yet little is known about the degree of protection a previous infection provides against reinfection, especially against Variants of Concern (VOC).

Case presentation: Here we describe a case of an unvaccinated 49-year-old man who experienced two sequential SARS-CoV-2 infections with two different variants, as evidenced by genomic sequencing. The first episode was caused by the Pango lineage B.1.466.2 and resulted in severe COVID-19 with 5 days in an intensive care unit (ICU). The second episode occurred approximately 6 months later, during the Delta surge in Indonesia. Genomic analysis showed that the second infection was caused by the Delta variant (Pango lineage B.1.617.2) and resulted in mild disease that did not require hospitalization. No SARS-CoV-2 nucleic acid was detected between the two episodes, but both binding and neutralizing antibodies to SARS-CoV-2 were detected prior to the reinfection, with the second infection leading to an increase in the levels of antibody.

Conclusion: We confirmed that the patient experienced a reinfection instead of persistent viral shedding from the first infection based on epidemiological, clinical, serological, and genomic analyses. Our case supports the hypothesis that SARS-CoV-2 reinfection may occur once antibody titers decrease or following the emergence of a new variant. The milder presentation in the patient’s second infection deserves further investigation to provide a clear picture of the role of post-infection immunity in altering the course of subsequent disease.
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case report, reinfection, COVID-19, Indonesia, Delta variant


Introduction

According to WHO data as of June 12, 2022, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has reached over 533 million cases, with approximately 6.3 million deaths across the globe (1). Individuals who have recovered from the coronavirus disease (COVID-19) generate variable immune responses and remain at risk of reinfection (2). Several prior studies reported associations between age, comorbidities, and the severity of the acute infection with the magnitude and durability of the immune response (3, 4). This can be seen in several studies linking increasing disease severity with more robust humoral and cellular immune responses, suggesting that the immune response to natural infection is highly variable (5–7).

Reinfection with SARS-CoV-2 has been defined as a second positive RT-PCR test at least 90 days apart from the first infection, for which prolonged shedding of SARS-CoV-2 or viral RNA has been ruled out (8). Ideally, respiratory specimens from both episodes would be available to sequence to determine the different clades of SARS-CoV-2 (9). Patients who have recovered from COVID-19 have a lower risk of reinfection (8), though as the COVID-19 pandemic continues, reinfection has become increasingly common (10, 11). Since August 2020, few cases of COVID-19 reinfection have been reported with genomic data from paired episodes, thus making it challenging to establish true reinfection caused by different variants vs. persistent infection (2).

The scientific understanding of SARS-CoV-2 reinfection is still developing (12). Waning immunity from a previous infection and the emergence of new variants might negatively affect the protection provided by infection-acquired immunity, ultimately leading to the occurrence of reinfections (13). Related to waning immunity, Townsend et al. estimated that the time to reinfection by SARS-CoV-2 under endemic conditions would likely occur between 3 and 63 months after peak antibody response, with a median of 16 months (10). Since November 2021, five SARS-CoV-2 variants have been designated as Variants of Concern (VOC): Alpha (Pango Lineage B.1.1.7), Beta (Pango Lineage B.1.351), Gamma (Pango Lineage have since circulated P.1), Delta (Pango Lineage B.1.617.2), and Omicron (Pango Lineage B.1.1.529). These VOCs have since circulated worldwide (14). Among those variants, data indicate that Delta, which was first identified in India in December 2020 and rapidly spread globally, is associated with enhanced pathogenicity, can cause more severe disease, is 40–60% more transmissible than Alpha and is almost twice as transmissible as the original Wuhan strain of SARS-CoV-2 (15–17). The emergence of these variants has raised concerns about the breadth of neutralizing and cross-protective antibody responses induced by previous infection (18). To date, there have been few reports on sequential SARS-CoV-2 infections with supporting molecular evidence (2, 19), including sequence data. Here we report a confirmed reinfection case in Indonesia, with the first infection caused by Pango lineage B.1.466.2 and the second infection, 6 months later, caused by the Delta VOC.



Case description

A summary reinfection case timeline is presented in Figure 1. A 49-year-old male resident of Tangerang, Banten, Indonesia, worked as a driver and utility worker at Tangerang District Hospital. He lived alone in a private room and commuted every day to the hospital on public transportation. He had not received COVID-19 vaccination, and his only known chronic condition was hypertension, for which he received no routine treatment. On January 10, 2021, the patient developed clinical symptoms consistent with COVID-19, including fever, cough, runny nose, anosmia, headache, myalgia, and arthralgia. On January 13, 2021, the patient was admitted to the emergency department. Physical examination revealed the patient was fully conscious, with high blood pressure (175/110 mmHg), fever (38°C), respiratory rate of 22 breaths/min, heart rate of 98 beats/min, and oxygen saturation of 97%. Nasopharyngeal (NP) and oropharyngeal (OP) swabs were collected for RT-PCR testing, and the following day he was diagnosed with SARS-CoV-2 infection (Ct values: Nucleocapsid (N) gene = 23.5 and ORF1ab gene = 30.2) but remained in the emergency department due to overloaded hospital COVID-19 wards. An initial chest X-ray showed bilateral pulmonary infiltrates, and his laboratory tests showed elevated C-reactive protein (CRP) (66.3 mg/L), elevated D-dimer (241 ng/mL), leukocytosis (10.9 × 103/μL) with neutrophil-to-lymphocyte ratio (NLR) of 9.6, and mild thrombocytopenia (134 × 103/μL). The patient was admitted to the COVID-19 ward on January 15 and received favipiravir, methylprednisolone, antihypertensives, and vitamin C. A repeated RT-PCR test showed that he was still positive (Ct values: N-gene = 23.0 and ORF1ab gene = 28.4). A summary of serial blood tests performed during hospitalization is shown in Table 1.
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FIGURE 1
Timeline of reinfection case. Image was created with BioRender.com.



TABLE 1    Blood laboratory testing during infection episode 1.
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On January 17, the patient’s oxygen saturation fell to 88% with marked shortness of breath, leading to his admission to the ICU and treatment with oxygen therapy at 10L/minute using a non-rebreathing mask. While in the ICU, his antiviral treatment was changed to a 5-day course of remdesivir and meropenem, per the attending physician’s clinical judgment. No bacterial culture and antimicrobial susceptibility testing (AST) were performed. He also received heparin, which was then switched to fondaparinux sodium due to increased risk of bleeding, and a furosemide injection due to high blood pressure (up to 163/97 mmHg). After 3 days in the ICU, his condition improved, and his oxygen therapy was weaned to a nasal cannula. On January 22, the patient was moved to the regular COVID-19 ward, received oral levofloxacin for 5 days, and continued with oral cefixime, per clinical judgment due to an elevated leukocyte count (15.2 × 103/μL). A secondary bacterial infection was never confirmed. A follow-up RT-PCR test on January 25 detected low levels of viral RNA (Ct values: N-gene = 35.6 and ORF1ab gene = 35.8). The patient met discharge criteria [i.e., 10 days after onset of symptoms and at least three additional days without symptoms (20)] on January 29 and left the hospital. A summary of the patient’s treatments is shown in Table 2.


TABLE 2    Timeline of treatments provided during infection episode 1.
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On January 25, 2021, serum was collected and antibodies to the SARS-CoV-2 spike protein receptor binding domain (S-RBD) were detected by chemiluminescence immunoassay (CLIA) CL-900i® SARS-CoV-2 S-RBD IgG (Mindray, Shenzhen, China), with an IgG index of 350.8 U/mL. Further testing using a surrogate virus neutralization test (sVNT) (GenScript, Piscataway, United States) resulted in a percent inhibition value of 83%. Following the patient’s discharge on January 29, follow-up RT-PCR tests on NP and OP specimens were performed on February 4 and 15, both of which were negative. Genomic sequencing of the SARS-CoV-2 Spike (S) gene from specimens collected on January 13, 2021, revealed S-D614G and S-N439K mutations. The full sequence of the S-gene (3,822-bp) was mapped and aligned to the reference genome obtained from the GISAID database (21). The sequence showed a 100% similarity with accession ID: EPI_ISL_1284133, belonging to Pango Lineage B.1.466.2 or GH clade on GISAID (22). Subsequent serological testing was performed at several timepoints after the initial COVID-19 episode (Figure 2A), with a peak S-RBD IgG index of 998.4 U/mL and a peak sVNT value of 88% on February 17. By May 24, the S-RBD IgG index declined to 230.5 U/mL and sVNT to a value of 76%.
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FIGURE 2
(A) Serial serology of SARS-CoV-2 IgG (blue) and neutralizing antibody (green). Image was created with GraphPad Prism 9.3.1 and BioRender.com, (B) phylogenetic analysis of SARS-CoV-2 genomes showing the relationship between the two distinct variants of two infection episodes. The tree was constructed by maximum likelihood method. Clade information as inferred by GISAID, Nextstrain, and Pangolin nomenclatures, are shown. The reference genome Wuhan-Hu-1 (GenBank accession number NC_045512.2) is used as the root of the tree.


The second episode of SARS-CoV-2 infection occurred around July 7, 2021, during the surge of the Delta variant in Indonesia (23). The patient developed mild symptoms consistent with COVID-19, including anosmia and runny nose. Two days later, he underwent RT-PCR testing at Tangerang District Hospital and was positive for SARS-CoV-2 (Ct values: N-gene = 20.1 and ORF1ab gene = 19.2). No routine blood test and chest imaging were performed. S-gene sequencing revealed mutations in the S gene (T19R, G142D, E156G, Del157/158, A222V, L452R, T478K, D614G, P681R, and D950N) that were consistent with the Delta variant, belonging to Pango Lineage B.1.617.2 or clade 21A on Nextstrain (22). Genomic analysis showed that the first episode viral genome belonged to a different clade/lineage from the second viral genome (Figure 2B). The patient underwent self-isolation at home and received treatment with vitamins, oseltamivir, paracetamol, and candesartan. His symptoms resolved 4 days later, with no follow-up on RT-PCR test. Serology testing from a blood specimen collected on July 9, 2021, revealed low antibody levels (S-RBD IgG = 142.7U/mL and sVNT = 71%). Subsequent testing on August 31, 2021, demonstrated boosting of humoral immunity (S-RBD IgG > 1,000 U/mL and sVNT = 91%). Details of the laboratory assays are summarized in Supplementary Table 1.



Discussion

Our case report documents the first confirmed SARS-CoV-2 reinfection case in Indonesia, though it is highly likely that there have been many instances of reinfection nationwide. We observed a patient with severe COVID-19 disease caused by the B.1.466.2 variant in the first episode followed by milder disease caused by the Delta variant approximately 6 months later. Serial serology testing showed a persistent but gradual decrease of SARS-CoV-2 antibody titers after the first episode, with a boost of humoral immunity following the second infection. Although we did not perform testing on fecal specimens between episodes to rule out prolonged viral shedding in the GI tract (24), this presented case met all criteria for a confirmed diagnosis of reinfection: (1) Confirmation of a true first episode (Ct values < 35), (2) proof of a reinfection with SARS-CoV-2 RT-PCR test with Ct < 35, (3) confirmation of infection with two different/distinct phylogenetic strains/variants, and (4) negative RT-PCR tests between the first and second episodes (8). Furthermore, the epidemiological and serological analysis also confirmed that our case was a true reinfection, in which the second episode occurred during the Delta wave in Indonesia, boosting the antibody levels from the prior infection without a history of vaccine administration.

The non-sterilizing immunity generated against SARS-CoV-2 infection has made it challenging to differentiate prolonged shedding from a true reinfection (25). The US CDC maintains that the best evidence of reinfection is differing clades/lineages/variants of SARS-CoV-2, as defined in Nextstrain and GISAID, between an initial and subsequent infection (9). Based on WHO guidelines, complete or partial S-gene sequences can be used to confirm infection with a specific variant (26). In this case report, we relied on targeted S-gene sequencing to determine viral variants. The sequencing results of the first virus showed 100% similarity with the B.1.466.2 virus lineage, which was reported to be an indigenous dominant strain in Indonesia before the Delta variant surge, with an exponential growth from October 2020 to February 2021 (27, 28). While our S-gene sequence fully aligns with B.1.466.2, we cannot be certain that the whole genome contains the additional expected mutations (with mutation frequencies > 99%) of ORF1a-T1168I, ORF1a-P1640L, ORF1b-P314L, ORF3a-Q57H, and N-T205I in the B.1.466.2 variant (28). The virus from the second episode can be definitively identified as the Delta variant due to the presence of specific Delta mutations in the sequenced S-gene (L452R, T478K, and P681R) (29).

Recovery from many viral diseases is followed by a period of infection-induced immunologic protection against reinfection (30). Antibodies against SARS-CoV-2 include both binding and neutralizing antibodies (31), with the antigenic targets most frequently assessed being the S and N proteins (30). IgM, IgA, and IgG isotypes may be produced against any of these antigens and can be detected in the blood starting from 5 to 15 days following symptom onset (32, 33). Both binding and neutralizing antibody titers rise faster and reach a higher peak in persons with more severe COVID-19 (4, 30). Several studies have suggested that the waning of antibody levels occurs within several months after infection (34, 35), and the incidence of subsequent SARS-CoV-2 reinfection may be inversely associated with baseline antibody titers (36). As shown in our report, IgG and neutralizing antibodies steadily declined after the first infection episode, were at their lowest levels just prior to the second infection and increased following reinfection. There are insufficient data to determine antibody titer thresholds indicative of an individual’s protection from infection, and the level of protection may not be the same for all viral variants (30). One analysis suggested that the antibody level associated with protection against severe disease is lower than the level associated with protection against infection (37).

Despite growing evidence that immune responses remain robust and protective against reinfection with antigenically similar variants by 80–90% for at least 5–7 months after primary infection (36, 38–40), our report supports the idea that the duration of protection may be shorter with new viral variants. In laboratory studies, decreased neutralization to Delta and other variants has been demonstrated in non-Delta convalescent and post-vaccination sera (41–43). Combined in vitro experimentation and epidemiology studies have highlighted that mutations in the Spike-RBD of the Delta variant may result in increased infectivity and reduced neutralization sensitivity to sera from individuals infected with prior variants (29, 44, 45). These escape mutations are thought to be implicated in reinfection (46), but the observed reduction in effectiveness has been modest, with continued strong protection against hospitalization, severe disease, and death (30). Persistent immunity from SARS-CoV-2 specific T cells may have an important role in reducing viral replication and limiting the pathogenicity of infection (47), though we did not examine T cell responses as part of this case.

Reports on the clinical severity of reinfection compared to primary infection vary (2, 19, 48). In most cases, reinfections have appeared to be mild, with lower rates of pneumonia, heart failure, and acute kidney injury compared to primary infection episodes (48). Our clinical observations and lab results suggest that natural immunity from the patient’s initial infection reduced the severity of disease during the subsequent infection with the Delta variant. It is important to point out that this is not universally the case in the setting of reinfection (49–51). Future studies of cases of reinfection are needed to provide a clear picture of how robust the quality, quantity, and durability of protective immunity elicited by natural infection with SARS-CoV-2 is and its role in altering the course of subsequent infection. Given the rapid evolution of the virus and highly variable levels of host protection, it may be difficult to draw strong generalizations.

The patient did not receive any COVID-19 vaccines before or between his first and second episodes of infection. During that time, due to limited supplies, Indonesian national policy for receiving the COVID-19 vaccine only included individuals with no comorbidities, blood pressure less than 140/90 mmHg and no prior infection with COVID-19 (52). Thus, our patient was not eligible to receive the vaccine following his initial infection. However, the policy has since changed; COVID-19 survivors with blood pressure under 180/110 mmHg who are at least 1-month post-infection are now eligible (53, 54). Currently, the patient has received two doses of the Pfizer-BioNTech vaccine (on September 10, 2021, and October 1, 2021) and a booster dose with the Moderna vaccine (on December 31, 2021).

Several studies have shown that strong immune response, termed “hybrid immunity,” arises from a combination of natural and vaccine-generated immunity (55). Vaccination of convalescent individuals boosted the humoral immune response to well above the threshold of neutralization for multiple variants (29). Furthermore, memory B cell and CD4 + T cell components directed toward multiple spike and non-spike regions appear to be enhanced during hybrid immunity (29, 55). A recent report from Israel found that people who had been infected with SARS-CoV-2 and then received one dose of the Pfizer-BioNTech messenger RNA (mRNA) vaccine were less likely to be reinfected than previously infected individuals who were unvaccinated [hazard ratio, 0.18 (95% CI, 0.15–0.20)] (56). The substantial growing body of evidence strongly indicates that vaccination after infection significantly enhances protection and further reduces the risk of reinfection against an array of circulating viral variants, including Delta (30, 56–58).

A major strength of this report was our serial documentation of RT-PCR and serologic testing during and between both episodes of infection. This is rarely documented in routine practice. However, our study has several limitations. First, this is a case study of one individual, and therefore no broad conclusions or recommendations can be drawn. Second, we only relied on targeted S-gene sequencing to determine viral variants, although it is still acceptable within WHO guidelines (26). Whole genome sequences would be valuable in determining exact variant/Pango lineage. Third, T-cell responses were not measured in this study. Future studies in confirmed reinfection cases may provide a better picture of how the different components of the adaptive immune response can prevent or limit reinfection (39, 59). Fourth, we did not perform the gold standard virus neutralization test (VNT) or plaque reduction neutralization test (PRNT), which requires biosafety level 3 (BSL-3) facilities. However, the chemiluminescent immunoassays and surrogate neutralization assay (sVNT) used in this study have demonstrated good concordance with the gold standard PRNT for SARS-CoV-2 antibody detection in human sera (60, 61). They thus can serve as valid alternative to the VNT test in neutralizing activity measurements.



Conclusion

We reported a case of SARS-CoV-2 reinfection with distinct variants in Indonesia (8). The milder presentation in the second infection deserves further investigation to provide a clear picture of the role of post-infection immunity in altering the course of subsequent disease. As SARS-CoV-2 continues to circulate and mutate, vaccination following natural infection may prove to be an important strategy to increase protection against reinfection and disease.
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Tokyo Olympic and Paralympic Games, postponed for the COVID-19 pandemic, were finally held in the summer of 2021. Just before the games, the Alpha variant was being replaced with the more contagious Delta variant. AY.4 substrain AY.29, which harbors two additional characteristic mutations of 5239C > T (NSP3 Y840Y) and 5514T > C (NSP3 V932A), emerged in Japan and became dominant in Tokyo by the time of the Olympic Games. Variants of SARS-CoV-2 genomes were performed to extract AY.29 Delta substrain samples with 5239C > T and 5514T > C. Phylogenetic analysis was performed to illustrate how AY.29 strains evolved and were introduced into countries abroad. Simultaneously, ancestral searches were performed for the overseas AY.29 samples to identify their origins in Japan using the maximum variant approach. As of January 10, 2022, 118 samples were identified in 20 countries. Phylogenetic analysis and ancestral searches identified 55 distinct introductions into those countries. The United States had 50 samples with 10 distinct introductions, and the United Kingdom had 13 distinct strains introduced in 18 samples. Other countries or regions with multiple introductions were Canada, Germany, South Korea, Hong Kong, Thailand, and the Philippines. Among the 20 countries, most European and North American countries have vaccination rates over 50% and sufficient genomic surveillances are conducted; transmissions seem contained. However, propagation to unvaccinated regions might have caused unfathomable damages. Since samples in those unvaccinated countries are also undersampled with a longer lead time for data sharing, it will take longer to grasp the whole picture. More rigorous departure screenings for the participants from the unvaccinated countries might have been necessary.

Keywords: Olympic Games, Paralympic Games, SARS-CoV-2, COVID-19, delta variant, AY-29, cross-border transmission


INTRODUCTION

Long-awaited Tokyo 2020 Olympic and Paralympic Games were postponed for a year due to the COVID-19 pandemic. Despite the overwhelming opposing Japanese public opinions, parties, including International Olympic Committee (IOC), International Paralympic Committee (IPC), the Japanese Government, and Tokyo Metropolitan Government, decided to hold the events in the summer of 2021, starting July 23 and August 24, respectively without spectators in the venues. They made efforts to reduce the number of visitors outside of Japan to minimize the risk of importing exogenous novel SARS-CoV-2 strains; as a result, it was substantially reduced to 54,250 from the pre-pandemic estimate of 180,000 (NHK, 2021a; Yomiuri Shimbun, 2021).

Just before the Olympic Games began, in Japan, the Alpha variant [PANGO lineage (Rambaut et al., 2020): B.1.1.7] was being replaced by the Delta variant, which harbors T478K and L452R mutations in spike protein, with a surge of patients due to highly infectious nature of the Delta variant (Figure 1A; Michael Rajah et al., 2021). Japanese Government declared a state of emergency in many prefectures, including Tokyo and neighboring prefectures, to mitigate the risk of potential healthcare system collapse. A combination of reduction of mobilities, mask compliance, and an increase in vaccination rate appeared to have attributed to the significant reduction of positive cases by the end of September (Coronavirus Pandemic (COVID-19), 2020) as shown in Figure 1B. In fact, the reproduction number had already fallen below one in Tokyo by mid-August (National Institute of Infectious Disease, 2021), just 1 week after the end of the Olympic Games.
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FIGURE 1. (A) Histogram of strains by lineages in Tokyo. (B) Number of daily new COVID-19 positive cases in Japan. (C) Number of daily new COVID-19 positive cases among Olympic and Paralympic participants.


Despite the 72-h testing requirement, Japanese airport quarantine stations identified 54 positive cases at the border control among overseas participants (Supplementary Figure 1). During the period, a total of 863 positive cases was identified (Figure 1C; COVID-19 Positive Case List, 2021). Out of 863 positive cases, 174 cases belong to the Olympic overseas visitors and 80 cases belong to Paralympic overseas visitors (NHK, 2021b). Therefore, the majority of the positive cases belong to Japanese residents, such as contract workers and volunteers.

There have been two major concerns for the events regarding COVID-19 since athletes from 205 countries or regions compete in the events. First, Japanese citizens were afraid of novel exogenous strains will be introduced into the Japanese population by the participants from abroad, who are waived for any self-quarantine (Wells et al., 2021). Secondly, variants of concerns (VoC) and variants of interest (VoI) strains besides novel strains, are exported back with the returning participants to the unvaccinated regions. Vaccination rates in low-income countries are still below 5% (Coronavirus Pandemic (COVID-19), 2020) and introduction to highly infective strains can make devastating outcomes in these areas.

Impartial scientific evaluation of how mass gathering events, such as the size of the Olympic and Paralympic Games, affect cross-border transmissions must be conducted. In this study, we have analyzed the SARS-CoV-2 strains transmitted outside of Japan during the time of the Olympic and Paralympic Games.



MATERIALS AND METHODS

To perform our analysis, 6,783,483 full genomes extracted from human subjects, were downloaded from the Global Initiative on Sharing Avian Influenza Data (GISAID) (Elbe and Buckland-Merrett, 2017; Shu and McCauley, 2017) and the National Center for Biotechnology Information (NCBI) up to January 10, 2022. 4,378,170 met a data quality criterion of less than 200 bp gap in an entire genome and excluded low coverage to avoid artifacts due to sequencing errors. However, there are some AY.29 strain genomes that are misclassified to AY.4 and some AY.4 strains were misclassified to AY.29. To rectify misclassification issues, 5514T > C (NSP3 V932A) and synonymous mutation of 5239C > T was used as criteria and definition of AY.29 for further analysis.

Variant annotation of SARS-CoV-2 genomes was performed as described in our previous report (Koyama et al., 2020). In a nutshell, the strain was first aligned in a pairwise manner with NC_045512 SARS-CoV-2 reference genome using the Needleman-Wunsh algorithm (Needleman and Wunsch, 1970) using a needle in EMBOSS version 6.6.0.0 with a gap penalty of 100 and extension penalty of 0.5. From the pairwise alignment, differences with the reference genome were extracted as genome changes and subsequently, annotated for the types of mutation and amino acid changes if any. For the samples collected in Tokyo between 1 July and 10 September, we draw a plot of variants as illustrated in Figure 2.
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FIGURE 2. Variant Analysis of SARS-CoV-2 genomes sampled in Tokyo, Japan between July 1st and September 10, 2021. AY.29 Delta substrain is dominant in the period. Variants are colored depending on the type of mutations (missense, synonymous, non-coding, stop-gained, and frameshift). 3CLPro, 3C like protease; del, deletion; delins, deletion–insertion; E, envelope protein; ExoN, 3’-5’ exonuclease; M, membrane glycoprotein; N, nucleocapsid phosphoprotein; NA, not applicable; NSP, non-structural protein; OMT, O-methyltransferase; ORF, open reading frame; RdRp, RNA-dependent RNA polymerase; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; S, spike glycoprotein; UTR, untranslated region.


Phylogenetic analysis was carried out on all the AY.29 strains exported and randomly selected 1,000 AY.29 genomes from Japan. This selection consists of genomes with full collection date information and no unknown bases or gaps. We first aligned sequences using MAFFT version 7.475 (Katoh et al., 2002). Subsequently, we used Bayesian evolutionary analysis by sampling trees (BEAST), version 2.6.6. for 10,000,000 chain length employing the Hasegawa-Kishino-Yano mutation model (Hasegawa et al., 1985), with the strict clock mode and with a coalescent exponential population in the prior setting. For an overseas sample without exact date information, day 15 was assigned. For visualization, we used ggtree version 2.0.4 (Yu, 2020) on R version 3.6.3 (R Core Team, 2021) with country and subtype information.

Similarly, an ancestral strains search was performed for the overseas AY.29 samples using the maximum variant approach (Tokumasu et al., 2021). An ancestral strain should have a subset of mutations of the child strain. Among such ancestral strains, one with the maximum common variants is considered as an immediate ancestor or a parent in an ideal situation. Nevertheless, in many samples in the Delta variants, spikes G142D, T95I, and 156_158delinsG are missing because of sequencing artifacts (Sanderson and Barrett, 2021). To find proper ancestral strains, these mutations were overlooked for our ancestral searches in this study.



RESULTS

It is apparent that the Delta substrain AY.29, which harbors two characteristic mutations of 5239C > T (NSP3 Y840Y) and 5514T > C (NSP3 V932A) (Abe and Arita, 2021), was the dominant strain during the time of Olympic and Paralympic Games in Tokyo as shown in Figure 2. Figure 1A shows that the Alpha variant (B.1.1.7) was being replaced by AY.29 around the end of June and early July before the Game started on 23 July.

AY.29 evolved from AY.4 in Japan in April acquiring 5239C > T and 5514T > C mutations (EPI_ISL_2723567/EPI_ISL_2723568). The chronological order of emergences of 5239C > T and 5514T > C is not clear from the data. The ancestral AY.4 was an exogenous strain as seen in EPI_ISL_1927416, which is collected from a traveler from India at a Japanese airport quarantine in April; however, the actual introduction of the ancestral AY.4 strain might be earlier than April. In spike protein, besides D614G, L452R, T478K, P681R, and D950N, almost all AY.29 strains have T19R, T19I, G142D, and 156_158delinsG in N-terminal Domain (NTD). Among the substrains of AY.29, one with ORF8 P93S forms the largest group followed by one with spike Q173H, which is now classified as AY.29.1.

As of 10 January 2022, 118 of AY.29 exported samples were identified in 20 countries (Table 1). 50 samples in the United States were found, followed by 18 samples in the United Kingdom and eight samples in Canada. From phylogenic analysis as shown in Figure 3 and ancestral strain searches, 55 distinct AY.29 strains were known to be transmitted to the outside territories of Japan. The biggest overseas AY.29 cluster, which harbors NSP3 P402T mutation, occurred in Hawaii. The introduction of the strain took place before the Olympic Games; therefore, this Hawaiian cluster is not associated with the events. Another large cluster due to AY.29 strain with ORF8 P93S and NPS3 N873D mutations seems to be related to the United States Military stationed in Okinawa, the southern island prefecture; therefore, this strain is unrelated to the events as well. United Kingdom had 13 distinct AY.29 introductions, and the United States had 10 of them in the second place. Other countries or regions with multiple AY.29 introductions were Canada, Germany, South Korea, Hong Kong, Thailand, and the Philippines. The rest of the countries or regions, Italy, France, Spain, Sweden, Belgium, Peru, Australia, New Zealand, Israel, Indonesia, and Turkey, had a single AY.29 strain introduced. Furthermore, there were no incidents of indirect transmissions of AY.29 strains not involving Japan. Out of the exported 55 strains, Table 1 indicates that 41 of them were collected after August 1st and with their ancestral strains collected in Greater Tokyo Area, including Tokyo, Kanagawa, China, Saitama, and Ibaraki. In other words, exported AY.29 strains whose Japanese ancestral strains are found outside of Tokyo and its neighboring areas, such as Osaka, Hyogo, Gifu, Fukuoka, Kumamoto, and Okinawa, are unlikely related to the events. Furthermore, exported samples found in July are not likely related to the events regardless of the locations of their ancestral strains. There remains the possibility that these 41 strains are associated with the Olympic and Paralympic participants.


TABLE 1. AY.29 strains identified outside of Japan.
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FIGURE 3. Phylogenetic analysis of AY.29 strains. All overseas samples were combined with randomly selected 1,000 AY.29 genomes in Japan. The exported strains of the two largest clusters in the AY.29 exported strains were labeled in green.




DISCUSSION

Although AY.29 strains have been identified outside of Japan, with limited knowledge, it is not certain how many of them were associated with Olympic and Paralympic cross-border travelers. Olympic and Paralympic-related travelers account for approximately one-third of the entire outbound travelers from Japan as implied in Supplementary Figure 2; therefore, the events have likely contributed to the cross-border transmissions to some degree. For instance, three AY.29 samples were found in the Spanish territory the Canary Islands, which is rather an unusual location with low traffic from Japan. Members of the Spanish Olympic swim team participated in the domestic swim meet right after the Tokyo Games (Keith, 2021). Furthermore, the 900 samples released from the Japanese National Institute of Infectious Diseases missing prefectural information, such as Tokyo, contain 61 distinct novel exogenous strains as shown in Supplementary Table 1, which is a considerably high rate. The ancestor of EPI_ISL_3471119 collected in Scotland belongs to such samples without prefecture assignments as shown in Table 1. Further information regarding these samples is necessary for an impartial scientific evaluation; therefore, more detailed information about the samples in question should be released by the submitter.

The number of positive cases in Japan made a significant decrease from the peak in August as the vaccination rate in Japan increased. Although many breakthrough cases were reported due to the Delta variant (Brown et al., 2021; Herlihy et al., 2021) and various reports that indicate compromised vaccine effectiveness against the Delta variant were released (Fowlkes et al., 2021; Mlcochova et al., 2021; Planas et al., 2021), it is incontrovertible that vaccines are quite effective against AY.29 strain. Therefore, leakages of AY.29 to vaccinated countries would not induce serious issues. Unfortunately, this might not be the case for low-income countries, where only a few percent of citizens are vaccinated against SARS-CoV-2 at the time of the events (Coronavirus Pandemic (COVID-19), 2020; Mathieu et al., 2021). AY.29 is highly infective and virulent to unvaccinated people as demonstrated in Japan, where 0.42% of case fatality rate was observed for the AY.29 dominant fifth wave (Coronavirus Pandemic (COVID-19), 2020). On the other hand, the fatality rate for the Alpha variant dominant fourth wave in Japan was 1.8% (Coronavirus Pandemic (COVID-19), 2020), but the reduced fatality rate attributes to vaccination rather than mutations in the Delta variant AY.29 (Scobie et al., 2021). Due to the diverse nature of the summer Olympic Games, participants are from 205 countries (Wikipedia contributors, 2021), and it is worth noting that 57 participating countries have vaccination rates below 10%. Countries with low vaccination rates, whose SARS-CoV-2 genomes have not been updated are listed in Table 2. Many African nations are mentioned in the table. Besides, in Africa only one in seven positive cases were reported according to WHO (World Health Organization [WHO], 2021); therefore, it is challenging to detect any outbreaks in general. More rigorous departure screenings for participants from unvaccinated countries might have been necessary. Samplings of genomes in these countries are almost none or very low according to GISAID (2021). It is known that climate affects the fitness of SARS-CoV-2, and countries with low vaccination rates might not provide a favorable environment for the propagations of AY.29 substrains since their climates are substantially different from that of Japan (Islam et al., 2020). Even if they are sampled, it is common to take months before being shared. At this point, there is no sign of a significant surge due to the exported AY.29 strains; however, it is important to keep monitoring this potentially devastating strain for the time being.


TABLE 2. List of Countries with vaccination rates lower than 10% on the August 1st otherwise noted, whose SARS-CoV-2 genomes have not been updated since the Olympic and Paralympic Games.
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As SARS-CoV-2 variants of concern emerged, the genome sequencing of SARS-CoV-2 strains became more important. In this study, SARS-CoV-2 was sequenced using amplicon-based genome sequencing with MinION. The primer panel used in this study consisted of only 11 primer panels and the size of the amplicons was approximately 3 kb. Full genome sequences were obtained with a hundred copies of the SARS-CoV-2 genome, and 92.33% and 75.39% of the genome sequences were obtained with 10 copies of the SARS-CoV-2 genome. The few differences in nucleotide sequences originated from mutations in laboratory cultures and/or mixed nucleotide sequences. The quantification of the SARS-CoV-2 genomic RNA was done using RT-ddPCR methods, and the level of LoD indicated that this sequencing method can be used for any RT-qPCR positive clinical sample. The sequencing results of the SARS-CoV-2 variants and clinical samples showed that our methods were very reliable. The genome sequences of five individual clinical samples were almost identical, and the analysis of the sequence variance showed that most of these nucleotide substitutions were observed in the genome sequences of the other clinical samples, indicating this amplicon-based whole-genome sequencing method can be used in various clinical fields.

KEYWORDS
 SARS-CoV-2, reverse transcription digital droplet PCR, amplicon-based genome sequencing, MinION, long amplicon


Introduction

A rapid and accurate diagnosis of SARS-CoV-2 is of the greatest importance in the current global pandemic. Although multiple RT-qPCR assays have been established and widely used for the detection of SARS-CoV-2, the increasing number of variants of concern is becoming a significant threat to the global health (Jung et al., 2020; Park et al., 2021; Yoo et al., 2021). Recently, many variants of SARS-CoV-2 have been reported, and four SARS-CoV-2 variants of concern (VOC) were labeled by the WHO. In December 2020, the Alpha (B.1.1.7) and Beta (B.1.351) variants were first recognized as VOC in the United Kingdom and South Africa, respectively. In January and March 2021, Gamma (P.1) and Delta (B.1.617.2) variants were initially identified from Brazil and India, respectively (CDC, 2021). A new emerging variant was reported from South Africa in late 2021 and the emerged variants were designated as new VOC (Omicron; BA.1, and BA.2) on 26 November 2021, and became new dominant variants (Kandeel et al., 2021).

The first genomic sequence of SARS-CoV-2 was released on 10th January, and more than 2.6 million genome sequences have been released by the Global Initiative for Sharing All Influenza Data (GISAID) to date (Elbe and Buckland-Merrett, 2017). Most of the genome sequence analyses of the SARS-CoV-2 clinical samples were done using NGS (Castillo et al., 2020; Stefanelli et al., 2020; Wang et al., 2020). WGS technologies can sequence millions of reads per run simultaneously with massively parallel processing and offers a greater discovery ability to detect rare or novel variants with deep sequencing (Maurier et al., 2019). However, the genome coverage can be low in a high-level background environment with a low concentration of virus (Quick et al., 2017). In some studies, genome sequencing based on multiplex PCR was performed from viral RNAs (Quick et al., 2017; Gohl et al., 2020; Kim et al., 2021). This protocol can enrich a small amount of the target gene, such as clinical samples. In addition, tiling PCR based on this protocol can reduce the number of tubes required for PCR and the experimental steps, enabling a faster genome sequencing. However, previous tiling PCR methods for viral genome sequencing produced short amplicons which were not efficient for long-read sequencers such as MinION because short amplicons require a large number of primer pairs for whole-genome sequencing, the primer mixtures become complicated especially for a large viral genome such as coronaviruses.

In this study, the viral RNAs from five clinical samples and cultured SARS-CoV-2 variants were quantified with a reverse transcription digital droplet PCR (RT-ddPCR) and sequenced as whole-genomes using a MinION sequencer with only 11 amplicons. The assemblies of the reads of the viral RNA amplicons showed high-quality genome sequences, which were almost identical to the assemblies without amplification using an Illumina sequencer (iSeq100), indicating that our methods can be used for the SARS-CoV-2 genome sequencing from clinical samples.



Materials and methods


Clinical samples and SARS-CoV-2 genomic RNA

The clinical samples used in this study were the same clinical samples used in our previous study (Park et al., 2021). The samples were collected from subjects according to registered protocols approved by the Institutional Review Board (IRB) of Jeonbuk National University Hospital with all patients having signed written informed consent forms (IRB registration number: CUH 2020–02–050-162,008). The clinical characteristics of the patients are shown in Supplementary Table S1 (Park et al., 2021). Upper respiratory tract specimens (naso- and oro-pharyngeal swabs) from COVID-19 patients were suspended in a transport medium (eNAT; COPAN, United States) and stored at 80°C until use. The RNA extraction of the clinical samples was performed using a viral RNA Minikit (QIAGEN, United States). The genomic RNAs of SARS-CoV-2 variants were obtained from the National Culture Collection for Pathogens (NCCP, Korea). The strains of the SARS-CoV-2 variants used in this study are listed in Supplementary Table S2.



Viral genome sequences and primer design

The complete genome sequences of SARS-CoV-2 were derived from GISAID on 25 June 2020 (Elbe and Buckland-Merrett, 2017). The genome sequences with ambiguous bases were removed using PRINSEQ (Schmieder and Edwards, 2011). The number of trimmed sequences was 3,323, and the alignment of the genome sequences was done with MAFFT using the default option (Nakamura et al., 2018). The primers for the whole-genome amplifications were designed from conservative regions of the SARS-CoV-2 genomes.

The criteria for the primers were as follows: amplicon length, 2.7–3.4 kb; Tm, 53°C–61°C; primer length, 18–23 nt; overlap length between amplicons >150 bp; and number of degenerate bases <1. The specificity of the primer pairs was checked in silico using basic local alignment search tool (BLAST) against the GenBank Nucleotide (nr/nt) database. The results show that the primer panels were specific to the SARS-CoV-2 sequences. The size of the PCR amplicons was checked with agarose gel electrophoresis. The sequences of the primer-probe sets for RT-qPCR and RT-ddPCR are listed in Supplementary Table S3. The primer-probe sets were synthesized for RT-qPCR and RT-ddPCR by NeoProbe (Korea). All probes were labeled with the fluorescence of 6-carboxyfluorescein (FAM) at the 5′-end and Black Hole Quencher 1 (BHQ-1) at the 3′-end (Supplementary Table S3).



Quantification of viral RNA

The extracted viral RNAs were initially quantified using the QuantiFluor RNA System (Promega, United States) and Quantus™ Fluorometer (Promega, United States). Thus, 1 μl of RNA templates was added to 200 μl of the QuantiFluor RNA Dye working solution, and the concentration was measured. The RNAs were serially diluted for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and reverse transcription droplet digital PCR (RT-ddPCR).

The RT-qPCR assay was performed using StepOne and the StepOnePlus Real-Time PCR system (Thermo Fisher Scientific, United States) with the One Step PrimeScript RT-PCR Kit (Perfect Real Time; TaKaRa, Korea). The total volume of the RT-qPCR reaction mixture was 20 μl, and the reaction mixture was prepared according to the manufacturer’s instructions. The RT-qPCR was carried out under the following conditions: reverse transcription at 42°C for 5 min, enzyme activation at 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 10 s and annealing and extension at 60°C for 35 s (Supplementary Table S4).

The RT-ddPCR experiment was performed using the QX200 system (Bio-Rad Laboratories, United States) with a supermix for the probes (Bio-Rad Laboratories, United States). The total volume of the reaction mixture was 20 μl, and the reaction mixture was prepared according to the manufacturer’s instructions. The RT-ddPCR was carried out under the following conditions: reverse transcription at 42°C for 60 min, enzyme activation at 95°C for 10 min followed by 70 cycles with a 20% ramp rate of denaturation at 95°C for 30 s, and annealing and extension at 60°C for 150 s with a final enzyme deactivation at 98°C for 10 min (Supplementary Table S4). The copy numbers of viral RNA were determined according to a previous study and the manufacturer’s instructions (Bio-Rad Laboratories, 2015; Park et al., 2021).



cDNA synthesis from the RNA samples

The cDNAs were synthesized from the RNAs extracted from the clinical samples, and the RNAs were obtained from NCCP using the LunaScript RT SuperMix Kit (NEB, United States). To assess the Limit of Detection (LoD) of the MinION sequencing, the extracted RNA of NCCP 43381, 43,382, 43,388, and 43,390 (NCCP VOC variants) was diluted to a concentration of approximately 10 copies/μl. The total volume of the reaction mixture was 20 μl and consisted of 1 μl RNA template, 4 μl 5X LunaScript RT supermix, and 15 μl distilled water. The reverse transcription reaction was carried out under the following conditions: primer annealing at 25°C for 2 min, cDNA synthesis at 55°C for 30 min, and heat inactivation at 95°C for 1 min. The synthesized cDNAs were used as templates for PCR without purification.



PCR amplification for whole genome sequencing

The cDNAs of the clinical samples and the cultured samples were used as templates for the PCR amplification with 11 primer panels for the genome sequencing (Table 1). The amplification of the SARS-CoV-2 genome was done by 11 individual amplicon PCRs (singleplex) and by tiling PCR with two reaction mixtures (multiplex). The size of each amplicon was approximately 3 kb and confirmed with agarose gel electrophoresis (Figure 1). The singleplex reaction mixture had a volume of 50 μl and was done according to the manufacturer’s instructions (Supplementary Table S5). The PCR amplicons were then purified using the QIAquick PCR Purification Kit (QIAGEN, United States). After purification, the 11 fragments were pooled for sequencing (Figure 1).



TABLE 1 The sequence information of the primer panels for whole-genome sequencing of SARS-CoV-2.
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FIGURE 1
 The schematic diagram for amplification of SARS-CoV-2 RNAs in this study. The whole genome of SARS-CoV-2 was amplified to 11 amplicons of approximately 3 kb using 11 primer panel. The blue and orange arrow indicates odd primer pair or even primer pair, respectively. Singleplex: the 11 amplicons were amplified with 11 individual reaction mixtures and pooled. Multiplex: the 11 amplicons were amplified with two reactions mixtures (six odd-numbered primer pairs and five even-numbered prime pairs) and then pooled. The schematic figure was drawn with Biorender.


The multiplex PCR was done with odd-numbered primer pairs (S201, S203, S205, S207, S209, and S211) and even-numbered primer pairs (S202, S204, S206, S208, and S210). Both the odd and even reaction mixtures had a volume of 100 μl and were done according to the modified manufacturer’s instructions (Supplementary Table S5). After purification using the QIAquick PCR Purification Kit (QIAGEN, United States), both products from the odd and even mixtures were pooled for sequencing (Figure 1).



MinION sequencing and assembly

The sequencing library for MinION (MK1B, Oxford Nanopore) was constructed using a ligation kit (SQK-LSK109, Oxford Nanopore) and barcoding kit (EXP-NBD104, Oxford Nanopore). MinION 1D amplicon sequencing was performed using the R9.4 Flow cell (FLO-MIN106, Oxford Nanopore) according to the manufacturer’s instructions. The quality of the sequencing reads was initially evaluated using the fastqc program ver. 0.11.8 (Babraham Bioinformatics, n.d.), and basecalling was performed using the Guppy basecaller ver.3.4.4 + a296acb (Oxford Nanopore) for an hour. The resultant fastq file was assembled using BWA-MEM version.0.7.12 (Li, 2013), and error correction was performed by the Pilon program version.1.24 (Walker et al., 2014). Reference mapping was done using SARS-CoV-2 (NC_045512.2, 376207.1, and OU327262) as a reference genome. The quality of the draft genome assemblies was checked and aligned using the Nextclade web application (Hadfield et al., 2018). The assembled contigs were further manually cured using the CodonCode aligner 8.0.2 (CodonCode Corporation; Li, 2013).



iSeq100 sequencing and assembly

The second-strand cDNA was synthesized from the first-strand cDNA of the SARS-CoV-2 variants using the Invitrogen Second Strand cDNA Synthesis Kit (Thermo Fisher Scientific, United States) according to the manufacturer’s protocol. After synthesis of the second-strand cDNA, the residual RNA was removed using 100 U of RNaseI at room temperature for 5 min. The products were purified using DNA Clean and Concentrator Kits (Zymo Research, United States), and the purified DNAs were quantified using the QuantiFluor ds DNA System (Promega, United States) and Quantus™ Fluorometer, according to the manufacturer’s instructions. The sequencing libraries for iSeq100 were prepared using the Illumina DNA Prep Kit (Illumina, United States) which makes 300–350 bp DNA fragments, according to the manufacturer’s instructions. The concentration of the prepared libraries was determined using the KAPA Library Quantification Kit (Roche, Switzerland) with the LightCycler® 96 instrument (Roche, Switzerland) according to the manufacturer’s instructions. PhiX control v3 (Illumina, United States) was used as a quantification standard for the qPCR quantification. The final concentration of the pooled libraries was 100 pM, and a 5% PhiX control was added to the library. The pooled libraries were sequenced using iSeq100 (Illumina, United States). The assembly of the sequence reads was done using the CLC genomic workbench 20.0.4 (QIAGEN, United States) with the genome sequence of SARS-CoV-2 Wuhan-hu-1 (GenBank: NC_045512.2) and SARS-CoV-2 (OU327262) as a reference genome.



Analysis of the sequence variance in the viral genomes from the clinical samples

The viral genome sequences from the clinical samples were used as queries for BLAST in the GISAID website, and the closest SARS-CoV-2 genome sequences were retrieved. The viral genomic sequences including hCoV-19/Wuhan/WIV04/2019 (GISAID: EPI_ISL_402124) and hCoV-19/bat/Yunnan/RaTG13/2013 (GISAID: EPI_ISL_402131) were aligned and classified using the Nextclade web application (Hadfield et al., 2018).



Viral genome sequence deposition

The viral genome sequences from this study were deposited in GISAID and GenBank. The detailed information of the deposited sequences is listed in Supplementary Table S6.




Results


Quantification of RNA from the clinical samples and cultured SARS-CoV-2 strains

The measured concentrations of the RNA samples are listed in Supplementary Table S2. The standard curves of both the RT-qPCR and RT-ddPCR were linear indicating that the amplification efficiency of both assays was consistent (Figure 2; Supplementary Table S2; Supplementary Figure S1). The RNAs from the clinical samples were directly used as templates for the whole-genome amplification. The RNAs from the four cultured SARS-CoV-2 NCCP VOC variants were diluted to approximately a thousand, hundred, and 15 to 20 copies/μl and used as templates for the whole-genome amplification.
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FIGURE 2
 Quantification of SARS-CoV-2 RNA using a reverse transcription droplet digital PCR (RT-ddPCR). The copy numbers of SARS-CoV-2 RNA were measured RT-ddPCR assay using N gene targeting primer-probe sets. (A) The copy number of SARS-CoV-2 RNA in clinical samples. (B) The copy number of viral RNA in NCCP samples. The numbers of the above point and bars indicate mean copy numbers and standard deviation.


In the RT-qPCR results, the R2 value was nearly 1 (Supplementary Table S2). The concentration of the five clinical RNAs was 76, 8,360, 54, 68, and 14 copies/μl, respectively (Figure 2A). Moreover, the copy numbers of the RNAs from the strains NCCP VOC variants were determined as 1.64 × 108 and 1.09 × 108, 1.56 × 108, and 1.98 × 108, respectively (Figure 2B; Supplementary Table S2).



Selection and validation of the universal primers for SARS-CoV-2

The designed primer candidates were screened using PCR amplification. The cDNAs synthesized from the two SARS-CoV-2 NCCP VOC variants were used for the screening. As a result, 11 primer panels that cover the whole-genome of SARS-CoV-2 were selected as the universal primer panel. The amplicons of the expected size were confirmed with agarose gel electrophoresis. The expected size of the amplicons was 2.7–3.4 kb, and the PCR products of the expected size were confirmed with both RNAs from NCCP VOC variants (Table 1; Supplementary Figure S2). The selected 11 primer panels were used for PCR amplification of the RNA from the other SARS-CoV-2 variants and clinical samples.

The universality of the selected primer panel was further validated with seven RNAs from different GISAID clade strains (S, L, V, G, GR, GH, and GV). The PCR reaction with the selected primer panel successfully produced the amplicons with the expected size from all the viral RNAs tested in this study (Supplementary Figure S2). Among these amplicons, the amplicons from the SARS-CoV-2 variant strains NCCP VOC variants were used as subjects for the sequencing.



Genome sequencing of the SARS-CoV-2 variants

The genomes of four SARS-CoV-2 VOC variants were sequenced using iSeq100 and MinION. The double-stranded cDNAs of the four SARS-CoV-2 variants were sequenced using iSeq100, and approximately 10% of the sequence reads from iSeq100 were mapped to the reference sequences and covered the whole region of the SARS-CoV-2 genomes. The amplicons from the four SARS-CoV-2 variants were sequenced using MinION. The RNA concentrations for MinION sequencing were approximately 10, 102, and 103 copies/μl. The consensus sequence was determined based on the three complete genome sequences obtained by MinION with 102 and 103 copies/μl RNA and iSeq100. The assembly of the MinION sequencing samples with 156 to 198 copies/μl covered the whole region of the genomes. However, the coverages of NCCP 43381 and 43,382 with 15 to 20 copies/μl were 92.33% and 75.39%, respectively. Contrastively, the coverages NCCP 43388 and 43,390 with 15 to 20 copies/μl showed relatively complete sequences. These levels of LoD indicate that our amplicon-based sequencing methods can be applied to clinical samples with a low viral titer.

Compared to the genome sequence of iSeq100 sequencing, the consensus sequences of four VOC strains in MinION sequencing showed differences in the nucleotide positions (Supplementary Table S7). All the amino acid differences of the genomes sequenced in this study did not affect the variant classification results of the GISAID and Nextclade. The consensus genome sequences of NCCP 43381 showed four nucleotide differences according to the sequencing method and the RNA concentration, although all three consensus genome sequences of NCCP 43382 were identical (Supplementary Table S7). The consensus genome sequences of NCCP 43388 and 43,390 in MinION showed relatively more nucleotide differences compared to those of iSeq100. But all the mapped reads in these nucleotide position were showed both different nucleotides (Supplementary Tables S7, S8). For example, the nucleotide differences at position 23,608 were G (MinION)/A (iSeq100) in the genome sequence of NCCP 43381. However, the nucleotide of mapped reads at the positions was mixed with these two nucleotides (G/A), indicating both variants coexisted in the samples. The operational cost comparison of iSEQ100 and MinION sequencing showed that MinION sequencing has better cost-performance (Supplementary Table S9). Supplementary Table S9 showed the operational cost of MinION sequencing with six cultured viral RNA samples (amplicon-based sequencing) and that of iSeq100 sequencing with two cultured viral RNA samples (shotgun approach). Considering the high concentration of laboratory cultured virus and the depth of assembled sequences, the amplicon-based sequencing can be very efficient with low concentration samples.



Genome sequencing of the clinical samples

The amplicons produced from both the singleplex and multiplex PCRs were pooled and sequenced using MinION. The trimmed quality of the sequencing raw reads had a median Phred score of 14 (Min q-score > 7). A single contig of full-length genome was successfully obtained from all five clinical samples. The genome sequence analysis from Nextclade is summarized in Supplementary Table S10. The MinION sequencing results of the multiplex and singleplex PCR products were both successful though the sequencing read depth was higher in the singleplex PCR than in the multiplex PCR due to a higher input amount of amplicons. There were five nucleotide substitutions in Wuhan-Hu-1 (NC045512; G5572T, G11083T, C14805T, C25487T, and G26144T) or one more (G11071T). These five nucleotide substitutions included four nonsynonymous substitutions (NS3-G251V, NS3-T32I, NSP3-M951I, and NSP6-L37F) and were identical in all five clinical samples. Strain hCoV-19/South Korea/KRISS0004/2020 (GISAID: EPI_ISL_3118363) had one more nonsynonymous substitution (NSP6-L33F). All other GISAID retrieved Korean viral genome sequences had four nucleotide substitutions (G5572T, G11083T, C14805T, and G26144T). Considering all GISAID retrieved United States viral genome sequences had three nucleotide substitutions (G11083T, C14805T, and G26144T) and the viral genome sequence from Spain had only two nucleotide substitutions (G11083T and G26144T), these viral genomes sequences might be the ancestral strains of these Korean strains. The results show that multiplex PCR is an applicable method for clinical samples.




Discussion


Quantification and sequencing LoD of the SARS-CoV-2 RNA genome

In this study, all RNAs of the NCCP strains and clinical samples were quantified by a Quantus fluorometer and RT-ddPCR. The quantification based on the fluorometer assay can estimate the total amount of RNA. As this assay does not require a primer-probe set to amplify specific genes, the quantification using a fluorometer is very convenient but there are some limitations. The fluorometer assay measures the concentration of the total RNA rather than that of RNA with specific sequences. On the other hand, RT-ddPCR can perform absolute quantification of RNA by counting each positive droplet without a standard curve and calibration (White et al., 2009; Lee et al., 2021; Park et al., 2021). Due to the presence of the host cell RNA, the estimated copy number of the fluorometer assays was greatly different from that of the RT-ddPCR assays, indicating that the exact assessment of the LoD requires a very accurate quantification such as RT-ddPCR assays.

The LoD of the amplicon-based sequencing with the four SARS-CoV-2 variants using singleplex PCR was estimated as 10 copies/μl which is similar to the LoD of the RT-qPCR assays. Although the genome sequences were not fully covered with 10 copies/μl of the NCCP 43381 and 43382, the absence of template can be statistically possible with a low concentration of viral RNA. Assuming that the mean copy number is 10 copies/μl with a standard deviation of 5 copies/μl and the mean follows a normal distribution, approximately 5% of the samples have no template. This absence of template suggests that the uncovered regions in the genome were due to the nature of the very low concentration rather than the limitation of the primer panels. This explanation is also supported by the results of the clinical samples. The lowest concentration of clinical samples was 14 copies/μl of SARS-CoV-2, and the assemblies from both the singleplex and multiplex PCRs covered the whole region of the genomes. Considering the very high Ct value (>35) of some clinical samples, our methods were able to sequence the whole-genome of any RT-qPCR positive samples. Although the Ct value of hCoV-19/South Korea/KRISS0005/2020 was undetermined by qPCR, the 14 copies/μl were quantified by ddPCR (Park et al., 2021). So, it can be sequencing based on amplicon like cultured viral RNA.



Comparison of iSeq100 and MinION sequencing

The assembly of both iSeq100 and MinION was practically compared. The consensus sequences of NCCP 43882 were identical and those of NCCP 43881 showed only four different nucleotide positions. Although genome sequences of NCCP43388 and NCCP 43390 show relatively more differences in nucleotide positions, some of the mapped reads showed single-nucleotide variants (SNVs) in these positions (Supplementary Table S7). The iSeq100 assembly of NCCP 43381 showed SNVs in three of four sites except nucleotide position 17,616. The three sites were mixed with two nucleotides and one of these nucleotides was dominant in the MinION assembly (Supplementary Table S8). Although the dominant nucleotides in position 17,616 of MinION were the same as iSeq100 assembly, SNVs were observed in this site, suggesting bias from PCR amplification. The positions of nucleotide difference in NCCP 43388 and NCCP 43390 showed single nucleotides in iSeq100 assembly while two dominant nucleotides in MinION assembly. And each one of two dominant nucleotides in MinION assembly is the same as iSeq100 assembly. The reasons for polymorphism in MinION assembly were unclear but one of the possible reasons for these nucleotide differences can be laboratory mutation. According to the Nextclade analysis, the difference nucleotides of MinION were not private mutations which meant that the nucleotide differences were also observed in other strains. In the MinION assembly of NCCP 43388, both read with gaps and without gaps were shown. And these gaps also could be found in other SARS-CoV-2 genome sequences in public databases, indicating these mutations can occur naturally. These suggest that these nucleotides can be actual mutations rather than PCR bias or sequencing errors. Although the RNA templates for both iSeq100 and MinION sequencing were retrieved from the same viral strains, the genomic RNAs were extracted from different passages of viral culture. Considering all the SNVs were not private mutations, those SNVs observed in this study are likely to be cell-culture adaptive mutations frequently observed when inoculating a patient-originated virus into laboratory cell culturing conditions (Dargan et al., 2010; Oka et al., 2020). This suggests that the methods can detect minority variants in mixed ones. It is particularly important to diagnose the minority variant of SARS-CoV-2 due to the high mutation rate of this virus (Houldcroft et al., 2017). According to the results of this study, both MinION and iSeq100 enable the detection of minor variants among the virus population.

Considering the sequencing results of both iSeq100 and MinION, the accuracy of both methods was equal although some previous studies claimed that viral genome sequencing with MinION was not a reliable method unless the sequencing was replicated (Bull et al., 2020; World Health Organization, 2021). The viral genome sequencing through a shotgun approach using a short-read sequencer such as iSeq100 might be the best approach when the genomic information of the virus is not fully available. However, there are some drawbacks. Because this shotgun approach is not a target-specific approach, most of the sequence reads were non-target sequence reads. Though the viral sequencing using iSeq100 in this study was done with viral RNA using a high concentration, only 10% of the sequence reads were mapped to the reference sequence. Considering that the titer of the cultured virus was much higher than that of the clinical samples, the sequence reads from the shotgun approach with the clinical samples were mostly non-target sequence reads, and only a very small portion of the sequence reads can be used for the viral genome assembly. This is especially true with clinical samples having low viral titers. For this reason, amplicon-based genome sequencing of clinical samples can be more efficient if the genome sequence information is available.



Analysis of the sequence variance in the clinical samples

Nextclade analysis showed that the nucleotide substitutions of the viral genome sequences in this study were not derived from PCR bias or sequencing error. Although there are no other strains with five substitutions like in the clinical samples sequenced in this study, these clinical samples were derived from different individual patients, indicating these substitutions actually occurred rather than resulting from an error. Four of the five nucleotide substitutions were found in other viral genomes from Korean clinical samples that first appeared on 17 February 2020, in GISAID. Currently, 138 strains with these four substitutions were uploaded in GISAID. The last strain with these substitutions was hCoV-19/South Korea/KCDC31-NCCP43342/2020 (GISAID: EPI_ISL_812962) which was collected on 28 July 2020. Most of these strains were collected from February to April in Korea, suggesting that the G5572T substitution occurred during their introduction to Korea. The strains from Spain and the United States had two (G11083T and G26144T) and three (G11083T, C14805T, and G26144T) nucleotide substitutions, respectively. These nucleotide substitutions were the same amino acid substitutions. Currently, the number of strains with these amino acid substitutions in GISAID is 6,929. The earliest strains with these amino acid substitutions were hCoV-19/Hangzhou/HZCDC0167/2020 (GISAID: EPI_ISL_421223) and hCoV-19/Italy/LAZ-INMI-SPL1/2020 (EPI_ISL_412974). These two strains had two identical nucleotide substitutions which suggest these two strains had the same origin. Most of the strains with these two amino acid substitutions were collected from January to August worldwide, and the last reported strains with these amino acid substitutions were collected in April 2021. All these findings indicate that the initial introduction of this SARS-CoV-2 lineage was done through Europe and the USA, and their spreading in Korea was successfully prevented.



Amplicon-based genome sequencing of SARS-CoV-2

The ARTIC network multiplexed primer panels were used from the start of the COVID-19 pandemic, and the genome of SARS-CoV-2 can be sequenced with tilling PCR (Itokawa et al., 2020; Prado-Vivar et al., 2020; Tyson et al., 2020). However, the ARTIC primer panels consist of hundreds of primers and could have a potential vulnerability to the variations of the SARS-CoV-2 strains. Due to the nature of amplicon-based sequencing, mutations can occur in the target sequences of the primers, indicating more primers mean more mutations in the primer sites. The primer panels in this study consisted of only 11 primer pairs and potentially covered more SARS-CoV-2 variants than the panel with hundreds of primer pairs. The short amplicons of the ARTIC primer panels are very suitable for Illumina sequencers, but the short amplicons produce less nucleotide base output for long-read sequencers such as MinION. The amplicon size in this study was approximately 10-times larger than those of the ARTIC primer panels, and genome sequencing using long-read sequencers can be more efficient with longer amplicons.

The relatively inaccurate sequence reads of MinION sequencing have been pointed out as one of its major drawbacks for viral genome sequencing. However, MinION sequencing with our primer panels had an equivalent consensus sequence accuracy to that of the Illumina sequencer. The LoD of our primer panels was 15 to 20 copies/μl showing that our primer panels were enough sensitive for the sequencing of any clinical samples. The sequencing results of the individual clinical samples were identical except for one variant, and this also proved that the MinION sequencing with our primer panels can produce very accurate sequencing results from clinical samples.




Conclusion

In this study, amplicon-based whole-genome sequencing of SARS-CoV-2 was established using MinION. Because the size of the amplicons in this study was longer than those of any other studies for amplicon-based whole-genome sequencing, the established methods can be very efficient SARS-CoV-2 genome sequencing methods for MinION. The primer panels consisted of only 11 primer panels and showed an excellent LoD. Whole-genome sequences were recovered from clinical samples containing only 15 to 20 copies/μl of SARS-CoV-2 RNA, and the sequencing results also showed that our method was very accurate and reliable for any RT-qPCR positive clinical samples.
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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has been fatal to human health, affecting almost the entire world. Here we reported, for the first time, characterization of the genetic variants of SARS-CoV-2 circulating in Kuwait to understand their genetic diversity and monitor the accumulation of mutations over time. This study randomly enrolled 209 COVID-19 patients whose nasopharyngeal swabs were positive for SARS-CoV-2 between February 2020 and June 2021 using RT-PCR. The whole genomes of SARS-CoV-2 from the nasopharyngeal swabs were sequenced using the Oxford Nanopore sequencing technology following the ARTIC network protocol. Whole-genome sequencing has identified different clades/sub-clades circulating in Kuwait, mimicking the virus’s global spread. Clade 20A was dominant from February 2020 until January 2021, and then clade 20I (Alpha, V1) emerged and dominated. In June 2021, the number of cases infected with clades 21I, 21A, and 21 J (Delta) increased and dominated. We detected several known clade-defining missense and synonymous mutations and other missense mutations in the genes encoding important viral proteins, including ORF1a, S, ORF3a, ORF8 regions and a novel mutation in the N region. ORF1ab region harbored more mutations and deletions (n = 62, 49.2%) compared to the other 12 gene regions, and the most prevalent missense mutations were P314L (97%) in ORF1b and D614G (97%) in the S glycoprotein regions. Detecting and analyzing mutations and monitoring the evolution of SARS-CoV-2 over time is essential to help better understand the spread of various clades/strains of SARS-CoV-2 and their implications for pathogenesis. In addition, knowledge of the circulating variants and genome sequence variability of SARS-CoV-2 may potentially influence the development of vaccines and antiviral drugs to control the COVID-19 pandemic.
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Introduction

The coronavirus disease 2019 (COVID-19) epidemic was caused by a novel coronavirus first identified in December 2019 in Wuhan, China, and now has extended worldwide and turned into a global pandemic (Huang et al., 2020). COVID-19 was rapidly caused by a coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; Zhu et al., 2020). The virus belongs to the β coronavirus family, including other coronaviruses capable of infecting humans; four coronaviruses (229E, NL63, OC43, and HKU1) cause mild symptoms of the common cold. However, the other two, SARS-CoV and MERS-CoV, can cause severe symptoms and eventually death, with 10 and 37% fatalities, respectively (Gorbalenya et al., 2020; Mohammad Lokman et al., 2020). Although the case fatality rate of SARS-CoV-2 is estimated to be around 3.4%,1 which is lower than that of SARS-CoV and MERS-CoV, nevertheless, effective treatment and control are essential as the global toll has already surpassed 5 million confirmed deaths.2 The pandemic has significantly impacted social and economic activity worldwide.

SARS-CoV-2 is a positive-sense, single-stranded RNA virus with a genome approximately 30 kb in size. The genome of SARS-CoV-2 encodes for nonstructural proteins (NSPs) and structural proteins in different open reading frames (ORFs; Laamarti et al., 2020; Wu et al., 2020). The polyproteins pp1a and pp1ab are encoded by ORFs 1a and 1b at the 5′-end, covers more than two-thirds of the total genome size and encodes 16 nonstructural proteins (numbered from NSP1 to NSP16). In contrast, the 3′-end of the genome (21–29 kb) encodes for six accessory proteins named ORF3a (presumed apoptotic factor), ORF6 (presumed IFN-1 antagonist), ORF7a (presumed leukocyte modulator), ORF7b, ORF8 (presumed 62 immunomodulators), and ORF10 (unknown function) along with four structural proteins: spike glycoprotein (S), an envelope protein (E), membrane glycoprotein (M), and nucleocapsid protein (N). Genetic variation in several viral proteins, such as RNA-dependent RNA polymerase and spike glycoprotein, which are vital drug targets, impacts the efficacy of current vaccines and antiviral treatments (Miao et al., 2021). Therefore, detecting and analyzing mutations and monitoring the evolution of SARS-CoV-2 over time is essential to our understanding of SARS-CoV-2. In addition, knowledge of the circulating variants and genome sequence variability of SARS-CoV-2 may potentially impact the development of vaccines and antiviral drugs to control the COVID-19 pandemic (Andersen et al., 2020). Furthermore, SARS-CoV-2 genetic variation (Volz et al., 2021) and host genetics influence the pathogenesis of the virus and eventually affect infection and mortality rates (Wang et al., 2020).

In Kuwait, the first cases of SARS-CoV-2 were documented in February 2020 in travellers arriving from Iran. After that, more cases were imported from other parts of the world, mainly Europe (Italy), until March 2020, when most air traffic was suspended. In March 2020, the rapidly growing number of confirmed cases alarmed the government, which decided to implement many restrictions to decrease the spread of SARS-CoV-2 into and inside the country. The number of cases steadily increased from 2020 until July 2021, when the number of cases gradually decreased after introducing an intensive COVID-19 vaccination program. As of January 12 2022, when this paper was written, 437,602 confirmed cases and 2,472 deaths had been recorded in Kuwait.3 Since there is a large gap in the genomic characterization of SARS-CoV-2 circulating in the Kuwaiti population, this study aimed to characterize the genetic variants in 209 SARS-CoV-2 complete genomes from infected patients in Kuwait for a detailed understanding of their genetic diversity and to monitor the accumulation of mutations over time. Since one of the major viral antigens, spike glycoprotein is in the current vaccine, it is important to know whether mutations in this protein facilitate escape from host antibodies, potentially compromising vaccine efficiency. Currently, the selection of a variant in a population is perhaps not determined by host antibody because there is no adequate immunity in the individuals to systematically push the virus in a given direction (Korber et al., 2020). In contrast, the variant could rapidly outcompete and replace other circulating variants if variant mutations in the spike upsurge transmissibility (Korber et al., 2020). Therefore, awareness of the circulating variants and genome sequence variability of SARS-CoV-2 in Kuwait may influence vaccines and antiviral drug development to control the COVID-19 pandemic.



Materials and methods


Study population and data collection

This study randomly selected and enrolled nasopharyngeal swabs from 209 patients identified as SARS-CoV-2 positive between February 2020 and June 2021. The samples were retrieved from the virology labs at two hospitals in Kuwait—Jaber Al-Ahmad Hospital and Mubarak Al-Kabeer Hospital—and subjected to Real-Time Reverse Transcriptase PCR assays (RT-PCR) for the detection of SARS-CoV-2, as per the Ministry of Health guidelines in Kuwait. Samples with low viral load (Ct > 35) were excluded from the study population. Data from the patient’s demography (age, gender, and nationality) and RT-PCR results for SARS-CoV-2 viral nucleic acid detection were retrieved from the electronic medical record system. The patients were classified into five categories: (1) asymptomatic: individuals who test positive for SARS-CoV-2 but have no symptoms. (2) Mild illness: individuals with any of several signs and symptoms (e.g., fever, cough, sore throat, malaise, headache, muscle pain) without shortness of breath, dyspnea, or abnormal imaging. (3) Moderate illness: individuals with a sign of lower respiratory disease by clinical assessment or imaging and oxygen saturation (SaO2) over 93% on room air at sea level. (4) Severe illness: individuals with a respiratory frequency of over 30 breaths per minute, SaO2 up to 93% on room air at sea level, ratio of the arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2) below 300, or more than 50% lung infiltrates. (5) Critical illness: individuals with respiratory failure, septic shock, and/or multiple organ dysfunction. The clinical samples were handled and processed in a Bio-Safety Laboratory-2 (BSL-2) at the Faculty of Medicine, Kuwait University, with personal protective equipment and adapted procedures for airborne pathogens by trained personnel.



Nucleic acid extraction and real-time reverse transcriptase PCR assays for SARS-CoV-2

Total RNA was extracted from 200 μl nasopharyngeal samples using MagNA Pure LC RNA Isolation Kit—High Performance (Roche Applied Science GmbH, Penzberg, Germany) on the MagNA Pure LC 2.0 automated extraction machine (Roche) according to the manufacturer’s instructions. Real-Time RT-PCR was performed to confirm the presence of the virus in the samples using primers and probes corresponding to the SARS-CoV-2 envelope (E), nucleocapsid (N), and RdRP (RNA-dependent RNA polymerase) with SOLIScript one-step multiplex probe kit (ROX; Solis BioDyne, Estonia) according to the manufacturer’s protocol. RT-PCR was performed on the QuantStudio™ 5 Real-Time PCR system (Thermo Fisher, United States). All samples were tested for the human RNAseP gene as a housekeeping gene. Extracted nucleic acid from SARS-CoV-2 positive samples was taken for further molecular analysis.



SARS-CoV-2 whole-genome sequencing using MinION Nanopore technology

The whole genome of SARS-CoV-2 from the clinical samples was sequenced using the Oxford Nanopore sequencing technology (Oxford Nanopore Technologies, Cambridge, United Kingdom) following the ARTIC network protocol. The SARS-CoV-2 positive RNA extracts were reverse-transcripted with LunaScript™ RT SuperMix Kit (New England Biolabs, Ipswich, United States). Multiplex PCR with ARTIC Network V3 primer pools, tilling the complete SARS-CoV-2 genome, was performed on cDNA using Q5 Hot Start High-Fidelity DNA polymerase (New England Biolabs, Ipswich, United States). The amplicons were cleaned up with AMPure XP beads (Beckman Coulter Diagnostics, California, United States), and libraries were prepared using the ligation sequencing kit (SQK-LSK109) from Oxford Nanopore Technologies (Oxford, United Kingdom). Then, libraries were quantified using QUBIT 1X dsDNA HS Assay Kit (Invitrogen, Waltham, United States), and 15 ng of each prepared library was loaded into Oxford Nanopore MinION SpotON Flow Cells FLO-MIN106D, R9.4.1 (Oxford Nanopore Technologies, Oxford, United Kingdom (Bull et al., 2020; Pater et al., 2021). The FastQ files generated by the Mk1C device were used for analysis following the ARTIC Network analysis workflow and EP2ME-lab.



Sequencing of ORF1ab and S regions of SARS-CoV-2 using the Sanger method

The regions in ORF1ab and spike protein that failed to be sequenced by MinION Nanopore technology were amplified and sequenced by specific primers designed using the Primer-BLAST program. The 421 nt and 302 nt fragments covering 19,269-19,689 and 21,139-21,440 regions, respectively, at ORF1ab gene were amplified and sequenced using primers CoV-A/1: 5’- CTTGCCTGGTTGTGATGGTG-3’, CoV-A/2: 5’-TGGTACTTCACCCTGTTGTCC-3’ and Cov-B/1:5’-CTAGCTCTTGGAGGTTCCGTG-3’, CoV-B/2:5’GACATAACAGCAGTACCCCTT-3’. In addition, 591 nt and 595 nt fragments that cover21513-22,103 and 22,020-22,614 regions, respectively, at spike protein gene were amplified and sequenced using primers nCoV-S1F: 5’-CAACAGAGTTGTTATTTCTAGTGATG-3’ and nCoV-S1R: 5’-CTTCAAGGTCCATAAGAAAAGGCT-3’, nCoV-S2F: 5’- TGGAAAGTGAGTTCAGAGTTTATTCT-3’and nCoV-S2R: 5’- TAAACAGATGCAAATCTGGTGGCG-3’. The amplification profile comprised an initial denaturation at 95°C for 5 min, followed by 35 amplification cycles (94°C for 1 min, 65°C for 1 min and 72°C for 2 min), with a final extension at 72°C for 10 min. The amplicons were analyzed by electrophoresis in a 1.5% (W/V) agarose gel. The PCR products were purified with a QIAquick gel extraction kit (Qiagen) according to the manufacturer’s instructions. Subsequently, the purified products were sequenced in the forward and the reverse directions by primers CoV-A/1, CoV-A/2, Cov-B/1, CoV-B/2, nCoV-S1F, nCoV-S1R, nCoV-S2F, and nCoV-S2R. Sequencing was performed using the ABI 3500/3500xL genetic analyzer (PE Applied Biosystems, Inc., Foster City, CA, United States) with the ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction kit (PE Applied Biosystems, Inc., Foster City, CA, United States).



Bioinformatics analysis

Consensus sequences obtained from the ARTIC analysis pipeline were subjected to multiple sequence alignments using MEGA (MEGA X: Molecular Evolutionary Genetics Analysis across computing platforms; Kumar et al., 2018) and Jalview v2.11.1.4 (Waterhouse et al., 2009). The SARS-CoV-2 reference genome was downloaded from the national centre for biotechnology information (NCBI; NC_045512.2). The resulting consensus sequences were analyzed with sequences identified in the Middle East from late February 2020 to late June 2021 (n = 6,169) available in GISAID (Elbe and Buckland-Merrett, 2017a). Using the Augur pipeline (Hadfield et al., 2018a), sequences were aligned to the SARS-CoV-2 reference genome using MAFFT, and time-resolved Maximum–Likelihood phylogenetic trees with 1,000 bootstrap replicates were constructed using IQ-Tree (Nguyen et al., 2015) under the GTR substitution model and visualized with Auspice (Hadfield et al., 2018). The trees were visualized and modified with the Interactive Tree of Life (iTOL) v6 software.4 A Heatmap for correlation analysis of the average number of mutations and deletions in each SARS-CoV-2 gene among different variants was performed using GraphPad Prism v9. Clade nomenclature was attained from Nextstrain (Hadfield et al., 2018). Complete genome sequences in GSAID with accession IDs and their Pangolin clade assignation are publicly available in Supplementary Table 1.




Results


Demographics and clinical characteristics of the study population

The tested population consisted of 209 SARS-CoV-2–positive patients, of whom 48% were males, and 52% were females. Of the patients, 55% were Kuwaiti, and 45% were non-Kuwaiti. The median age of the patients was 40 years (Table 1). The SARS-CoV-2 infections in the involved patients resulted in a range of clinical outcomes: 28% of patients had an asymptomatic infection, 21% had a symptomatic infection, and did not have information about 51% of the patients (Table 2). Among the symptomatic patients, 27% had mild, 30% had moderate, 30% had severe, 14% fell into critical condition, and 16% died (Table 2). A wide range of symptoms was recorded among the symptomatic patients, with fever (16.4%) and shortness of breath (SOB; 15.8%) being the most common symptoms. However, other symptoms were observed less frequently, including cough, reduced oxygen saturation, and bilateral infiltration of the lungs through X-ray imaging (Table 2).



TABLE 1 Demographic data of the study population (N = 209).
[image: Table1]



TABLE 2 Clinical outcome and comorbidities of the patients.
[image: Table2]

The majority of the symptomatic patients had comorbidities (81.8%), while the rest (18.2%) did not have comorbidities (Table 2). Among patients with comorbidities, 31.1% had diabetes mellitus, 25.3% had hypertension, and 10.8% had ischemic heart disease (Table 2).



Whole-genome sequencing of SARS-CoV-2 samples

Two hundred sixteen nasopharyngeal swab samples were collected from SARS-CoV-2 positive patients in Kuwait between February 2020 and June 2021; however, we attained 209 high-quality samples for downstream analysis. Using the 29,903 nt SARS-CoV-2 reference genome (NC_045521), we have successfully assembled 209 SARS-CoV-2 consensus genomes. Most of the sequences (96%) were high-quality, with gaps ranging from 300 nt–to 2000 nt (a gap proportion of ~10%). These gaps indicated low-sequence coverage over the 5′ and the 3′ ends of the genomes, a common incidence in worldwide assemblies reported in GISAID. In addition, there were common gaps at the 19,277–19,570 nt positions and the 21,147–21,386 nt positions of the ORF1ab gene and at the 21,513–22,103 nt and 22,020–22,614 nt positions of the S gene in the sequences, which were covered using the Sanger method with customized primers (see the methodology).



Genomic epidemiology of SARS-CoV-2 infection in Kuwait

Phylogenetic analysis of genomes sequenced between February 2020 and June 2021 revealed distinct clustering patterns (Figure 1). Our study’s maximum likelihood phylogenetic tree of the 209 SARS-CoV-2 genomes demonstrated the seven main dominant clades in Kuwait’s viral population. According to the Nextstrain classification, 98 (46.8%) of viral genomes out of the 209 genomes were clustered as clade 20A, while the rest of the genomes sequences were classified in the clades 20I (Alpha, V1; n = 50, 24%); 21I (Delta; n = 38, 18.2%); 19A (n = 8, 3.8%); 21A (Delta; n = 7, 3.3%); 21D (Eta; n = 6, 3%); and 21 J (Delta; n = 3, 1.4%; Figure 1). Detailed analysis showed that clade 20A is further subdivided into two sub-clades, 20A.1 and 20A.2, with bootstrap values of more than 0.75 (Figure 1).
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FIGURE 1
 Maximum likelihood tree of 209 SARS-CoV-2 genomes sequenced in Kuwait from February 2020 to June 2021. Each line indicates a sample coloured by the dominant viral clades, annotated with the clade’s definitive genetic variation. Reference strain (NC_045512) is coloured in black.


Figure 2 demonstrates the relative prevalence of SARS-CoV-2 clades circulated in Kuwait from February 2020 to June 2021. The results show that the dominant clades of SARS-CoV-2 from February until January 2021 were 20A and 19A. Clade 20I (alpha, V1) emerged in January 2021 and was the dominant clade until June 2021. In June 2021, the number of genomes belonging to clades 21I, 21A, and 21 J (Delta) increased and dominated, while a few cases of 21D (Eta) emerged. Details on the number of SARS-CoV-2 clades detected in Kuwait each month are provided in Supplementary Table 1.
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FIGURE 2
 Relative prevalence of SARS-CoV-2 clades circulating in Kuwait from February 2020 to June 2021. Error bars represent a 95% confidence interval.




Association of Kuwait SARS-CoV-2 genomes with genomes from other middle east countries

We built up a time-resolved phylogenetic tree from the genome of 209 SARS-CoV-2 strains in Kuwait and 6,169 high coverage genomes from 16 Middle East countries from February 2020 to June 2021 retrieved from GSAID (Figure 3). Figure 4, on the other hand, shows the viral phylogeny of 6,169 SARS-CoV-2 genomes from Middle East countries and Kuwait from February 2020 to June 2021. Clade 20A constituted 46% of the sampled genomes from Kuwait, and it was the first clade to be detected in Kuwait in February 2020, showing a separate clade of related Kuwaiti strains with a 100% bootstrap value. However, a sub-cluster of Kuwaiti 20A with a bootstrap value of 52% was detected and contained a sequence from Egypt that showed a separate linage (Figure 4). In April 2020, the Kuwaiti clade 19A was detected in Kuwait, and the genomes of the Kuwaiti strains had a bootstrap of 66% and a further sub-cluster with a bootstrap of 84% that contained genomes from Tunisia and Turkey. On the other hand, the 20I (Alpha, V1) genomes were detected in Kuwait in January 2021, and the Kuwaiti genomes showed several clusters with genomes from many countries with variable strength of genetic relationships. A clade of four Kuwaiti 20I (Alpha) strains with 90% bootstrap was detected, while another clade of 12 20I (Alpha) Kuwaiti strains and genomes from UAE, SA, and Jordan showed 100% bootstrap (highlighted in red). However, other cluster had a weak genetic relationship (bootstrap = 10%) with the genome from UAE, while the other had a bootstrap of 46% with the genome from Jordan (Figure 4; highlighted in red). Clade 21A (Delta) was spotted in Kuwait in June 2021, and it was dispersed in three clusters: a cluster with bootstrap 48% that contains seven Kuwaiti 21A (Delta) and sequences from Jordan and Morocco in addition to three sequences of Kuwaiti 21 J (Delta) sequences (highlighted in blue); one sequence alone, and a cluster with bootstrap 87% contained four Kuwaiti 21A (Delta) sequences (highlighted in blue). On the other hand, the Kuwaiti clade 21I (Delta) showed one clade including sequences from UAE with a bootstrap of 22% and other sub-clusters (highlighted in pink). Only a few samples with 21D (Eta) clade were detected in June 2021 and showed a cluster with 100% bootstrap with genomes from UAE, Oman, Tunisia, Jordan, and SA (highlighted in green). A phylogenetic tree comprising all the bootstrap values is provided in Supplementary Figure 1.
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FIGURE 3
 Time-resolved phylogenetic tree representing 6,169 genomes sampled between February 2020 and June 2021. The Whole-genome of 209 SARS-CoV-2 isolates in Kuwait and high coverage genomes from 16 countries in the Middle East from February 2020 to June 2021 available in GSAID were included. The phylogeny was estimated using IQTree under the GTR substitution model and visualized with auspice. The tree was rooted with the reference strain NC_045512.
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FIGURE 4
 Maximum likelihood IQ TREE of 6,169 SARS-CoV-2 genomes from Middle East countries and Kuwait from February 2020 to June 2021. Kuwaiti clades are in different colours. Bootstrap values are in red.




SARS-CoV-2 mutations patterns

We identified positions along the SARS-CoV-2 genome, which were frequently altered across the Kuwaiti sequences when compared with the reference genome. A total of 141 synonymous and missense mutations and deletions were spotted across different gene regions; however, only 124 variant sites with a prevalence of ≥2% were presented (Table 3). Among the 124 variant sites, there were 81 (65.3%) missense mutations, 34 (27.4%) synonymous mutations, and nine (7.3%) deletions. Overall, ORF1ab harbored more mutations and deletions (n = 62, 49.2%) compared to the other 12 gene regions (S: 24, 19.3%; N: 15, 12.1%; ORF8: 8, 6.5%; M: 4, 3.2%; ORF3a: 3, 2.4%; ORF7a: 3, 2.4%; E: 1, 0.8%; ORF6: 1, 0.8%; ORF7b: 1, 0.8%; and ORF9b: 1, 0.8%).



TABLE 3 SARS-CoV-2 frequently observed mutations and deletion in 209 sequences of SARS-CoV-2 isolated in Kuwait.
[image: Table3]

The most prevalent missense mutations were P314L (97%) in ORF1b and D614G (97%) in the S glycoprotein regions. Other missense mutations and deletions were detected in over 40% of the sequences: S: P681H (47%), N: R203M/R203K (47%), ORF3a: Q57H (46%), N: L139F (46%), and N: M1 deletion (44%). There were 28 (22.5%) other positions in the Kuwaiti sequences that were altered and were found in >10% of the sequences: ORF1a: L2062F (16%), S: P209L (13%), ORF3a: Q57H (46%), ORF8: K68* (stop codon; 13%), and N: S194L (34%; Table 3). Figure 5 is a graphical representation that shows the location of the most recurrent missense mutations and deletions in each region of the complete nucleotide sequence of SARS-CoV-2 isolated in Kuwait.

[image: Figure 5]

FIGURE 5
 Graphical representation of the SARS-CoV-2 mutation diversity in Kuwait. A scaled genetic map shows the location of genomic mutations and deletions on the complete nucleotide sequence of SARS-CoV-2 isolated in Kuwait. Vertical arrows represent recurrent mutations and deletions. Del, deletions.




SARS-CoV-2 variants analysis

In-depth mutation analysis in each gene region of SARS-CoV-2 was done independently for each of the major variants detected in Kuwait (Figure 6). In ORF1a, seven missense mutations (F924F, P2046L, I2230T, P2287S, V2930L, T3255I, and T3646A) were found in high prevalence (100%) of 21 J (Delta) clade. While, T1001I, A1708D, S3675del, G3676del, and F3677del in the same region were found in 100% of 20I (Alpha, V1) clades. Three deletions (S3675del, G3676del, and F3677del) were found in 100% of 21D (Eta). In ORF1b, 100% of 21 J (Delta) clades had four mutations: P314L, G662S, P1000L, and A1918V. In the spike protein gene, H96del, V70 del, and Y144 del were detected in 100% of 20I (Alpha, V1) and 21 J (Eta) clades; and all 20I (Alpha, V1) clades had four mutations: N501Y, A570D, P681H, and S982A in their genome. However, T19R, L478R, T478K, N501Y, P681H, and D950N mutations in the S region were found in 100 of 21 J (Delta) clades 100% of 21A (Delta) had only one deletion: E156del. Three missense mutations in ORF8 (Q27*, R52I, and T73C), five mutations in the N gene (D3L, R203M, R203K, G204R, and S235F), and one deletion (M1del) in the N gene were found in high prevalence (100%) among 20I (Alpha) clades. On the other hand, the following alterations were found in the highest frequencies (100%) among 21 J (Delta) clades: M: I82T; ORF6: M1del; ORF7a: R78L, V82A; ORF7b: T40I; ORF8: D119 del, and F120 del; N: M1 del, D63G, D377Y, and ORF10: T60A. Also, 100% of 21I (Delta) clades had D119 del and F120 del in the OFRF8 gene. However, 100% of 21A (Delta) clades had D119 del in ORF8 and M1 del in the N gene. Finally, L21F in the E gene and M1 del in the N gene were found in 100% of 21D (Eta) clades. The list of detected known clade-defining mutations in the Kuwaiti SARS-CoV-2 strains is provided in Supplementary Table 2.
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FIGURE 6
 Heatmap demonstrates the percentage of each mutation and deletion in SARS-CoV-2 genes among different variants detected in Kuwait (n = 209). The colour scale indicates the significance of the correlation, with blue and white colours indicating the highest and lowest correlation, respectively.





Discussion

On 30 January 2020, the World Health Organization declared the novel coronavirus outbreak in China a public health emergency of international concern (PHEIC), which is the highest alarm level. The outbreak became a worldwide pandemic on 11 March 2020 (Phelan et al., 2020; Timeline of WHO’s Response to COVID-19, 2022). As observed in the rest of the world, Kuwait was introduced in February 2020, with the SARS-CoV-2 pandemic dominated by the Wuhan-HU-1 strain. However, by the first week of March, the virus was reported in many countries, including the Middle East, such as Iran, Pakistan, Afghanistan, Kuwait, Bahrain, Iraq, Oman, and Qatar (Callaway et al., 2020). The first confirmed case of SARS-CoV-2 in Kuwait was announced on 24 February 2020, by a group of travellers from Iran (Madi et al., 2021). The number of cases has increased dramatically since then.

Sequencing for SARS-CoV-2 in Kuwait was established, which will enlarge the perspective to the global data and international genomic associations, comprehend the spread of the virus, and support the epidemiological surveillance for pandemic management. This study describes the genomes of 209 samples of SARS-CoV-2 collected from initial cases early in February 2020 to June 2021.

Commonly, SARS-CoV-2 infection causes flu-like symptoms; however, the symptoms may become severe and lead to ICU admission, whereas others die from the complications (Ortiz-Prado et al., 2020). Our study showed that fever (16.4%) and SOB (15.8%) were frequent events among the admitted symptomatic patients, while other symptoms were less frequent; similar results were reported in other studies (Cui et al., 2019, 2021). COVID-19 patients with diabetes mellitus, hypertension, chronic obstructive pulmonary disease (COPD), cardiovascular diseases (CVD), malignancies, HIV, and other comorbidities develop a life-threatening outcome (Ejaz et al., 2020). Similarly, our results showed that patients with diabetes mellitus (31.3%), hypertension (25.3%) and ischemic heart disease (10.8%) were the most common comorbidities in our group study.

Our analysis of the 209 viral genomes collected in Kuwait suggests that during February 2020 and June 2021, there were multiple clades of SARS-CoV-2. The seven dominant global clades of SARS-CoV-2 were commonly present in Kuwait. The highest prevalence of the 20A clade, followed by the 20I (Alpha, V1) clade, indicates the effects of a larger originator population size or positive selection. Among the main clades, we have identified some sub-clades in Kuwait indicating the inter-clade variations, which might be potentially neutral in their effect.

At the beginning of the pandemic, the circulated viruses were closely related to the Wuhan-Hu-1 strain; however, a variant with D614G substitution in the spike protein gene emerged with increased prevalence. It was shown in vitro that due to the higher affinity for ACE2, patients infected with this virus showed higher infectious titters and shed more viral nucleic acid than the wild-type (D614) Wuhan-Hu-1 strain (Korber et al., 2020). Moreover, from February to December 2020, more than 80 lineages (according to PANGO nomenclature) of SARS-CoV-2 were identified (GISAID; Hadfield et al., 2018). Among these lineages, B.1 lineage (includes 20A clade) dominated, accounting for 17% of COVID-19 cases, followed by B.1.1 (13%; Rambaut et al., 2016, 2020; Elbe and Buckland-Merrett, 2017). Early cases were detected in Kuwait in February, and the dominant clade in this period was 20A, found in 46.8% of the Kuwaiti sequences. However, from April 2020, clade 19A was found in 3.3% of the Kuwaiti sequences, and our results showed genome clustering with 19A genomes from Tunisia and Turkey. Starting from September 2020, several genetic clades emerged (B.1.1.7/20I [Alpha]), South Africa (B.1.351/20H [Beta, V2), and Brazil (P.1/20 J [Gamma]), India (B.1.617/21A, 21I, 21 J [Delta]). The CDC classified these five identified variants, based on their impact on transmission and neutralization, as variants of concern (VOC). Of note, the 20I (Alpha, V1) clade was first detected in Kuwait in January 2021, shortly after their emergence in the United Kingdom with travellers from different countries; however, the Kuwaiti genomes clustered with the 20I (Alpha, V1) clade genomes from many Middle East countries such as UAE, SA, and Jordan. In June 2021, 21A, 21I, 21 J (Delta) clades, and less commonly 21D (Eta) clades emerged in Kuwait, and our results showed that their genomes clustered with the genomes of clades from many Middle East countries.

To further discover patterns in viral evolution, we recognized positions along the SARS-CoV-2 genome that were frequently altered across the Kuwaiti sequences. Our data showed more missense mutations than synonymous mutations, and the ORF1ab gene region had more mutations and deletions than other genes. The most prevalent missense mutations were P314L (97%) in ORF1b and D614G (97%) in the S glycoprotein regions. The prevalence of these two mutations increased with the progress of the pandemic, and they have been spotted in all sequences from April 2020 onwards (Muhammad Ansori et al., 2020). It was shown that the D614G mutation is in linkage disequilibrium with the ORF1b gene P314L substitution, and in almost all cases, ORF1b P314L and Spike D614G variants co-occur (Korber et al., 2020; Mak et al., 2020; Yin, 2020; Haddad et al., 2021; Nidom et al., 2021). Besides the clade-defining mutations, we identified 28 unique mutations in the Kuwaiti sequences. Among these mutations, Q57H in ORF3a was found in 46% of the Kuwaiti sequences. This mutation accrued in 7.88% of all samples in 191 countries (Chu et al., 2021; Wang et al., 2021). The first strain collected in January 2020 with this mutation was hCoV-19/Argentina/PAIS-A1026/2020. However, the amino acid change most recently occurred in strain hCoV-19/Belgium/CHUNamur13897030/2021, collected in December 2021 (Elbe and Buckland-Merrett, 2017). The S194L mutation in the N region was found in 34% of the Kuwaiti sequences; however, this mutation was found in low frequency (0.36%) in 108 countries (Barona-Gómez et al., 2021; Sarkar et al., 2021). The first strain with this mutation, collected in March 2020, was hCoV-19/France/IDF_PSL_178/2020. The mutation most recently occurred in strain hCoV-19/Czech Republic/FNO-211885/2021, collected in December 2021. It is worth mentioning that the L2062F mutation in the ORF1a region is one of the rarest mutations detected in all clades; it is found at a frequency of 0.001%5; however, it was found in 16% of the Kuwaiti sequences. Also, the K68* (stop) mutation in the ORF8 region was found in 13% of the Kuwaiti sequences; however, globally, it was found in 5.8% of all samples in 160 countries. It is suggested that the presence of this mutation approves that ORF8 is prone to accumulate non-sense variants and the clades transmit effectively without expression of ORF8 (Farkas et al., 2021; Lobiuc et al., 2021). The first strain with this amino acid change, collected in March 2020, was hCoV-19/USA/IL-NM029/2020. The amino acid change most recently occurred in strain hCoV-19/Netherlands/ZH-RIVM-79120/2021, collected in December 2021. Interestingly, the P209L mutation in the S region is a novel mutation found in 13% of the Kuwaiti sequences, precisely in 21 J and 21A (Delta) clades that were not detected elsewhere. The P209L mutation is located in the S1 subunit of the S protein. The S1 protein consists of an N-terminal domain (NTD) and a C-terminal domain (CTD), which recognizes and binds to hACE2 receptors; therefore, it has a vital role in viral infection and pathogenesis (Cosar et al., 2021).

Our data showed that 20I (Alpha, V1) and 21 J (Delta) clades harbored the highest number of mutations in all the regions of the virus. The data also showed that specific mutations were found in all the clade sequences. It is worth mentioning that amongst all alterations, the M1 deletion in the N region was a common alteration found in 20I (Alpha, V1), 21I (Delta), 21A (Delta), 21 J (Delta), and 21D (Eta).

Further investigations are required to understand the molecular and pathophysiological impact of different alterations in the genome of SARS-CoV-2 clades circulated in Kuwait. In addition, further studies are required to predict the influence of accumulated mutations on viral infectivity, immune response, or disease severity. This information is essential to evaluate Kuwait’s virus population structure and infection dynamics.



Conclusion

This is the first descriptive molecular epidemiology study of SARS-CoV-2 in Kuwait, where the whole-genome sequencing of 209 samples of SARS-CoV-2 coupled with a detailed analysis of the variations in the genome was performed. This has permitted us to explore the genetic variation of the virus and enabled genotype tracking and identifying the mutations present in circulating strains. These results provide baseline information to which forthcoming genomes can be compared to study the evolution of SARS-CoV-2.
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SUPPLEMENTARY FIGURE 1 | Maximum likelihood IQ TREE of 6169 SARS-CoV-2 genomes with exact bootstrap values from Middle East countries and Kuwait from February 2020 to June 2021. Kuwaiti clades are in different colours.
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The global spread of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has put an enormous pressure on human societies, at both health and economic levels. Early diagnosis of SARS-CoV-2, the causative agent of 2019 coronavirus disease (COVID-19), has proved an efficient method to rapidly isolate positive individuals and reduce transmission rates, thus alleviating its negative impact on society’s well-being and economic growth. In this work, through a coordinated and centralized effort to monitor SARS-CoV-2 circulation in companies from the State of Rio de Janeiro, Brazil, we have detected and linked an early rise of infection rates in January 2022 to the introduction of the Omicron variant of concern (VoC) (BA.1). Interestingly, when the Omicron genomic isolates were compared to correlates from public datasets, it was revealed that introduction events were multiple, with possible migration routes mapping to: Mali; Oman and United States; and Italy, Latin America, and United States. In addition, we have built a haplotype network with our genomic dataset and found no strong evidence of transmission chains, between and within companies. Considering Omicron’s particularly high transmissibility, and that most of our samples (>87%) arose from 3 out of 10 companies, these findings suggest that workers from such environments were exposed to SARS-CoV-2 outside their company boundaries. Thus, using a mixed strategy in which quick molecular diagnosis finds support in comprehensive genomic analysis, we have shown that a successfully implemented occupational health program should contribute to document emerging VoC and to limit the spread of SARS-CoV-2 at the workplace.
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COVID-19, SARS-CoV-2, occupational health, next generation sequencing – NGS, genomic surveillance


Introduction

Over the last two and a half years, the surge and global spread of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been associated with approximately 6.3 million deaths worldwide (official numbers by June 2022)1 (1, 2). The burden of 2019 coronavirus disease (COVID-19), nonetheless, extends beyond death rates, with high hospitalization records in both primary and intensive care units, long-lasting sequelae, and an ever-growing impact on society well-being.

Economy-wise, COVID-19 has put an enormous pressure on industrial plants and local business, increasing work absence and affecting supply chains at national and international levels. In low- and middle-income countries, such as those in South America and Africa, the pandemic effect meets existing constraints and accentuates depression, urging solutions to better control and mitigate virus transmission.

Currently, the prompt diagnosis and isolation of SARS-CoV-2 positive individuals has been the standard goal of public health initiatives and the private sector, with a variable degree of success. In part, this is due to the nature of COVID-19 clinical evolution, and SARS-CoV-2 silent transmission by asymptomatic and pre-symptomatic individuals, whose identification is mandatory for lowering disease-associated risk. In the occupational environment, a systematic routine mass screening of workers, regardless of their symptoms, could fulfill this need and provide upfront crucial data for decision-makers to preclude transmission chains and preserve a safe and productive workplace (3).

The implementation of an effective SARS-CoV-2 surveillance system benefits from previous experience with influenza monitoring (4). Here, State laboratory facilities usually share patients’ samples with National Influenza Centers (NIC) to provide further intel on prevalent variants, and determine future strategies (i.e., vaccine updates) with the World Health Organization (WHO) Collaborating Centers. For SARS-CoV-2, however, the real-world scenario is more challenging, with the emergence of variant of concern (VoC) with distinct pathogenesis and the ability to evade immune responses. Gamma (P.1 and related lineages), Delta (B.1.617.2 and AY-related), and the recently documented Omicron (B.1.1.529 and BA-lineages) were all characterized by adaptive mutations (5–8) that could rapidly replace existing variants, and partially overcome immunity conferred by previous infections and/or vaccines. Per se, the BA.1 subvariant of Omicron alone harbors a set of 32 mutations at the immunogenic spike gene (9), when compared to the original Wuhan strain, and has disseminated among global populations at an unforeseen pace (10).

SNP typing (3) and genomic analysis (11) of SARS-CoV-2 isolates add extra layers to surveillance, consisting of powerful tools to track virus evolution and predict outbreaks of new VoC. Recently, this paradigm has been successfully tested under the occupational health perspective in Rio de Janeiro, not only replicating the Gamma-Delta replacement in the state, but also highlighting its potential contribution to genomic databases, phylogenetic inference of emerging VoCs, and healthcare risk management (11). However, despite the unequivocal importance of such findings, the impact of implemented occupation health and surveillance programs still needs to be measured for quality assessments and future improvements.

In this work, we report the early identification and percent positivity of SARS-CoV-2 Omicron variant among industry and service workers of the state of Rio de Janeiro, in samples collected from the end of December 2021 to mid-January 2022, and investigate whether this cohort harbored evolutionary evidence to support currently implemented occupational health programs. Using viral genome analysis, we detect multiple introductions of SARS-CoV-2 Omicron in Rio de Janeiro and demonstrate limited chains of transmission at the workplace, providing supporting evidence for effective healthcare risk management and further encouraging data-driven decision-making for healthcare compliance at the company site.



Materials and methods


Ethics and patients

The SESI Innovation Center for Occupational Health (FIRJAN, Rio de Janeiro, Brazil) employs a mass testing program for industry and service workers of the State of Rio de Janeiro (RJ), as part of an array of measures to quickly respond to and minimize the social and economic impact of the COVID-19 pandemic. From April 2020 till present day, this initiative has already responded to over 100K RT-qPCR COVID-19 tests, streamlining a workflow of sampling, logistics, molecular detection, and reporting the results back to the companies in less than 24 h. For this study, we selected 10 companies across the state, with variable organizational size, structure and workforce mobility, to track and investigate COVID-19 cases throughout a pandemic wave of a new SARS-CoV-2 variant. From December 2021 to January 2022, nasopharyngeal swabs from workers, syndromic and non-syndromic, were sampled in a timely fashion (every 1–7 days, with longer intervals for non-syndromic workers). Sampling was preferably carried out in the company by certified staff nurses, except for those organizations lacking a healthcare department or equivalent facility (i.e., companies with less than 50 workers). In those cases, external nurses were assigned to the service. The collected samples were then transported to the SESI Innovation Center, in which a centralized molecular testing facility was operating. SARS-CoV-2 positive samples were promptly recorded and notified to the company, to allow proper risk-reduction management (e.g., leave from work and social isolation). These records were also used by this study to monitor incidence levels over time, and some were randomly selected for next-generation sequencing (NGS) and more comprehensive genomic analysis. Regulatory approval for this work was obtained from the National Committee of Research Ethics (CONEP) and the Ethics Committee of Hospital Universitário Clementino Fraga Filho (Protocol 4317270).



SARS-CoV-2 molecular detection

Nasopharyngeal swab samples were collected in DMEM cell culture medium, and submitted to RNA extraction using the Absolutely Total RNA Purification Kit (Agilent Technologies) and the Bravo Automated Liquid Handling Platform (Agilent Technologies), according to manufacturers’ instructions. Total RNA extracts were screened by RT-qPCR, following CDC standard protocols for SARS-CoV-2 detection. Amplification reactions were performed with TaqPath™ 1-Step RT-qPCR Master Mix (Applied Biosystems), and primers and probes for viral targets, N1 and N2, and the housekeeping gene RNase P (endogenous control) (IDT, Cat #10006713). Samples were considered positive when the three targets were amplified with Cycle threshold value (Ct) below 40.



SARS-CoV-2 next generation sequencing

Syndrome coronavirus 2 positive samples with Ct ≤25 (N1 marker) were randomly selected for next generation sequencing and genome analysis. The Ct cut-off was adopted to set an abundant, high-quality, RNA standard for improving the isolation of genomic sequences and maximizing coverage. SARS-CoV-2 complete genomes were obtained following an amplicon-based massively parallel sequencing with the ATOPlex SARS-CoV-2 Full Length Genome Panel v2.0 (MGI Tech Co., Shenzhen, China). Briefly, total RNA were reverse-transcribed into cDNA and submitted to amplification reactions for targeted enrichment and dual-indexing. Double-stranded cDNA libraries were then pooled, circularized, and digested into single-stranded analogs. Finally, ssCirDNA were converted to DNA nanoballs by rolling circle amplification and pair-end sequenced (100 nt) on the MGISEQ-200 platform (aka. DNBSEQ-G50) (MGI Tech Co., Shenzhen, China).



SARS-CoV-2 genome assembly and assignment of variants

FASTQ raw genomic data were demultiplexed and submitted to a customized Galaxy workflow for the analysis of pair-end amplicon data, along with auxiliary input datasets such as SARS-CoV-2 reference sequence (Wuhan-hu-1 isolate, GenBank MN908947.3) and a BED file containing primer coordinates of MGI’s ATOPlex panel v2.0. FASTQ were preprocessed using FASTP v.0.20.1 to remove adapters and reads shorter than 50 bp (-l 50). Reference mapping and genome assembly were carried out with BWA-MEM v. 0.7.17, set to default “auto” selection of the algorithm to build BWT index, and “Illumina analysis” mode. Output BAM files were subsequently filtered by quality (-q 20) and reformatted with SAMTools view v.1.13, so as to exclude (-F) unmapped reads (and its mate pairs) and those not consisting of primary alignments. Additionally, reads were edited at primers bindings sites with iVar trim v.1.3.1 (-m 1 -q 0 -s 4 -e), and realigned to the reference genome with LoFreq v.2.1.5, adding indel qualities based on Dindel algorithm. Variants were called with iVar variants v.1.3.1 (-q 30 -t 0.51 –pass_only), and output VCF files were used to call consensus with bcftools v.1.10. SARS-CoV-2 consensus genomes were aligned and assigned to global outbreak lineages with Pangolin v.3.1.17 (12), and to Nextstrain clades with NextClade v.1.5.1 (13). The latter also provided quality check reports for each consensus sequence, and generated an output json file for subsequent phylogeny assessment in Auspice v.0.8.02 (14, 15).



Phylogeny

Our original samples and sequences deposited in the GISAID3 (EPI_ISL_11627542 to EPI_ISL_11627636) were compared using IQ-TREE Phylogenomic/evolutionary tree construction from multiple sequences (Galaxy Version 2.1.2+galaxy2). Maximum-Likelihood phylogenetic analysis was performed with GTR + F + I + G4 nucleotide substitution model (16), and the branch support was assessed with 1,000 replicates. Mega-X software was used for the tree analysis.



Genetic diversity and haplotype network analysis

Neutrality tests and haplotype data were generated with DnaSP v6.12.03. The haplotype network was inferred with TCS Networks (17), and drawn with PopART v1.7.




Results


Early evidence of a new SARS-CoV-2 variant in companies of Rio de Janeiro, Brazil

To better understand the dissemination of SARS-CoV-2 at the workplace, in the context of risk-reduction measurements adopted by occupational health programs, we tracked early evidence of pandemic waves of new variants in industry and service companies of Rio de Janeiro (RJ). By analyzing public health and internal surveillance databases, the latter implemented by the SESI Innovation Center for Occupational Health (Firjan) as part of a RT-qPCR mass-testing institutional program to identify, report and monitor COVID-19 among workers, we were able to successfully interpret the state epidemiological context and anticipate the ascent of new cases as an indicator of new variants being disseminated.

We analyzed a short interval of our internal surveillance data, spanning the end of December 2021 to mid-January 2022, and corresponding to COVID-19 cases recorded across 10 companies of RJ (Figure 1). Here, we could observe a shift from basal, virtually ‘0’, SARS-CoV-2 percent positivity to a dramatic uprise, with the onset around 2 January 2022. Additionally, the increment in percent positivity accompanies a higher demand for tests, mostly due to symptomatic workers. Overall, 3,553 tests were analyzed, 573 of which were positive.
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FIGURE 1
The new year uprise of SARS-CoV-2 cases in industrial and service companies of Rio de Janeiro. SARS-CoV-2 infection rates in nasopharyngeal swab samples collected from 25 December 2021 to 18 January 2022, as part of coordinated and continuous effort to monitor COVID-19 in companies of the state of Rio de Janeiro (RJ), Brazil. Samples were collected from syndromic and non-syndromic workers. Left vertical axis, number of SARS-CoV-2-specific RT-qPCR tests performed daily. Right vertical axis, SARS-CoV-2 percent positivity index (%). Horizontal axis, chronological time (as consecutive days of monitoring).




Characterization of SARS-CoV-2 variants related to the uprising cases

To investigate whether this wave of transmission was caused by a newly circulating variant of SARS-CoV-2, or the rebound of previously reported ones (e.g., Delta), we randomly selected 95 positive samples for further genomic analysis. This cohort had similar demographic and clinical characteristics to the total individuals tested in the same time period. Full-length SARS-CoV-2 genome sequences were isolated by targeted NGS, using a customized panel of amplicons (see section “Materials and methods”), and assigned to phylogenies for variant calling.

Our analyses revealed that only four samples were related to Delta (Nextstrain clade 21J) (Figure 2A). Pangolin classified those to lineages AY.43.2, AY.99.2, AY.124, and B.617.2, each with a characteristic set of mutations across the genome (Figure 2B), including some at the Spike gene (Figure 2C). The other 91 samples were related to the emerging Omicron variant (Nextstrain clade 21K), all of which were assigned to pangolin lineage BA.1 (aka. B.1.1.529.1) (Figure 2A). Here, a distinct set of mutations arose (Figure 2D), many of which were at the Spike (Figure 2E). Interestingly, these data corroborate recent reports suggesting that despite Omicron surging after Delta, and co-existing to some extent, these lineages fit into different clades and do not share a recent common ancestor at the evolutionary time scale (18).
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FIGURE 2
Genomic surveillance links uprising cases to Omicron VoC. From the cohort of SARS-CoV-2 positive samples, 95 were randomly chosen for targeted next-generation sequencing (ATOPLEX SARS-CoV-2 panel v2.0, MGI Tech Co.) and genomic analysis. (A) Maximum-Likelihood phylogeny of the isolated genome consensus sequences and publicly available datasets under NextClade v.1.5.1. (B) Diagram of mutations across the genome, or (C) restricted to the Spike gene, in cases associated with the Delta variant (clade 21J). (D) Diagram of mutations across the genome, or (E) restricted to the Spike gene, in cases associated with the Omicron variant (clade 21K). Genetic diversity (entropy panel) across the genome, whose components are color-coded, are represented below the diagrams. The genome consensus sequences isolated in this study were deposited at GISAID (https://www.gisaid.org; EPI_ISL_11627542 to EPI_ISL_11627636) and GenBank (https://www.ncbi.nlm.nih.gov/genbank; ON241656 to ON241750).


To further investigate the origins of Omicron dissemination in the state, using industry workers as sentinels, we compared our data with other genome sequences assigned to the same variant and publicly available at GISAID (see text footnote 3; Supplementary datasheet 1). Interestingly, the inferred phylogeny suggested multiple introductions (Figure 3), with putative migration events from: (a) Mali, (b) Oman and United States, and (c) Italy, Latin America, and United States.
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FIGURE 3
SARS-CoV-2 phylogeny reveals multiple introductions of Omicron VoC in Rio de Janeiro. The genome consensus sequences isolated in this study were compared to Omicron correlates deposited at GISAID (https://www.gisaid.org; Supplementary datasheet 1), using a Maximum-Likelihood phylogeny with GTR + F + I + G4 nucleotide substitution model, and bootstrap set to 1,000 replicates for tree branch support. The original Wuhan-Hu-1 genomic isolate was set as outgroup (clade 19A).




Implemented occupational health may limit SARS-CoV-2 spread among workers

We have also analyzed our genomic data from a haplotype network perspective, in order to reveal signs of transmission chains occurring within companies (Figure 4). As one could notice, genomic data was not evenly distributed among the ten companies, named A to J, analyzed. Three of them – G, I, and J – were clearly overrepresented with more than 87% of the available genomes, suggesting that transmission evidence, if any, would probably be revealed here. In the haplotype network, a more comprehensive analysis suggested that possible transmission chains were rare, assigning only 12 out of 176 interacting nodes. And if only interactions within the same company were considered, transmission chains were even rarer, with 4 possible events occurring, suggesting that occupational health policies were effectively implemented.
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FIGURE 4
Implemented SARS-CoV-2 programs impairs transmission at the workplace. Isolated SARS-CoV-2 genome sequences were distributed across their respective companies of origin, and subsequently analyzed into a haplotype network. Interacting nodes were quantified according to different criteria, to reveal possible transmission chains, between and within companies. The haplotype network was inferred with the TCS method (i.e., statistical parsimony).





Discussion

To limit the spread of SARS-CoV-2 at the workplace, companies have relied on several measures to rapidly detect and isolate positive individuals. Random, non-selective, sensitive testing of all staff on a weekly basis, along with engagement campaigns for the adoption of effective non-pharmacological methods (i.e., masks, hand-sanitization, etc.), could represent a simple strategy for monitoring and controlling disease outbreaks. However, the real-world scenario is challenging, with companies organizing their space settings and workforce in variable levels of complexity, and providing self-limited resources for mass-testing and other extraordinary expenses. Solutions aimed at reducing the number of tests, and yet maintaining detection sensitivity, could circumvent the budget factor, thus broadening the implementation of mass testing programs. By learning and mapping the risk of infection across a company, for instance, testing efforts could be converged to fewer individuals. Here, the risk scale is intrinsic to each individual, and may derive from internal (company settings) and external factors (home settings, commuting to work alternatives, personal habits, and activities). One such solution, in which these factors are fed to an AI algorithm, has already been developed and successfully implemented by us to support the mass testing program in companies of the state of Rio de Janeiro, increasing the throughput and reducing costs. A straight-forward add-on was the pooling of asymptomatic samples, with individual re-testing restricted to positive pools (19, 20). Here, statistical modeling predicted a cost saving of 48% when prevalence rates reach around 7.5% and a four-samples pooling strategy is adopted. Indeed, in our mass-testing routine, this strategy accounts for a cost saving of about 51%, already considering subsequent re-testing of individual samples and false-negative rates (20).

Given the importance of monitoring and containing COVID-19 cases at the workplace, innovative strategies to better understand disease dynamics are crucial to fine-tune these processes. The advent of specific SARS-CoV-2 panels for NGS high-throughput data acquisition (21–24), coupled with powerful bioinformatics workflows, has provided an increasing amount of available genomic data and opened new possibilities for research and surveillance methods. Indeed, as a rapidly evolving pathogen, SARS-CoV-2 urges effective tracking of variants and continuous updates on their dissemination rates and clinical outcomes by public health institutions. Notwithstanding, the epidemiological scenario of a given population, either from a city or even from a whole state, may not reflect that of a specific company or industry sector, each with a particular organization structure. Thus, the implementation of genomic data analysis to current SARS-CoV-2 monitoring efforts could fill this gap and provide extremely valuable intel for companies, reflecting on more comprehensive quality metrics and better management of occupational health policies (11).

In this work, we have reported the spread of SARS-CoV-2 in 10 companies of the state of Rio de Janeiro, Brazil, from the end of December 2021 to mid-January 2022, revealing the identity of underlying genomic variants. We have shown that ongoing monitoring efforts could detect an uprising in COVID-19 percent positivity in early January 2022 (Figure 1), and that this phenomenon was mainly attributed to the recently documented Omicron variant (Figures 2, 3). These results are in line with publicly available genomic data of state samples collected during the same time period, reinforcing the overall prevalence of this VoC.4

As most of the COVID-19 cases arose from the companies “G,” “I,” and “J,” we wondered whether there could be internal transmission chains involved, triggered by their intrinsic organizational features and workforce transit. Interestingly, “G” is an Oil and Gas company, with intense mobility of the workforce between the office, offshore facilities and overseas subsidiaries; “I” is a multinational company manufacturing fluid sealing products, with one industrial plant in the state capital (three in Brazil), and moderate workforce mobility; and “J” is a not-for-profit organization, with a broad range of industry-related activities (e.g., education, research and innovation, administration, and consulting), and workforce mobility mostly restricted to the metropolitan area of RJ. As one could notice, these companies belong to different activity sectors, each with particular organizational features and workforce mobility requirements. It is clear, however, that companies like “G” inherit a higher internal transmission risk due to their increased workforce mobility, aggravated by further confinement in offshore facilities. However, when we examined our genome dataset arranged into a haplotype network, we had few interaction events suggesting very low internal transmission between and within these companies (Figure 4). Considering the high-risk level associated with some, this outcome was indicative that transmission chains were impaired by other factors.

One such factor could be the immunity offered by vaccination or previous exposure to SARS-CoV-2 (i.e., natural infection). Unfortunately, our data were not controlled for these variables due to ethical aspects, and we could not further investigate on interaction effects. Nonetheless, considering Omicron’s high transmissibility (9, 10), which partially overcomes cellular and humoral immune protection, it is unlikely that this factor alone limited transmission. The social isolation of positive individuals, as well as the adherence to non-pharmacological prevention methods at the workplace (e.g., masks, hand sanitization, measures to promote air renovation, and decrease human density), even though not measured empirically, were possibly contributing to a greater extent. With little evidence of transmission chains, it is presumable that the COVID-19 cases in our cohort arose from outside the workplace, and containment measures adopted by occupational health programs were effective to avoid transmission from the inside.

Overall, our study demonstrates that COVID-19 monitoring programs implemented by industry and service companies could benefit from genomic data to build a clearer picture of the pandemic within their boundaries. Data of this nature are often unique, reflecting multilevel interactions between populations of different cities, states, and countries due to mobility requirements. Thus, workers may often represent good sentinels for tracking new variants, and a good starting point for containment policies. In our study cohort, we could successfully detect the early Omicron circulation in the state of Rio de Janeiro, employing a similar strategy to that used to report the Gamma/Delta replacement during mid-2021 (11). In addition to contributing to the surveillance of variants, genomic data can also reveal potential transmission chains under course in some company settings, providing quality control metrics for tightening or loosening occupational health measures. As a COVID-19 monitoring center, we witnessed surprisingly low transmission indexes in our haplotype network analysis of state company samples, suggesting that internal policies met appropriate standards for a safe workplace, and paving the way for this kind analysis as part of the pathogen management toolkit in occupational health. One could speculate that programs embracing such strategy shall be able to fine-tune measures that directly impact productivity, preserving workers’ well-being while avoiding excessive policies. In the real-world, however, the feasibility of genomic data analysis and development of related tools for the market still face some challenges, including the overall cost, the time consumed by NGS protocols and availability of efficient data processing infra-structure. In addition, its implementation presumes well-established ethical and regulatory documentation, including informed consent of workers’ genomic data sampling, analysis, storage, with privacy and security compliance assured. Thus, future initiatives aimed at these targets shall contribute to level the access and make the implementation of these tools more realistic worldwide.
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Nasopharyngel swab? (Ct)

Sample number  E gene

16.78
36.96
36.27
36.93

PRI

RARP gene

18.97
3593
36.45
36.26

“ANA extracted from nasopharyngeal swab-UTM,

PDPY; days post-inoculation.

©RNA extracted from the culture fluid from cells with CPEs.

N gene

20.95
37.66
38.63
36.98

CPE observed DPI°

34

140

9CPES were observed in cells inoculated with original nasopharyngeal swab-UTM on day 3.
°CPEs were observed only in cells with bind passage on day 14.

'ND, not determined.

9TCIDs, Median Tissue Culture Infectious Dose.

Culture fluid from cells with CPE® (Ct)

Egene

13.72
ND'
ND

1185

RARP gene

17.45
ND
ND

16.15

N gene

23.62
ND
ND

19.73

Isolate

KMUH-1

KMUH-2

TCIDg,

1048

1058
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Isolate Position Gene Reference® Variant Affected codons

KMUH-1 334 ORFlab T c V23V
3466 ORFlab T c H2067H
10132 ORFiab A G T3280T
19170 ORFlab c T $6302 L
21764 Spike e G 68-76dkel
23585 Spike T T 675-679del
25002 Spike c T st147L
28887 N c T T2081
29864 - A c -

KMUH-2 10182 ORFlab A G T3289T
19169 ORF1ab c T $6302 L
21764 Spike G 68-760el
23014 Spike c E484D
23341 Spike C G539G
23585 Spike T 675-679del
25002 Spike T s1147L
28887 N T T2081

aThe nucleotides highlighted were deleted in KMUH-1 and KMUH-2 compared to the reference sequence.
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RBCs, x10'2/L
<43
Hemoglobin, g/L.
<130

HCT, %

<40

MOV, f

<82

MCH, pg

<o7

MCHC, g/L
<316

RDW, %

145

Normal

43-68

130-175

40-50

82-100

27-34

316-354

115-145

0

0.014
0.033
0.003
0.028
0.005
0.014
0.028
0.961
0.029
0.835
0.102
0.180
0.001
<0.0001

Wild type
(n =245

4.3(3.9-4.6)
125 (51.0%)
128.0 (115.0-140.0)
132 (53.9%)
37.5(34.3-40.8)
165 (67.3%)
90.4 (86.7-93.9)
16 (6.5%)
30.9 (205-31.9)
13 (5.3%)
338.0 (328.0-348.0)
22(9.0%)
14.1(11.6-18.1)
120 (49.0%)

Delta variant
(n = 120)

4.4 (4.0-4.9)

47 (39.2%)
185.5 (122.0-143.8)
50 (41.7%)
39.4 (36.3-42.7)
65 (54.2%)
892 (86.4-92.0)
8(6.7%)

30.4 (203-31.9)

7 (5.8%)
340.0 (334.0-347.0)
6(5.0%)

12.4 (12.0-13.2)
5(4.2%)

Partially vaccinated

(n=60)"

4.6(4.1-4.9)

19 31.7%)
137.0(125.3-151.3)
23(38.3%)
39.7 (37.6-42.9)
32(53.3%)
887 86.5-91.9)
0(0)

30.6 (30.0-31.6)
0(0)

3420 (335.0-349.0)
1(1.7%)
12.4(11.9-13.0)
1(1.7%)

0.180
0.325
0.110
0.668
0.138
0916
0.667
0.053
0.841
0.097
0.437
0.427
0.307
0.665

Fully vaccinated
(n=156)

45 (4.2-4.9)
48(30.8%)
137.0(126.0-148.8)
54 (34.6%)
40.1(37.0-43.2)
76 (48.7%)
88.2 (86.0-91.2)
9(5.8%)
30.3(20.2-31.2)
8(5.1%)
339.5 (334.0-348.0)
3(1.9%)
12.3(11.8-12.7)
4(2.6%)

2

0.026
0.146
0.086
0.231
0.104
0.369
0.122
0.759
0.419
0.798
0.856
0.183
0.035
0.509
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RBCs, x10'2/L
<43
Hemoglobin, g/L.
<130

HCT, %

<40

MeV, fl

<82

MCH, pg

<27

MCHC, g/L
<316

RDW, %

>145

Normal

4368

130-175

40-50

82-100

27-34

316-354

11.6-145

Non-ICU (n = 245)

4.3(89-4.6)
125 (51.0%)
128.0 (115.0-1400)
132 (53.9%)
375 (34.3-40.8)
165 (67.3%)
90.4 (86.7-93.9)
16 (6.5%)

309 (29.5-31.9)
13 (6.3%)
338.0 (328.0-348.0)
22 (9.0%)

14.1 (11.6-18.1)
152 (62.0%)

1CU (n = 96)

35(2.9-4.1)
81 (84.4%)
1065 (87.3-123.8)
75 (78.1%)
31.9(26.5-37.9)
80 (83.3%)
905 (87.7-93.9)
7(7.3%)

30.3 20.1-31.4)
8(8:3%)
321.0 (305.0-337.8)
39 (40.6%)
15.5 (11.8-19.4)
53(55.2%)

p-value

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.003
0.753
0.801
0.029
0.296
<0.0001
<0.0001
0.017
0.247

Survival (n = 36)

37 (2.9-4.1)
32 (88.9%)
109.0 (83.0-123.0)
29(80.6%)
32.8(26.2-38.6)
30 (83.3%)
90.4 (87.4-94.6)
3(8.3%)

30.2 (28.9-31.5)
3(8.3%)
320.0 (303.5-336.8)
15 (41.7%)

16.6 (11.7-19.1)
21(58.3%)

Non-survival (n = 60)

3.4(2.9-42)
49(81.7%)
105.0 (84.8-127.8)
46 (76.7%)
31.8(26.7-37.5)
50 (83.3%)
906 (87.7-93.3)
4(6.7%)

30.4 (29.1-31.4)
5(8.3%)
321.0 (305.0-338.5)
24.(40.0%)
16.5 (12.1-19.5)
32(53.3%)

p-value

0.907
0.399
0.820
0.666
0.859
1.000
0.976
1.000
0.765
1.000
0.934
0.872
0.806
0.633
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Variables March 2020-Feb March 2021-Jul  p-Value

2021 2021
First wave Second wave

(n=109) (n=238)
Age in years [Median 30 (22-45) 41 (30-56) 0.005¢
(IQR)]
Gender
Female 26/(23.9) 13(34.2)
Male 83 (76.1) 25 (65.8) 0.213°
Symptomatic status. 68 (62.4) 30(79.0) 0.062°
Co-morbid condition 13(11.9) 10(26.3) 0.036°
Death 1(09) 263 0.328°
Variants of concern n=49 n=38
(VOC) among
genome retrieved
A20 1(2.04) 0
B.1 14 (28.57) 0
B.1.1 12(24.48) 0
B.1.1.101 1(2.04) 0
B.1.1.216 1(2.04) 0
B.1.1.306 2(4.08) 0
B.1.210 3(6.12) 0
B.1.36 6(12.24) 0
B.6:6 9(18.36) 0
B.1.617.1 0 3(7.9
B.1.617.2 0 27 (71.0)
AYA 0 8(21.1)

Mann-Whitney U-test.
bPearson’s Chi-square test.
¢Fischer exact test.
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Pangolin lineage

A20

B.1

B.1.1
B.1.1.101
B.1.1.216
B.1.1.306
B.1.210
B.1.36
B.1.617.1
B.1.617.2

A1

B6.6

*ND, not detected.

Amino acid substitutions in spike region compared
with Wuhan-Hu-1 isolate

ND*

L18R, L24S, S477N, F490S, D574Y, ES83D, D614G
L18R, D614G

D614G

D614G

D614G

L18R, 124, F490S, A522V, D614G

L18R, T95S, K558N, L585H, D614G

TO51, E154K, L452R, E484Q, D614G, PE81R

T19R, TO5I, A222V, G446V, L452R, T478K, D574Y,
D814G, Pe81R

T19R, T96I, W258L, K417N, L452R, T478K, D614G,
PE81R

ND*
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Total (n = 677) Wild type (n = 341) Delta variant (n = 336) p

Age 53.0 (38.0-66.0) 540 (42.0-66.0) 52.0 (35.0-66.0) 0057
Gender, male 317 (46.8%) 172 (50.4%) 145 (43.2%) 0058
Onset to hospitalization, day 302050 4.0(3.0-6.0) 20(1.0-4.0) <0.0001
Smoking history 122 (18.0%) 92 (27.0%) 30 (8.9%) <0.0001
Mortality 60 (8.9%) 60 (17.6%) 0 <0.0001
Comorbidity

Hypertension 171 (25.3%) 81(23.8%) 90 (26.8%) 0364
Diabetes 73(10.8%) 42 (12.3%) 31(9.2%) 0.195
Cardiovascular diseases 36 (5.3%) 14 (4.1%) 22 (6.5%) 0.157
Bronchitis 30 (4.4%) 26 (7.6%) 4(1.2%) <0.0001
Symptoms

Cough 450 (66.5%) 282 (82.7%) 168 (50.0%) <0.0001
Fever 307 (58.6%) 276 (80.9%) 121 (36.0%) <0.0001
Fatigue 206 (30.4%) 130 (38.1%) 76 (22.6%) <0.0001
Expectoration 97 (14.3%) 58(17.0%) 39 (11.6%) 0045
Sore throat 84(12.4%) 0 84(25.0%) <0.0001
Chest pain 73(10.8%) 66 (19.4%) 721%) <0.0001
Diarrhea 72(10.6%) 49 (14.4%) 23(6.8%) 0.002
Dyspnea 49 (7.2%) 47 (13.8%) 2(0.6%) <0.0001
Abdominal pain 49 (7.2%) 45 (13.29%) 4(1.2%) <0.0001

Vomiting 39 (5.8%) 37 (10.9%) 2(0.6%) <0.0001
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Age

Gender, male
Onset to hospitalization, day
Smoking history
Mortality
Comorbidity
Hypertension
Diabetes
Cardiovascular diseases
Bronchitis
Symptoms
Cough

Fever

Fatigue
Expectoration
Sore throat
Chest pain
Diarrhea
Dyspnea
Abdominal pain
Vomiting

P

0.057
0.180
<0.0001
<0.001
<0.0001

0.089
0.602
0.007
0.005

<0.0001
<0.0001
0.003
0.767
<0.0001
<0.0001
0.028
<0.0001
<0.0001
<0.001

Wild type (n = 341)*

54.0(42.0-66.0)

172 (60.4%)
4.0(3.05.0)
92 (27.0%)
60 (17.6%)

81(23.8%)
42 (12.3%)
14(4.1%)
26 (7.6%)

282 (82.7%)
276 (80.9%)
130 (38.1%)
58(17.0%)
0(0)
66 (19.4%)
49 (14.4%)
47 (13.8%)
45(13.2%)
37 (109%)

Delta variant
unvaccinated

(n=120)

63.0(35.3-72.0)

52 (43.3%)

2.0(1.0-4.0)

13 (108%)
0(0)

38(31.7%)

17 (14.2%)

13 (10.8%)
1(08%)

64 (53.3%)
44.(36.7%)
28 (23.3%)
19 (16.8%)
25 (208%)
4(3:3%)
8(6.7%)
1(08%)
1(08%)
1(08%)

Delta variant partially
vaccinated (n = 60)

57.5 (42.0-68.8)
33 (55.0%)
20(1.0-4.0)
3(5.0%)
00

21 (35.0%)
5(8.3%)
4(6.7%)
3(5.0%)

28 (46.79%)
23 (38.3%)
18 (30.0%)
7(11.7%)
19 (31.7%)
2(3.3%)
1(1.7%)
0
0(0)
0

pt

0.421
0.139
0.568
0.270

0.6563
0.338
0.430
0.109

0.399
0.827
0.334
0.454
0.111
1.000
0.275
1.000
1.000
1.000

Delta variant
fully vaccinated
(n = 156)!

43.0(33.0-56.8)
60 (385%)
20(1.0-30)
14 Q.0%)
000

31 (19.9%)
9(5.8%)
5(3.2%)

00

76 (48.7%)
54 (34.6%)
30 (19.2%)
13 (8.3%)
40 (25.6%)
1(0.6%)
14 (9.0%)
1(06%)
3(2.0%)
1(0.6%)

P

<0.0001
0.414
0.473
0.606
na

0.025
0.018
0.014
0.435

0.447
0724
0.407
0.064
0.351

0171

0.483
1.000
0.635
1.000
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Gene N Ct values

N MEAN SD(#) dif.in means (p-value)*

P1 222 18.52 451 —2.14 (p < 0.001)#
B1.1.7 1,893 19.86 473 —0.80 (p = 0.06)
Other 114 20.66 427 Ref.

*Welch’s modified two-sample t-test,
#Difference in means was statistically significant.

Median

17.65
19.08
20.04
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State/Region Number of Prevalence  Time period

samples (95% CI)

Brasila (Central) 87 15% (8.9-28.9) Jan-Mar, 2021

Maranhaolt (Northeast) 182 60% Feb-21
(62.6-66.7)

Santa Catarina (South) 200 78% Feb-Mar, 2021
(71.7-83.2)

Séo Paulo* (Southeast) 180 80% 12 week Mar, 2021
(73.6-85.2)

Rio de Janeiro (Southeast) 157 84% Jan-Mar, 2021
(77.5-900)

#All samples are from the state capital Séo Luis.
*All samples are from Séo Paulo metropolitan area.
Means and confidence intervals (Cls) are shown.
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Rio de Janeiro

P Non-P.1

February 15"-27, 2021 38 15
March 11-6", 2021 41

March 21°1-31%!, 2021 46 1

Total 125 21

*Z-test, performed with R software (17).

Total

53
46
a7

146

P:1% (95% CI)*

717 (68.4-820)
£9.1(77.0-95.3)
97.9(88.9-99.6)

85.6 (79.0-90.4)
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YEAR 2021 P4
January 1
February 3
March 8
Total 12

Brasilia - DF

Non-P.A

37
27
2

66

TOTAL

38
30
10

78

*Performed with R software with Yates’ continuity correction.

PA% (95% Cl)*

2,6(0.1-15.4)
100 (2.6-27.7)
0.0 (44.2-96.4)

15.4 (8.5-25.7)
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Patient

EG-SARS-COV-2-P1
EG-SARS-COV-2-P2
EG-SARS-COV-2-P3
EG-SARS-COV-2-P4
EG-SARS-COV-2-P5
EG-SARS-COV-2-P6

Date of
swab
collection

12/11/2020
14/11/2020
25/11/2020
25/11/2020
10/08/2021
30/08/2021

Spike gene mutation specific RT-qPCR assay results

HV69/70A

HVe9/70
HV69/70
HV89 + 69/70A
HV69/70
HVE9/70
HV69/70

L452R

NA
NA
NA
NA

E484K

E484 4+ 484K
E484 + 484K
E484 4 484K
E484 4+ 484K

L452 + 452R  E484 + 484K
L452 + 452R  E484 + 484K

N501Y

NS501 + 501Y
N501 + 501Y
N5O1
N501 + 501Y
NS501 + 501Y
N501 + 501Y

Potential lineages involved in
co-infection*

Wildtype (e.g., B.1.192) + Beta VOC (B.1.351)
Wildtype (e.g., B.1.192) + Beta VOC (B.1.351)
Widtype (e.9., B.1.192) + B.1.620

Widtype (.g., B.1.192) + Beta VOC (B.1.351)
Beta VOC (B.1.351) + Delta VOC (AY.43)

Beta VOC (B.1.351) + Delta VOC (AY.43)

*Potential lineages involved in co-infections were proposed based on spike gene mutations and known circulating variants at the time.
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Blood cell count

White blood cels,
x109/L

Neutrophils, x 109/L
Lymphocytes, x10%/L
Monocytes, x10%/L
Platelet, x 10°/L
Metabolic panel
G-reaction protein,
mg/L

Alnine
aminotransferase, U/L

Aspartate
aminotransferase, U/L

Akaline phosphatase,
UL

y-glutamyl transferase,
UL

Adenosine deaminase,
uL

Blood urea nitrogen,
mmol/L

Creatinine, mmol/L
Biomarkers

Lactic dehydrogenase,
uL

Creatine
phosphokinase, UL

Creatine kinase
isoenzyme, U/L

Procalcitonin, ng/mL
Coagulation factors.
Prothrombin time, s

International
normalized ratio

Activated partial
thromboplastin time, s
Thrombin time, s
Fibrinogen, g/L.
D-dimer, mg/L

Normal
range

3595

1.8-6.3

1.1-3.2

0.1-06
125-350

9-50

16-40

32-126

12-73

0-26

2.86-82

31.7-133

80-285

38-174

0-25

<0.1

9-13
0.8-1.2

233-325

14-21
24
<055

<0.0001

<0.0001
0.060
<0.001
<0.0001

<0.0001

<0.0001

0.685

<0.0001

<0.0001

0.222

0.758

<0.0001

<0.0001

<0.001

<0.0001

<0.0001

<0.0001
<0.001

0.333

<0.0001
<0.001
<0.0001

Wild type
(n=341)*

62(4.7-8.0)

45(2.9-6.9)
1.1(0.7-1.5)
0.4(0.3-0.6)

193.0 (139.0-261.0)

25.6(12.8-64.5)

25.7(17.8-40.7)

26.9(16.2-46.0)

700 (85.0-97.5)

48.0(27.0-74.5)

143(11.2-18.1)

4735-6.2)

625(51.2-77.0)

378.0(227.8-542.5)

67.0(47.5-1205)

473 (24.3-72.4)

091 (0.38-1.69)

136 (12.8-14.3)
1.08 (1.01-1.18)

30.3(28.2-32.0)

16.1 (15.1-17.4)
3.8(2.7-4.7)
0.74(0.29-1.92)

Delta variant
unvaccinated
(n=120)

48(38-6.7)

30 @2.1-4.1)
1.2 (0.9-1.5)
05(0.4-0.7)

156.0 (130.0-199.9)

109 (25-20.2)

195 (12.4-29.7)

237 (19.1-37.8)

84.5 (72.0-104.0)

23,0 (15.0-46.0)

14.0 (12.0-18.0)

4.63.7-5.7)

74.0 (62.0-89.5)

2015 (177.0-247.0)

94.0 (60.0-146.8)

13.2 (10.6-15.7)

0.04 (0.02-0.05)

12.0(11.6-12.5)
1.05 (1.01-1.09)

30.8 (28.0-33.5)

18.2 (17.4-18.9)
32(26-39)
0.39 (0.24-0.56)

Delta variant partially p*

vaccinated (n = 60)%

52 (3.9-65)

32(25-4.7)

1.0 (0.7-1.4)

05(0.4-0.7)
162.0 (108.5-202.0)

16.3 (6.0-27.7)
17.4 (11.6-27.8)
22.7 (18.5-33.0)
80.5 (65.5-101.5)
255 (16.0-42.0)
14.0 (12.0-17.0)

48(3.7-6.1)

725 (64.5-88.8)

198.5 (180.3-240.5)
835 (63.0-133.0)
12.5 (9.9-15.6)

0.04 (0.03-0.07)

11.9 (11.4-12.2)
1.04 (0.99-1.06)

29.9 (27.5-32.5)

17.9 (17.1-18.5)
33(29-4.0)
0.42 (0.24-0.62)

0.246

0.091
0.044
0.995
0.962

0.133

0.792

0.585

0.164

0.676

0.248

0.834

0.712

0.674

0915

0.244

0276

0.147
0.187

0.246

0.002
0228
0914

Delta variant fully
vaccinated (n = 156)!

5.4 (4.2-6.6)

35@2.7-4.7)
1.1 (0.8-1.5)
05(0.4-0.6)

181.5(140.3-230.5)

12.3(3.7-305)
17.1(11.6-30.4)
19.9 (15.7-28.0)
75.0 (65.0-93.0)
21.0 (14.0-37.0)
13.0 (11.0-15.0)
42(33-53)

67.0 (59.0-81.8)

191.0 (166.0-228.5)
85.5 (68.0-122.5)
125 (10.3-16.9)

0.04 (0.02-0.06)

12,0 (11.4-12.6)
1.05 0.99-1.10)

29.9 (26.7-32.5)

17.7 (17.1-18.3)
3.4 (2.8-4.0)
035 (0.21-059)

P

0.008

0.002
0.463
0.782
<0.001

0.735
0.539
<0.001
0.001
0.251
<0.0001
0.004

0.012

0.014
0.393
0.620

0.599

0.761
0.790

0.082

<0.0001
0.008
0.216
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SARS-CoV-2 samples SARS-CoV-2 spike typing using specific probes pike sequencing
Sample® Samplingdate Gt (Dji/Ct (HU)® ~ SARS-CoV-2E  Marseille 4 UK Variant South African Mutation Cluster
(Djibouti) gene® Variant Variant
GRT-PCR A23403G 201/501Y.V1 20H/501Y.V2
(20A).EU2 (N501Y) (E484K, N501Y)
(N4778)°¢

First epidemic wave

B 02 May 2020 23.3/22.3 Positive Negative Negative Negative Undetermined -
00030 21 May 2020 207475 Positive Negative Negative Negative A23403G (20A/C21365T mut. 3
00034 21 May 2020 22.0/19.4 Positive Negative Negative Negative A23403G (20A) (Wuhan-Hu-1-like) 1
00057 22 May 2020 19.217.0 Positive Negative Negative Negative A23403G: (20A)/C21365T mut. 3
00062 22 May 2020 22.0M17.1 Positive Negative Negative Negative 'A23403G (20AYC21365T mut. 3
00094 26 May 2020 22.0/183 Positive Negative Negative Negative A23403G: (20A)/C21365T mut. 3
00095 26 May 2020 18.9/17.3 Positive Negative Negative Negative 'A23403G (20A)/C21365T mut. 3
00099 26 May 2020 21.9/22.4 Positive Negative Negative Negative A23403G (20A)/C21365T mut. 3
00100 26 May 2020 22.0/82.4 Positive Negative Negative Negative Undetermined -
00103 26 May 2020 225/19.9 Positive Negative Negative Negative A2B403G(20A)/C21365T,G21624C 6
00104 26 May 2020 21.8/203 Positive Negative Negative Negative Undetermined -
00115 26 May 2020 212/156 Positive Negative Negative Negative 20B (Wuhan-Hu-1-ike) 1
00138 27 May 2020 22.9/19.4 Postive Negative Negative Negative /A23403G (20AYC21365T mut. 3
00151 27 May 2020 205/21.4 Positive Negative Negative Negative A23403G (20A) (Wuhan-Hu-1-like) 1
00152 27 May 2020 19.3/18.2 Postive Negative Negative Negative /A23403G (204YC21365T mut. 3
00173 28 May 2020 22.1/185 Positive Negative Negative Negative Undetermined -
00182 29 May 2020 18.1/15.9 Positive Negative Negative Negative ‘A23403G (20AY/C21365T mut. 3
00187 29 May 2020 212/16.9 Positive Negative Negative Negative A23403G (20A)/C21365T mut. 3
00208 31 May 2020 22.9/16.0 Positive Negative Negative Negative A23403G (20A4Y/G22093C mut. 2
00326 14 June 2020 22.4/20.4 Positive Negative Negative Negative A23403G (20A)/C21365T.C23191T 5
00388 07 July 2020 20.0/16.6 Positive Negative Negative Negative A23403G (204)/C21365T,C21789T 4
00390 07 July 2020 202/17.4 Positive Negative Negative Negative A23403G (204)/C21365T,C21789T 4
00391 07 July 2020 20.0/17.3 Negative Negative Negative /A23403G (204YC21365T,C21789T 4
00420 03 August 2020 20.2/17.7 Negative Negative Negative A23403G (20A) (Wuhan-Hu-1-like) 1
00498 20 August 2020 222/18.4 Positive Negative Negative Negative Undetermined =
Inter-epidemic wave
00666 21 October 2020 21.6/19.5 Postive Negative Negative Negative A23403G (20A) (Wuhan-Hu-1-like) 1
00700 22 November 252236 Positive Negative Negative Negative A23403G: (20A)/C21365T mut. 3
2020
00730 28 January 2021 252/236 Positive Negative Negative Negative A23403G (20A) (Wuhan-Hu-1-like) 1
Second epidemic wave
804 28 March 2021 24.4/19.4 Positive Negative Negative Positive ND® (S. African variant-like) ND
805 23 March 2021 2811175 Positive Negative Negative Positive ND® (S. African variant-like) ND
807 23 March 2021 24.1/16.7 Positive Negative Negative Positive ND® (S. African variant-like) ND
809 24 March 2021 22.9/16.8 Positive Negative Negative Positive ND® (S. African variant-like) ND
836 24 March 2021 2441172 Positive Negative Negative Positive ND® (S. African variant-like) ND
890 24 March 2021 24.1/18.4 Positive Negative Negative Positive ND® (S. African variant-like) ND
896 24 March 2021 24.1/142 Positive Negative Negative Positive ND® (S. African variant-like) ND
952 26 March 2021 216/169 Positive Negative Negative Positive ND® (8. African variant-like) ND
957 26 March 2021 24.7/19.2 Positive Negative Negative Positive ND* (S. African variant-like) ND
1008 28 March 2021 24.4/225 Positive Negative Negative Positive ND® (S. African variant-like) ND
1007 28 March 2021 24.7/20.7 Positive Negative Negative Positive ND* (S. African variant-like) ND
1010 28 March 2021 16.3/14.9 Positive Negative Negative Positive ND® (S. African variant-like) ND
1019 28 March 2021 24.3/203 Positive Negative Negative Positive ND® (S. African variant-like) ND
1023 28 March 2021 20.7/47.0 Positive Negative Negative ND® (S. African variant-like) ND
1029 28 March 2021 23.9/188 Negative Negative ND® (S. African variant-like) ND
1053 28 March 2021 23.0/16.7 Negative Negative ND® (S. African variant-fike) ND
1088 29 March 2021 19.1/15.9 Positive Negative Negative Positive ND® (S. African variant-like) ND
1089 29 March 2021 22.4/19.0 Positive Negative Negative Positive ND® (S. African variant-like) ND
1094 29 March 2021 23.2/17.4 Positive Negative Negative Positive ND® (S. African variant-like) ND
1095 29 March 2021 24.8/19.6 Positive Negative Negative Positive ND® (8. African variant-like) ND
1181 30 March 2021 24.9/19.2 Positive Negative Negative Positive ND® (S. African variant-like) ND
1229 31 March 2021 23.3/16.2 Positive Negative Negative Positive ND® (S. African variant-like) ND
1271 31 March 2021 24.3/16.4 Positive Negative Negative Positive ND® (S. African variant-like) ND
1276 31 March 2021 21.8/176 Positive Negative Negative Positive ND® (S. African variant-like) ND
1283 31 March 2021 24.7/16.9 Postive Negative Positive Negative ND® (UK variant-fike) ND

“Deidentified sample; Sputum and Nesopharyngeal swab flid samples from patients diagnosed positive for COVID-19 (lab-confirmed specimen.

©Ct (Dj) => Cycle threshold measured in Djibouti before transport; Gt (HU) => cycle threshold measured at IHU Médterranée Infection, Marseille after transport
“E gene sequence from Wuhan HUT strain,

9PCR amplification using specific probes for the Marseille 2 variant strain were also performed but tum to be negative for all samples tested (not shown.

ND, Not done (the mini-spike sequencing was not done on samples already typed using the specific probes for variants.
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Samples ID

Djibouti/CNSS00103-IHU1031243436/2020
Djibouti/CNSS00115-IHU1031243441/2020
Djibouti/CNSS00182- IHU1031243454/2020
Djibouti/CNSS00187-IHU1031243456/2020
Djibouti/CNSS00206-IHU1031243458/2020
Djibouti/CNSS00326-IHU1031243462/2020
Djibouti/CNSS00388- IHU1031243469/2020
Djibouti/CNSS00390-IHU1031243473/2020
Djibouti/CNSS1095-IHU1031441326/2021
Djibout/CNSS1088-IHU1031441332/2021
Djibouti/CNSS1094-IHU1031441337/2021
Djibout/CNSS1053-IHU1031441340/2021
Djibouti/CNSS1283-IHU1031454612/2021

Spike typing

A23403G (20A)/C21365T,G21624C
A23403G (20A) Wuhan-Hu-1-like)
A23403G (204YC21365T mut.
A23403G (204)/C21365T mut.
/A23403G (20A4)/G22093C mut.
A23403G (20A)/C21365T,C23191T
A23403G (20A)/C21365T,C21789T
A23403G (20A/C21365T,C21789T
South African variant-like

South African variant-like

South African variant-like

South African variant-like

UK variant-fike

Mutations

Cluster Total of
mutation  acid substitutions  acid deletion

AR OND OO 2o

ND
ND
ND
ND

1
10
1
10
1
21
9
8
23
26
30
28
35

Total amino

Total amino

» o ®®»®0 0000 ”OOo

GISAID accession ID

EPIL_ISL_2820509
EPI_ISL_2820514
EPI_ISL_2820756
EPI_ISL_2820520
EPLISL_2820757
EPI_ISL_2820547
EPI_ISL_2820621
EPIISL_2820626
EPI_ISL_2820687
EPI_ISL_2820701
EPI_ISL_2820704
EPI_ISL_2820705
EPI_ISL_2820706
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CRP, C reactive protein; IL-6, Interleukir
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First breakthrough infection 2.0
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Second breakthrough infection 451
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10.88

17.16
251
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46.97
2203
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D-Dimer (ref range <0.50 mg)

IL-6 14.29

1L-6 378, D-dimer 0.23

IL-6 <1.50

IL-6 <1.50, D-dimer 267.5

HRCT, High-resolution computed tomography; CTSS, Computed tomography severity score.
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and severity
E RdRp + N
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cough, breathlessness, fever,
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Severe COVID-19 requiring
hospitalization and supplemental
oxygen.

20.09 18.20

21.38 2279

S, Spike; RBD, Receptor Binding Domain; N, Nucleocapsid; IgG, Immunoglobulin G.
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The first author Variant type ~ Patient Study dates Number of Age of Primary outcome  Rate of Severe  Rate of Effect on severe Effect on

(reference) recruitment participants participants, disease mortality  disease mortality

years

Framptonetal. (25)  Alpha Hospital November 9 341 (69%) included Median 60 Clinical severity as 0.369 0.162 HR: 1.02 (95% Cl: HR: 1.12 (95% CI
patients with to December of 496 available  (QR: 47-75)  defined by WHO 0.76-1.38) 0.71-1.78)
confirmed 20,2020 patients screened ordinal scale 26;

COVID-19 mortality at 28 days

Challenetal. (26)  Apha Publichealth ~ Oct1,2020, 109,812 (11.6%) Mean46.3(SD Mortaliyat28days ~ NA 0003 NA HR: 1.64 (95% Ol
data from toJan28, included of 11.0) 1.32-2.04)
ccommunity- 2021 941,618 available
based testing patients screened
dataset

Davies et al. (27) Apha Public health November 1, 1,146,534 (51.1%) 1-34 (44.8%); Mortality at 28 days NA 0.009 NA HR: 1.55 (95% Cl:
data from 2020t0  included of 35-54 (35.2%); 1.39-1.72)
community-  January 23, 2,245,263 avallable 55-69 (15.3%);
based testing 2021 patients screened  70-84 (3.8%);
dataset 285 (0.8%)

Grint et al. (26) Apha Publichealth ~ November 184,786 (41.9%)  Median 380  Mortaliyat28days ~ NA 0.005 NA HR: 1.67 (95% Cl:
data from 16,2020 to  included of (QR: 1.34-2.09)
community and January 11, 441,161 available  24.0-52.0);
hospital-based 2021 patients screened  mean 38.2 (SD:
testing dataset 18.1)

Patone et al. (29) Apha Public health ~ November 1, 80,494 (40.6%)  NA Ciinical severity NA 0.008 HR:199(95% Cl:  HR: 1.59
data from 20201026 included of reported by being 1,59, 2.49) (1.25-2.03)
community-  January, 198,420 available admitted to CCU:
based testing 2021 patients screened Mortality at 28 days
dataset

Loconsole etal. (30)  Alpha Public health ~ December 621 (20.2%) 0-4 Clinical severity Hospital: 5.6%;  0.6% HR HR: 0.67
data from 202010 included of 075  (3.38%); 5-16  reported by being Severe: 6.5% Hospital: 2;
community-  March 2021  available patients  (12.08%):17-35 admitted to Hospital, Severe: 1.27
based testing screened (23.19%):36-65 as severe;
dataset (43.8%); >65  Mortality reported

(17.55%)

Funk et al. (31) Aphaand  Publichealth  October 23,343 (0.7%) Alpha: Ciinical severity Hospital: 11% 0,02 (Albha);  HR HR (Alpha): 0.5
Betaand  data from 202010 included of Mean 39 (SD:  reported by being (Alpha); 19.3% 0,052 (Beta); Hospital (Alpha): 1.7 (95% Cl: 0.3-09),
Gamma community-  March 2021 3,200,000 avallable 21); admitted to Hospital, ~ (Beta); 20% 0039 (95% Cl: 1.0-2.9), (Bota): 1.1 (95%

based testing patients screened  Beta: being admitted to ICU;  (Gamma); ICU:  (Gamma) (Beta): 3.6 (96% Cl: 0.4-3.4),
dataset Mean 43 (SD:  Mortality reported 1.4% (Alpha); 2.1-6.2); (Gamma): 2.6 (Gamma): 0.6
22); 2.3% (Beta); 2.1% (95% Cl: 1.4-4.8); (95% ClI: 0.3-1.0)
Gamma: (Gamma) icu
Mean 46 (SD: (Alpha): 2.3 (95% CI:
25); 1.4-3.5); (Beta): 3.3
(95% Cl: 1.9-5.7);
(Gammal: 2.2 (95% Cl:
18-2.9)

Public Health Alpha and Public health March, 2021 38,805 NA Clinical severity NA NA HR NA

England (32) Delta data from to May, 2021 reported by being Hospital (Defta vs.
community- admitted to Hospital, Alpha): 2.61, (95% Ol:
based testing being admitted to 1.56-4.36);
dataset emergency care care attendance or

attendance or hospitalization (Delta
hospitalization vs. Alpha): 1.67, (95%
Cl: 1.25-2.29)

Bager et al. (33) Apha Publichealth ~ January 110 10,644 (20.7%) ~ 0-29(44.4%)  Clinical severity 0054 NA HR NA
data from March 24,  included of 50,958 80-59 (44.3%)  reported by being Hospital: 1.42 (96% Cl:
community- 2021 avallable patients 260 (11.3%)  admitted to hospital; 1.25-1.60)
based testing screened Mortality reported
dataset

Cetin et al. (34) Alpha Public health ~ April 2020 to 588 (15.9%) NA Clinical severity Hospital: 0.335,  NA HR NA
data from March 2021  included of 3,707 reported by being 1CU: 0,075 Hospital: 2.62; ICU:
community- avallable patients admitted to hospital, 1928
based testing screened being admitted to IC!
dataset Mortality reported

Fisman and Tuite (35) Aphaand  Publichealth  February7 168,909 (65.47%) NA Ciinical severity Hospital (Apha 0,009 (Alpha HR HR (Alpha and

Betaand  datafrom toJune 27,  included of reported by being andBetaand  and Betaand Hospital (Aphaand  Betaand Gamma)
Gammaand community- 2021 257,997 available admitted to hospital, ~ Gamma):0.054, Gamma);  Betaand Gamma):  1.51(95% Ol
Delta based testing patients screened being admitted to ICU;  ICU (Alphaand 0,007 (Delta) 152 (95% Cl: 1.3-1.78); (Deta):
dataset Mortality reported Beta and Gamma): 1.42-1.63); (Delta): 2.33(95% Cl:
0.012; Hospital 2.08(95% Cl: 1.54-3.31)
(Deta): 0,08, ICU 1.78-2.4);
icu
(Alpha and Beta and
Gamma): 1.89 (95% Cl:
1.67-2.17); (Delta):
3.35 (95% Cl: 2.6-4.3)

Freitas et al. (36) Gamma Public health  April 1,2020 6,142 (47.4%) NA Ciinical severity Hospital: 0860 0,597 HR HR: 1.315
data from toMay31, included of 12,958 reported by being Hospital: 0.914
community-  2021and available patients admitted to hospital;
basedtesting  January 1o screened Mortality reported
dataset January 31,

2021

Grint et al. (37) Apha Publichealth ~ November 93,153 (50.29%)  NA Ciinical severity 0015 00027 HR: 1.62 (95% Cl: 1.48 HR: 1.73 (95% Cl:
data from 16,2020t0  included of reported by being -1.78) 1.41-2.13)
ccommunity- April 21, 185,234 available admitted to hospital;
basedtesting 2021 patients screened Mortality reported
dataset

Giles et al. (38) Alpha Hospitalized NA 30 (50%) included  NA Clinical severity as 0.37 0.321 HR: 1.37 HR: 1.551
patients with of 60 available defined by WHO
confirmed patients screened ordinal scale > 6;
covip-19 mortality at 28 day

Hoang et al. (39) Aphaand  Hospitaized  February- 935 (53.16%) NA Clinical severity Hospital (Alpha):  (Alpha): HR NA

Betaand  patientswith  May 2020, included of 1,760 reported by being 0249, (Bete): 0,042, (Beta): Hospital (Beta vs.
Gamma confirmed June- available patients admitted to hospital, ~ 0.316, (Gamma): 0, (Gamma): O Alpha): 1.27, (Gamma
CovID-19 December  screened being admitted to ICU;  0.2; ICU (Alpha): vs. Beta): 0.633,
2020, Mortality reported 0,071, (Beta): (Gamma vs. Alpha):
January 0002, (Gamma): 0.833; ICU (Beta vs.
—September 0.1 Alpha): 1.314, (Gamma
2021 vs. Beta): 1.087,
(Gamma vs. Alpha):
1314

Kim et al. (40) Apha Public health  September 1,769 (50%) NA Clinical severity Hospital: 0009 0.0089 HR: 06 HR: 1.22
data from 20to included of 3,538 reported by being
community-  December  available patients admitted to hospital;
basedtesting 15,2020 screened Mortality reported
dataset

Meyer etal. (41) Alpha Public health ~ January 12 59 (1.66%) Minimum 0.0 Clinical severity Hospital: 0.153;  NA HR NA
data from toJune, includedof 3,544  years, reported by being 1CU: 0,017 Hospital: 1.89;
community- 2021 available patients  maximum 17.8  admitted to hospital, 1cU:
based testing screened years being admitted to ICU NA
dataset

Ongetal. (42) Alpha, Beta,  The Ministry of January 1to 829 (85%) included NA Clinical severity NA NA HR (Delta VS HR (Detta vs.

andDefta  Health May22,  of 976 available reported by being wid-type); ICU: 1.8 wild-type): 1.88
2021 patients screened admitted to 1CU: ; (95% Cl:
Mortality reported others No significant ~ 0.95-3.76); others
difference No significant
difference

Martinez-Garcia et al.  Alpha Hospital January 2o 426 (27.4%) NA Clinical severity 19.5% 13.9% HR HR: 087 (95% Cl:

(43) patients with  April 30, included of 1,556 reported by being ICU: 2.11 (95% Cl: 0.62-1.28)
confirmed 2021 available patients admitted to ICU; 1.65 -2.87)

COVID-19 screened Mortality reported

Yilmaz et al. (44) Alpha Public health February2 339 (26.1%) NA Clinical severity Hospital: 3.2%, NA HR NA
data from to February  included of 1,300 reported by being intensive care: Hospital: 47.76%;
community- 9, 2021 available patients admitted to Hospital;  0.58% intensive care: 77.78%
based testing screened in intensive care
Data set

Twohig et al. (45) Alpha, Delta  The Ministry of ~ January 1to 829 (85%) included NA Clinical severity Hospital: 2.3%,  NA HR NA
Health May 22, 0f 976 available reported by being emergency care: Hospital (Delta vs.

2021 patients screened admitted to 1CU; 3.4% Alpha: 2.26 (95% Cl:
Mortality reported 1.32-3.89);
emergency care: 1.7

Veneti et al. (46) Alpha, Beta  Norwegian December 23,717 (83.8%)  NA Clinical severity Hospital (Alpha): ~ NA HR NA

Surveilance  28toMay 2, included of 28,301 reported by being 3.8%, (Beta): Hospital (Alpha vs.
System for 2021 available patients admitted to hospital, ~ 4.2%, ICU (Alpha): wild-type): 1.9 (95% Cl:
Communicable screened being admitted to ICU  0.8%, (Beta): 0.9% 1.6-2.3), (Betavs.
Diseases wild-type): 2.4 (95% Cl:

1.7-8.3);

[V}

(Alpha vs. wild-type):
1.8(95% Cl: 1.2-2.8),
(Beta vs. wild-type): 2.7
(95% Cl: 1.2-6.5)

Patone et al. (47) Alpha Public health ~ November 1, 117,926 (69.4%)  NA Clinical severity CCU: 0.4% 0.4% HR HR 1.65 (95% Cl:
data from 2020 to included of reported by being CCU: 2.15 (95% Cl: 1.36-2.01)
community-  January 27, 198,420 available admitted to CCU; 1.75-2.65)
basedtesting 2021 patients screened mortality at 28 day
Data set

Nyberg et al. (48) Alpha Public health November 1, 592,400 (70.59%) NA Clinical severity Hospital: 4.7% 0.44% HR HR: 1.59 (95% Cl:
data from 20200 included of reported by being Hospital: 1.52 (95% Cl: 1.44-1.74)
community-  January 27, 839,278 available admitted to Hospital; 1.47-1.57)
based 2021 patients screened mortality at 28 day
testing

Stirrup et al. (49) Apha Hospital November 1,107 (47.29%) NA Clinical severity ITU: 20.35% 19.62% HR HR: 1.01 (95% Cl:
patients with 16,2020 to  included of 2,341 reported by being ITU:1.01(95% Cl:  0.79-1.28)
confirmed January 10, available patients admitted to ITU; 0.75-1.37)

Ccovip-19 2021 screened mortality at 28 day

Whittaker et al. (50) Alpha Public health December 946 (81%) included NA Clinical severity ICU: 18% 6% HR HR: 1
data from 21,2020t0  of 1,186 available reported by being 10U: 1.125
community-  April 25, patients screened admitted to ICU; Died
based testing 2021 in hospital

Data set
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Alpha Beta Gamma Delta

Risk of hospitalization 1.68 (95% Cl: 1.49-1.67) 2.16 (95% Cl: 1.19-3.14) 1.71 (95% Cl: 0.9-2.62) 2.08(95% Cl: 1.77-2.39)
Risk of ICU admission 1.74 (95% Cl: 1.35-2.09) 2.23 (95% Cl: 1.31-3.15) 1.94 (95% Cl: 1.71-2.18) 3.35 (95% Cl: 2.5-4.2)
Risk of mortaiity 1.37 (95% Cl: 1.15-1.6) 1.50 (95% CI: 1.26-1.74) 1.06 (95% Cl: 0.17-1.96) 2.33(95% Cl: 1.45-3.21)
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SNP

23408A > G
3037C>T
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241C>T
28881G > A
28883G > C
28882G > A
1163A > T
18656C > T
16647G > T
23401G > A
7540T > C
22992G > A
26663G > T
1069C > T
27964C > T
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6286C > T
28932C > T
445T>C
29645G > T
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Europe

94.38%
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Days from symptoms onset to admission
Male sex
Age (years)
Charison (points)
Charlson (1)
Charlson (2)
Charlson (3)
Charlson (4)
Charison (5)
Charlson (6)
Charison (>7)
Infection
C. auris alone
MDR germs alone
C. auris + MDR germs
Colonization
C. auris alone
MDR germs alone
C. auris + MDR germs
Length of hospital stay (days)
Constant

Cl, confidence interval; df, degrees of freedom; MDR, multidrug-resistant; OR, odds ratio; SE, standard error.

B

0.003
0.009
—-0.006

0.26
032
0.18
0.039
-0.081
0.88
0.81

164
0.75
0.086

0.86
0.40
0.50
0.01
-2.06

SE

0.011
0.1
0.003

0.16
0.16
0.20
0.20
0.42
0.29
0.36

0.20
0.16
0.26

0.20
0.15
0.18
0.027
0.26

Wald

0.001
0.006
41
15.86
3.10
3.90
081
0.039
0.038
917
511
7029
57.33
2227
0.12
25.50
17.70
6.83
7.84
0.105
67.96

S mr b s ) b e S D e mD bk s b e S ==

P-value

0.76

0.94

0.04
0.026
0.078
0.048
0.37

0.84

0.85
0.002
0.024

0.74

OR

1.00
1.01
0.99

129
1.38
1.20
1.04
0.92
242
225

4.64
2.1
1.09

236
1.49
1.65
1.01
0.13

0.98
0.82
0.99

0.97
1.00
0.81
0.71
0.41
137
111

3.12
155
0.66

1.58
1.10
1.16
0.95

95% ClI

1.02
125

12
1.91
1.79
152
2.09
4.28
4.58

6.91
2.88
1.79

3.52
2.00
235
1.06
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N %  Cumulative
%

Gender Men 1846 549 549
Women 1108 451 100
Age group (years) 010 5 06 06
11-20 8 03 09
21-30 51 24 30
31-40 145 59 89
41-50 217 113 203
51-60 34 157 359
61-70 w07 166 526
71-80 514 210 736
81-00 80 196 932
91-100 164 67 999
>100 3 ot 100
Month of admission  Feb-20 3 ot 01
Mar-20 227 93 04
Apr-20 19 49 143
May-20 17 07 150
Jun-20 s 03 153
Jul-20 7 03 156
Aug-20 105 43 199
Sop-20 &7 36 234
Oct-20 168 69 303
Nov-20 %7 134 436
Dec-20 301 160 596
Jan-21 727 207 893
Fob-21 22 107 100
Length of hospital stay 0-10 1642 630 630
(including ICU stay), in 1120 622 254 88.4
days 21-30 176 72 956
31-40 ©° 17 s
41-50 31 18 986
51-60 07 992
61-70 5 02 994
71-80 7 08 997
81-00 1o %8
91-100 1o %8
>100 5 02 100
Charlson comorbidity No 03 369 369
Yes 1545 100
Chronic puimonary a9 3t 31
disease
Diabetes 300 20 51
Moderate or severs fver 185 1197 62,97
diseases
Disbstes with chronic 171 11,07 74,04
complications
Rheumatologic disease 139 O 83,04
Other comorbidities 262 1696 100
Coinfection with MDR  Non 2079 8493 8493
Yes 369 1507 100,00
Type of MDR Escherichia coli 101 2737 2787
Keebsiela pneumoniae 85 23.04 5041
Pseudomona 65 1762 6803
aeruginosa
Staphiococus aereus 50 1354 8157
Acinetobacter a1 9268
baumanni/Haemolyticus
Others 27 782 10000
Type of discharge No death 1974 806
Death 474 100

MDR, multidrug resistance.
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Days N % Cumulative %

Nosocomial 28 14 11

o 258 10.5 TLE
1 375 15.3 27.0
2 262 10.7 37.7
3 172 70 44.7
4 170 6.9 51.7
5 164 6.7 58.4
6 158 65 64.8
7 235 96 744
8 162 6.6 81.0
9 114 a7 86.7
=10 350 143 100

Total 2,448 100.0
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Gender

Coinfection

Colonization

Charison
comorbidity

Length of ICU stay,
days

Type of discharge

Men
Women

No coinfection
Candida auris alone
MOR germs alone
Both

No colonization
Candida auris alone
MDR germs alone
Both

0

Voo s o

7
0-10
11-20
21-30
31-40
41-60
51-60
61-70
71-80
>81
No exitus
Exitus

N

247
17
289
14
46
15
252
29
59
24
95

104
80
32
23
5
15
10
21
73
21
19
16
3
2,
1
18
251
113

MDR, multidrug-resistant; Both, MDR and Candida auris.

%

67.9
321
794
38
126
4.1

69.2
8.0
16.2
6.6
26.1

286
220
838
6.3
14
41
27
58.0
201
58
52
4.4
08
05
03
49
69.0
31.0

Cumulative %

67.9
100.0
794
83.2
95.9
100.0
739
80.5
93.1
100.0
26.1

54.7
7.7
85.5
918
93.1
973
100.0
58.0
781
839
89.1
3.5
943
94.8
95.1
100.0
69.0
100.0
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Days from symptoms onset to admission
Male sex
Age (years)
Charison (points)
Charlson (1)
Charlson (2)
Charlson (3)
Charlson (4)
Charison (5)
Charlson (6)
Charison (>7)
Infection
C. auris alone
MDR germs alone
C. auris + MDR germs
Colonization
C. auris alone
MDR germs alone
C. auris + MDR germs
Length of ICU stay (days)
Constant

B

-0.04
-0.12
0.001

0.98
1.49
0.63
1.41
1.76
1.80
2.10

1.16
1.26
132

0.76
0.30
0.13
0.01
-3.36

SE

0.03
031
0.01

0.56
058
0.74
0.74
0.90
0.69
0.66

0.62
0.39
0.52

0.56
0.40
0.58
0.02
0.96

Wald

239
0.15
0.01
14.65
3.08
6.47
0.73
3.68
3.80
6.78
10.24
13.48
351
10.35
4.65
2.04
1.83
0.56
0.05
0.84
1212

T G

Cl, confidence interval; df, degrees of freedom; MDR, multidrug-resistant; OR, odds ratio; SE, standard error.

P-value

0.12
0.70
0.92
0.04
0.079
0.011
0.39
0.055
0.061
0.009
0.001
0.004
0.061
0.001
0.031
057
0.18
0.45
0.82
0.36
<0.001

OR

0.96
0.89
1.00

267
4.42
1.88
4.09
5.73
6.06
8.14

3.18
3.52
3.07

213
135
114
1.01
0.04

0.91
0.48
0.98

0.89
141
0.44
0.97
0.99
1.56
225

0.95
164
11

0.71
0.61
0.37
0.98

95% CI

101
164
1.03

7.98

13.88
8.02

17.26
33.08
23.48
29.42

10.66
7.58
8.52

6.37
299
3.56
1.05
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Name

$201

$202

$203

$204

$205

$206

$207

$208

$210

$211

Primer

pair
7
3194R
2852F
5739R
5551F
8745R
SI91F
11365R
11112F
14081R
13025F
16430R
16025F
18951R
18712F
21935R
21528F
24284R
24055F
27349R
27100F
20852R

Sequence (5'—3)

GGTTTATACCTTCCCAGGTA
CTATCATCATCTAACCAATCTTC
GAACTCGGTACAGAAGTAA
GGTAATTACCAGTGTACTCAC
TAAGGGTGTAGAAGCTGTTAT
AAATCAGCATGTTTGTTAGCAA
GACATGTGCAACTACTAGAC
CTCCTAGCACCATCATCATAC
TGGGTATTATTGCTATGTCTGC
CCACCGAAATCATACCAGTTAC
GCTGGTAATGCAACAGAAGTG
CAATAATAGCTCATACCTCCTA
TAGCTATAGATGCTTACCCAC
CTTTCTACAAGCCGCATTAATC
GCCTGTTGGCATCATTCTATTG
TTCACAGACTTTAATAACAACATT
TTCTAGTGATGTTCTTGTTAAC
CATTCTGTGTAACTCCAATACC
TGGCTTCATCAAACAATATGGT
GTTGCTMTTCATCTAATTGAGA
TTGCTGCATACAGTCGCTAC
TGTCATTCTCCTAAGAAGCT

Product
size (bp)
3,187
2,887
3,194
2874
2969
3405
292
323
2,756
3,294

2752
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Strain?

Variant type Protein aa position® KMUH-3 KMUH-4 KMUH-5 KMUH-6 KMUH-7
Amino acid deletion NSP6 3675-3677 X X X X X
Spike 69-70 X X X X X
144 X X X X X
Codon change® NSP2 F343L X O O O O
P7328 o o X o o
NSP3 T10011 X X X X X
A1708D X X X X X
12230T X X X X X
NSP12 P314L X X X X X
NSP15 T2165M X (6] (6] o (0]
pP2256S (6] (6] (6] X (0]
Spike N501Y X X X X X
A570D X X X X X
D614G X X X X X
P681H X X X X X
T716l X X X X X
S982A X X X X X
D1118H X X X X X
M12371 (0] X X X X
NS7 Q90* (6] (6] o (6] X
NS8 Q27* X X (0] X X
R52 X X X X X
Y73C X X X X X
N D3L X X X X X
R203K X X X X X
G204R X X X X X
S235F X X X X X

ax: with this variation, O: without this variation.
b+ Stop codon.
®We display only non-synonymous codon variations in this table; refer to Supplementary Table 2 for full information.
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Swab-UTM? (Ct) CPE observed DPIP Culture fluid® (Ct)

Sample number E gene RdRP gene N gene Original swab Blind passage? E gene RdRP gene N gene Strain TCIDso"

29 35.75 33.5 31.4 Negative Negative ND ND ND - -
30 34.96 32.36 33.5 Negative Negative ND ND ND - -
31 36.32 33.5 36.5 Negative Negative ND ND ND - -
32 24.06 23.78 241 6 5 10.99 15.91 20.24 KMUH-3 108.6
33 35 33.8 34 Negative Negative ND ND ND - -
34 35 33.65 32.8 Negative Negative ND ND ND - -
35 36 33.53 33.8 Negative Negative ND ND ND - -
36 17.31 17.52 17.88 6 8 21.46 25.79 30.67 KMUH-4 10'.5
37 27.3 34.1 32 Negative Negative ND ND ND KMUH-5 -
38 16.87 17.18 156.3 11 8 9.7 15.62 18.33 KMUH-6 Tohe
39 26.42 25.69 NDe Negative Negative ND ND ND - -
40 28.81 28.32 ND Negative Negative ND ND ND = -
41 13.6 11.88 156.2 14 7 10.59 15.56 19.66  KMUH-7 elo 2

aRNA extracted from nasopharyngeal swab-UTM.

PDPI: days postinoculation.

°RNA extracted from culture supernatant from VERO EB cells with CPE.

dCulture medium from VERO E6 cells without CPE at 3 days postinoculation was transferred to a well with fresh confluent VERO E6 cells, and CPE was examined
daily until day 21.

eND: not determined.

fTCIDso: median tissue culture infectious dose.
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Tree scale: 0.001

Colored ranges

|| Wuhan/WV04/2019
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] m12371

bootstrap
e 0
e 25
® 50
® /5
@ 100

l'*'l oad] r*ﬁl—TVf[ﬂ H'r
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KMUH-4/2021-May-19
TSGH-46/2021-Jun-5
CGMH-CGU-85/2021-Jul-24
11103/2021-Jun-5
TSGH-44/2021-May-13
KMUH-7/2021-Jun-29
5703/2021-Jun-25
TSGH-42/2021-May-2
11102/2021-Jun-5
TSGH-43/2021-May-7
14454/2021-Jun-23
TSGH-45/2021-Jul-28
12828/2021-Jun-24
13564/2021-Jun-24
13375/2021-Jun-25
CGMH-CGU-66/2021-May-18
CGMH-CGU-77/2021-May-23
CGMH-CGU-75/2021-May-26
CGMH-CGU-65/2021-May-18
12288/2021-Jun-8
11310/2021-Jun-6
1079/2021-Apr-20
1078/2021-Apr-20
CGMH-CGU-69/2021-May-21
CGMH-CGU-76/2021-May-20
CGMH-CGU-74/2021-May-29
14222/2021-Jun-21
12857/2021-Jun-24
7955/2021-Jun-6
12699/2021-Jun-24
10321/2021-Jun-6
13435/2021-Jun-24
CGMH-CGU-70/2021-May-20
CGMH-CGU-73/2021-May-9
CGMH-CGU-72/2021-May-27
11042/2021-Jun-6
CGMH-CGU-68/2021-May-19
2262/2021-May-26
CGMH-CGU-64/2021-May-17
9098/2021-Jun-5
CGMH-CGU-78/2021-May-22
10747/2021-Jun-25
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Age Gender Death Comorbidities Total Death P-value®

case case percentage
number number
30-39 Male 7 5 1,026 0.68 0.038
Female 1 0 988 0.10
40-49 Male 6 6 916 0.66 0.221
Female 14 9 1,190 1.18
50-59 Male 50 45 1,161 4.30 <0.001
Female 14 14 1,402 1.00
60-69 Male 143 125 1,506 9.50 <0.001
Female 67 60 1,284 5.22
>70 Male 316 285 1,067 29.62 <0.001
Female 202 191 880 22.95
Total  Male 522 466 5,676 9.20 <0.001
Female 298 274 5,744 5.19

aSource of data: http://at.cdc.tw.
bChi-square test.
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Clade/Linage dominating®

19A
19A

19A, 20A, 20B, 20C
19A

20A, 20B
20A, 20G, alpha (G)(3)°
Wild type
Epsilon, gamma, 20G, alpha (G)(2)

Alpha (G)(1), beta (2)

Alpha (G)(7), alpha (G + 1)(2)°, beta (3)
Alpha (G + 1) (23), delta (1)
Alpha (G + 1) (20), delta (3)

Alpha (G + ) (2), delta (6), gamma (1)

Delta (4)
Delta (1)

Alpha (G + )

aCOVID-19 data were retrieved from the web-based notifiable disease surveillance system maintained by the TCDC. Source of data: https://nidss.cdc.gov.tw/nndss/
disease?id=19CoV.

bAccording to the data deposited in GISAID EpiCoV. Refer to Supplementary Table 3 for full information.

CAlpha (G) refers to alpha/B.1.1.7 (D614G). Alpha (G + I) refers to alpha/B.1.1.7 (D614G + M1237)).
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al No.

change AA change Type of mutation Frequency %

13 3,037 Nsp3 T>C F924F Synonymous 3

5584 Nsp3
19 5986

Synonymous

c>T F1907F Synonymous

V2776V Synonymous

D2907D Synonymous

13,019 142521 Synonymous

Nspl2 Synonymous

15279 Nspl2 C>T H604H. Synonymous 24

16,176 Synonymous

18171 GI368G. Synonymous

124191 Synonymous

107 28,271 Nucleocapsid (N) Deletion Midel 44

123 29,742 3UTR G>T 2

123 mutations and deletions along the SARS-CoV-2 genome occurred in 2% of the 209 Kuwaiti sequences. The lst contains each mutation, its position, gene, nucleotide substitution,
the originating and altered AA group, % frequency in Kuwaiti sequences, and whether missense or synonymous mutations. Known clade-defining missense mutations are highlighted in

arey. Known synonymous mutations are highlighted in light grey. Highly frequent unknown missense mutations are highlighted in green, and highly frequent unknown synonymous
mutations are highlighted in blue.
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Variable No. of patients (%)
Unknown clinical condition 106 (51)
Asymptomatic 59(28)
Symptomatic 441
Mild 1207)
Moderate 13.30)
Severe 13.30)
Critical 6014)
Death 7(16)
Symptoms
Fever 310164)
Shortness of breath (SOB) 30(15.8)
Cough 15(79)
SPO2 88% in RA 12(6.3)
CXR: B/L infiltrates 12(6.3)
CXR: B/L peripheral basal haziness 9(438)
Severe cough productive sputum 9(438)
Loss of taste and smell sensation 767
Chest exam: B/L crepitation 6(2)
Generalized fatigue 6(2)
Headache 4@
Confusion 4@
Vomiting 4@
Chest exam: B/L reduced air entry 4@
Chest pain 4@
Ocdema 3(016)
Chest: B/L fair entry 3016)
Chest infection (COVID pneumonia) 3(016)
Chest infection 3016)
Chest exam: B/L wheeze 3(16)
Sore throat 20
Shivering 2011
Abdominal pain 2011
Nausea 2011
CXR: B/L multi-lobe chest inflations 105)
Maculopapular skin rash 105)
CXR: B/L moderate air-space disease with 105)
progressive course
Runny nose 105)
Dementia 1(03)
Septic shock 103)
Chronic obstructive pulmonary disease (COPD) 105)
Blood acidosis 103)
Ketoacidosis ©5)
Without comorbidity, n (%) 8(18.2)
With comorbidity, n (%) 36 (81.8)
Diabetes Mellitus (DM) 26 (31.3)
Hypertension (HTN) 21(253)
Ischemic Heart Disease (IHD) 9(108)
Bronchial Asthma (BA) 7(84)
Dyslipidaemia 5(60)
Smokers 5(60)
Hypothyroidism 306)
Chronic kidney disease (CKD) 2(24)
End-Stage Renal Disease (ESRD) 102)
Multiple congenital anomalies 102)
Osteoarthritis 102)
Congenital Heart Disease 102)
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Variable No. of patients (%)

Age, median (IQR), y 10(22)
Gender

Male 100 (48)
Female 109 (52)

Nationality
Kuwaiti 115 (55)
Non-Kuwait 94(45)
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Mutations on
structural
proteins

Mutations on
non-structural
proteins

*Stop codon.

Spike

Nucleocapsid

Envelope
Membrane
ORFfa

ORF1b

ORF3a
ORF7a
ORF8

‘ORFob

B.1.1.7 (Alpha)

H69del, V70del,
'Y144del, N5O1Y,
AS70D, D614G,
PB81H, T7161,

S982A, D1118H

D3L, R203K,
G204R, 8235F

T10011,
A1708D, 12230T,
53675del,
G3676del,
F3677del

P314L

Q27+, R521,
Y73C

B.1.351 (Beta)

D80A, D215G,
L241del,
L242del,
A243del,
K417N, E484K,
N501Y, D614G,
ATO1V

T2051

P71L

T268I, K1656N,
K3358R,
53675del,
G3676del,
F3677del

P314L

Q57H

P (Gamma)

L18F, T20N,
P26S, D138Y,
R190S, K417T,
E484K, N501Y,
D614G, HB55Y,
T10271, VI176F,

P8OR, R203K,
G204R

S1188L,
K1795Q,
S3675del,
G3676del,
F3677del

P314L, E1264D

S253P

E92K

B.1.617.2
(Delta)

T19R, E156del,
F157del,

R158G, L452R,
T478K, DB14G,
P681R, DISON

DB3G, R203M,
D377Y

182T

P314L, G662S,
P1000L

S26L
V82A, T1201

D119del,
F120del

T60A

B.1.1.529 (Omicron)

ATV, H69del, V70del,
TO5I, G142del,
V143del, Y144del,
Y145D, N211del,
L2121, G339D, S371L,
S373P, S375F, KA17N,
N440K, G446S,
SATTN, TATEK, E484A,
Q493R, G496S,
Q498R, N501Y,
Y505H, T547K,
D614G, HS5Y,
N679K, PE81H,
N764K, D796Y,
N856K, Q954H,
NIBOK, LIBIF

P13L, E31del, R32del,
$33del, R203K, G204R
Tol

D3G, Q19E, AG3T

K856R, S2083del,
L20841, A2710T,
T32551, P3395H,
L3674del, S3675del,
G3676del, 13758V

P314L, 11566V

P10S, E27del, N28del,
A29del
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Sl. no:

Mutation

D614G

N501Y'

E484K/Q/A

K417N/T

L452R, TA78K

QB77PH

T478K, Q493K, and Q498R
A69-70

Region on spike
RBD

RBD

RBD

RBD

RBD

Near 1/S2 cleavage

RBD
NTD

vocs
Found in several lineages

B.1.1.7,B.1.351, P1

B.1.351, P1,B.1.617.1,B.1.1.529

B.1.351, P1,

B.1.617

Found in several lineages B.1.525

B.1.1.529
B.1.1.7,B.1.1.529

Impact on viral pathogenicity

Appeared in 2020 and is the most prevalent. Increase
spike density (19)

Antibody escape (9)

May effect host tropism (30)

Increase ACE2 binding

Antibody escape—vaccine ineffectiveness and
reinfections (9)

Antibody escape—vaccine ineffectiveness and
reinfections (9)

Increase ACE2 binding (31, 32)

Antibody escape—resistance to antibody drugs (33)

May play a role in increasing the penetrabilty of the virus
into human cells. Not yet shown to be highly infectious.

Predicted to increase RBD-ACE2 binding (34)
Immune escape (9)
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WHO label Pango lineage  GISAID Status Country of

clade/lineage origin
Apha  B1.17 GRY (formerly VOC:18-Dec-  United Kingdom;
GR/501Y.VY) 2020 Sep-2020
Beta B.1.351 GH/501YV2  VOC:18-Dec-  South Africa;
2020 May-2020
B.1.351.2
B.1.351.3
Gamma  P1 GR/501Y.V3  VOC:i1-Jan-  Brazil; Nov-2020
2021
P11
P12
Delta B.1617.2 G/478KNV1 VO 4-Apr-2021 India; Oct-2020
VOC:
11-May-2021
Al
A2
Epsion  B.1.427/B.1.429 GH/452RV1  VOI5-Mar-2021 United States of
America;
Mar-2020
Zeta P2 GR/48AKV2  VOIA7-Mar-  Brazil; Apr-2020
2021
Eta B.1.525 G/484KV3  VOIA7-Mar-  Multiple
2021 countries;
Dec-2020
Theta  P3 GR/M092KV1  VOI:24-Mar-  Philippines;
2021 Jan-2021
lota B.1.526 GH/253G.V1  VOI:24-Mar-  United States of
2021 America;
Nov-2020
Nov-2020
Kappa ~ B.1.617.1 G/452RV3  VOI:4-Apr-2021  India; Oct-2020
Lambda  C37 GR/452QV1  VOI14-06-2021 Peru, Dec-2020
Mu B.1.621 GH VOI:30-Aug-  Columbia;
2021 Jan-2021
Omicron ~ B.1.1.529 GRA VUM: Southern African
24-Nov-2021  countries,
Nov-2021
VOC:

26-Nov-2021
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Median relative MFI (95%
<)

SARS-CoV-2 N&
SARS-CoV-2 $1&
SARS-CoV-2 1
SARS-CoV-2 52
SARS-CoV-1 N&
SARS-CoV-1 81%
MERS-CoV $1
MERS-CoV 1 + §2¢
hCoV HKU1 8%
hCoV NL63 N&
hCoV 229E N

(4 ng)

hCoV 229E N
(101g)

& Hjs-tagged antigen.
“SHFc-tagged antigen.

PCR negative

939
(742-1,563)
29
(21-46)
51
(87-59)
82
(26-218)
139
(77-295)
1,491
(289-3,497)
50
(#1-69)
1,129
(389-2,074)
3,442
(31-6,447)
481
(198-905)
979
(691-1,325)
566
(425-741)

Seronegative

1,235
(989-1,730)
38
(31-60)
a7
(38-63)
166
(90-290)
372
(154-458)
917
(675-1,215)
53
(@47-76)
940
(739-1,244)
4,505
(3,040-5,845)
574
(391-1,246)
999
(839-1,306)
604
(608-797)

Early
seropositive

1,632
(869-2,554)
181
(33-395)
85
(22-124)
743
(83-1,226)
175
(51-813)
1,813
(657-1,581)
%
(@2-116)
1,048
(832-1,240)
8516
(8,206-9,124)
1,832
(986-2,008)
1,319
(1,074-1,962)
876
(690-1,267)

Seropositive

10,500
(9.285-11,550)
355
(316-459)
402
(318-510)
1,797
(1,535-2,163)
6,100
(5.279-6,768)
1,169
(1,084-1,474)
56
(54-61)
1,478
(1,291-1,646)
6,108
(5,582-7,046)
563
(493-632)
1,220
(1,163-1,367)
672
(632-745)
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NIBSC plasma:

NIBSC NT: live virus
VSV-PV

PRNTS0

NIBSC ELISA: Euroimmun IgG
Euroimmun IgA

19G $1

19G N

19G spike

IgM

Anti-S IgM (% positive cells)
Anti-S 1gG (% positive cells)
Anti-N ECLIA (COl)

In-house IgG ELISA (OD4os)
In-house PRNT (PRNT50)
MIA (MF)): SARS-CoV-2N
SARS-CoV-2 S1-His
SARS-CoV-2 §1-ScFe
SARS-CoV-2 §2

20/120

200
267
107
POS (8.59)
POS (10.1)
5,580
3417
2,603
POS
POS (53.62)
POS (78.43)
POS (5.22)
POS (1.28)
POS (476)
POS (6.269)
POS (777)
POS (1,926)
POS (5,999)

20/122

70
90
33
POS (3.47)
POS (1.1)
3,202
2,425
1,488
POS
POS (11.85)
POS (67.26)
POS (77.78)
POS (1.22)
POS (229)
POS (11,815)
POS (153)
POS (217)
POS (876)

20/124

40
20
13
POS (1.62)
POS (1.84)
1,636
3,206
118
neg
Neg (0)
POS (8.65)
POS (7.33)
POS (1.00)
POS (47)
POS (12,392)
POS (200)
POS (151)
POS (1,487)

20/126

35
<20
<20

Neg (0.64)

POS (1.63)
1,181
995

8
POS
Neg (0)
POS (15.65)
POS (7.14)
Neg (0.57)
Neg (<20)
POS (9.227)
Neg (69)
Neg (48)
Neg (297)

20/128

<20
<20
<20
Neg (0.21)
Neg (0.02)
<50
<50
<50
neg
Neg (0)
Neg (0)
Neg (0.097)
Neg (0.70)
Neg (<20)
Neg (446)
Neg (8)
Neg (18)
Neg (54)

20/130

1,280
2,240
853
POS (7.77)
POS (9.74)
5,388
17,197
2,707
POS
POS (80.25)
POS (74.41)
POS (3.98)
POS (1.30)
POS (2,488)
POS (25,980)
POS (3,200)
POS (1,312)
POS (4,436)
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True positive (TP); false negative (FN); perfect TP (PT); TP/FN aligned with N's (TPN/FNN); unknown (UNK).

Assay

Japan_NID_WH-1_F501
Japan_NID_WH-1_F509
Japan_NID_WH-1_Seq_F519
Yip-ORFlab

Noblis. 12

C1_COV_ORFla
France_nCoV_IP2
China_ORF1ab
France_nCoV_IP4
Young-ORFiab
noov_rdrp_1

noov_rdrp_2

Won-ORF1ab
Chan-ORF1ab

Noblis.40

Noblis.44

Noblis.42
HKU-ORF1b-nsp1d
C2_COV_ORF1b

Young-S

Chan-S

Won-§

C5_COV_S_gene
Noblis.57
Japan_WuhanCoV-spk1
Japan_NID_WH-1_F24381
Japan_NID_WH-1_Seq_F24383
C3_COV_ORF3a

Won-E

noov_e_gene

Niu-E

C4_COV_ORF8

ode_nt
Thailand_WH-NIC_N
Young-N

cde_n3

noov_n_gene

Won-N

China_N
Japan_NIID_2019-nCOV_N
HKU-N

odo_n2

Chan-N

From

483
491
501
1,865
3,239
10,964
12,689
13,341
14,079
14,154
15,430
15,430
15,440
16,219
17,169
18,102
18,284
18,777
18,973
21,762
22,711
23,113
23,995
24,045
24,353
24,363
24,365
25,849
26,258
26,268
26,302
27,999
28,286
28,319
28,582
28,680
28,705
28,731
28,880
29,124
29,144
29,163
29,209

To

896
837
823
1,970
3,482
11,071
12,797
13,460
14,186
14,243
16,530
16,530
15,568
16,353
17,337
18,466
18,466
18,909
19,082
21,876
22,869
23213
24,134
24,205
24,900
24,856
24,848
25,993
26,365
26,381
26,391
28,135
28,358
28,376
28,648
28,752
28,833
28,849
28,979
29,282
29,254
29,230
29,306

Gene

ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab
ORF1ab

PT

1,657,346
1,640,106
1,634,109
1,661,320
1,644,652
1,643,241
1,647,399
1,664,710
1,654,134
1,653,742
0
71
1,663,669
57
1,617,636
1,660,926
1,661,715
1,663,433
1,632,389
775,271
1,607,062
1,666,248
1,657,631
1,655,637
1,664,354
1,656,823
1,655,758
1,613,748
5
1,671,863
1,661,887
833,817
1,621,043
1,649,541
1
1,614,506
1,633,141
1,634,741
401,644
3
1,633,061
1,622,617
1,630,695

T

20,369
37,112
28,526
16,261
33,339
27,716
30,804
13,037
124,086
24,466
1,676,313
1,677,034
114,920
1,677,406
61,076
17,339
16,697
15,101
45,440
62,150
73,732
12,686
24,567
26,634
17,288
24,516
22,709
160,268
1,678,087
6,099
15,870
828,366
56,882
28,495
1,677,953
63,680
42,801
41,592
258,102
1,676,346
43,092
53,809
45,578

TPN

178
429
433
408
283
2,061

2,900
1317

FN

201
6,616
18
241

125
18
349
1
792

72
110

22
81

798,480
109
849

0
12
302
349

3,235

4

7

44

2

2,861

29
101

33

10
218
14

1010632
200
196

79

65

FNN

116
268
8,419
432

293
59
256
39
299
1,624
1,564
36
250
63
a4
60
30
87
13,942
1,640
2,221
216
136
86
7%
109
751
300
288
264
388
48
49
138
39
183
34
6,168
177
190
130
223

UNK

12,501
12,573
12,586
12,250
12,106
17,374
12,022
12,276
11,781
11,833
11,781
11,781
11,860
12,651
11,728
12,047
11,932
11,818
11,879
37,946
6,929
7877
7,640
7,764
8,425
8,413
8,411
14,117
12,113
12,256
12,301
15,800
12,280
12,261
12,411
12,025
13,887
13,991
13,574
13,767
13,542
13,399
13,860
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Value
(95% CI)

Anti-S IgM FACS
Anti-S IgG FACS
Anti-N ECLIA
Anti-S ECUA
In-house IgG

ELISA
PRNT

Sensitivity

61.6%
(54.3-68.5%)
76.3%
(69.6-82.2%)
96.8%
(93.2-98.8%)
97.3%
(93.9-99.1%)
94.7%
(90.5-975%)
91.1%
(86.1-94.7%)

*Calculated for a seroprevalence of 85%
#Since WHO declaration on Public Health Emergency of International Concern (PHEIC on January 30th, 2020).
#* Excluding equipment acquisition, personnel, and facility costs.

Specificity

96.2%
(86.8-99.5%)
100.0%
(98.2-100.0%)
100.0%
(93.2-100.0%)
100.0%
(93.29%-100.0%)
94.2%
(84.1-98.8%)
100.0%
(93.2-100.0%)

Positive predictive
value*

98.9%
(95.9-99.7%)
100.0%
(w/a)
100.0%
(/a)
100.0%
(/a)
98.9%
(96.9-99.6%)
100.0%
(a)

Negative predictive
value*

30.6%
(26.8-34.8%)
42.7%
(36.6-49.0%)
84.6%
(71.5-92.4%)
86.9%
(73.7-04.0%)
76.0%
(63.3-85.3%)
66.4%
(65.6-75.6%)

Development time*

2 months
2 months
4 months
10 months
3 months

2 months

Running cost per
sample®”

$0.5
80.5
$3.3
$7.3
$0.3

$25
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PCR negative
PCR result Negative
Serology result Negative
Number of samples 16
Gender (F vs. M) 3vs. 13
Age mean (range) 28,02 (0.5-63)
Number of symptomatic individuals 10 (62.5%)
Mean days post PCR confirmation (range) 1.00(0-2)
Number of seropositive for each assay (%;median result value)
Anti-S IgM FACS 2(12.5%; 0.89)
Anti-S IgG FACS & 0(0.0%; 0.18)
Anti-N ECLIA 0(0.0%,0.09)
Anti-S ECLIA 0(0.0%; 0.40)
In-house IgG ELISA 0(0.0%; 0.36)
In-house PRNT & 0(0.0%; 0.01)

#FACS-based lgM assay.

#FACS-based IgG assay and/or ECLIAs.

& Samples with a result of zero were set to 0.01.

$Two addtional samples with equivocal result (0.9 an <1.0 ODos)
*187/190 samples tested.

*188/190 samples tested.

Seronegative

Positive
Negative
36
5vs.31
34.69 (21-87)
5(18.9%)
464 (1-18)

0(0.0%; 0.81)
0(0.0%; 0.14)
0(0.0%; 0.09)
0(0.0%; 0.40)
3% (8.3%; 0.42)
0(0.0%; 0.01)

Early seropositive

Positive
IgM positive*
8
1vs.7
36.25 (24-38)
0(0.0%)
12.75 (2-23)

8(100%; 2.17)
0(0.0%; 0.24)
0(0.0%; 0.11)
0(0.0%; 0.40)

2 (25.0%; 0.88)

6 (75.0%; 33.50)

Seropositive

Positive
1gG positive**
190
20vs. 170
36.02 (5-75)
25(13.2%)
13.67 (0-51)

117 (61.6%; 2.27)
145 (76.3%; 12.90)
181" (96.8%; 17.40)
183 (97.3%; 42.94)
180°% (94.7%; 1.54)
173 (91.1%; 124.50)
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Pango* First detection and

Viral variants h ORF3a mutations**  Possible mutational effect and reference
lineage. location
Lambda ca7 Peru, Dec-2020 None na
Mu B8.1.621 Colombia, Jan-2021 QS7H, del256/257  V256/N257 are at a highly conserved region of the C-terminal
Epsilon B8.1.427 Calfornia, USA, July 2020 Qs7H It may render stronger binding affny to S protein than wild-
type ORF3a (W et al., 2021); also associates with disease
severity (Nagy et al., 2021).
Alpha United Kingdom, Sep-2020 None na
Beta South Africa, May-2020 Q57H, S171L $171 within p3; see note on Q57H
Gamma Brazi, Nov-2020 S253P, D155Y D155 at junction of f1 and p2 sheets; S253 within a well-
conserved C-terminal end
Delta B.1.617.2 India, Oct-2020 S26L At the extracellular N-terminal
Ommicron BA1/B.1.1.529  South Afica Nov-2021 None a (Desingu et al., 2022; Saxena et al., 2022)
BA.2/B.1.1.529.2 South Africa Nov-2021 T223 T223lis at junction of 7 and 8 sheets (Desingu et al., 2022;
Mahase, 2022)
BA.3/B.1.1.529.3 South Africa, Nov-2021 T223 T223lis at junction of 7 and 8 sheets (Desingu et al., 2022)

e, not applicable. *A phylogenetic name of a distinctive viral variant (Rambaut et al., 2020). **Data are from Stanford University Coronavirus Antivial and Resistance Database
(Tzou et al,, 2020). ***VOI and VOC are defined by WHO.
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Site Severe Mild cases Rate of severe Severe Mild cases Rate of severe Fisher's

cases in VG inVG cases in VG cases in RG in RG cases in RG exact test

8782 3 6 0.33 9 1 0.45 0.694
10380 4 10 0.28 8 7 0.53 0.264
11083 2 5 0.29 10 12 0.45 0.665
13394 2 3 04 10 14 0.42 1
14418 1 4 02 1 13 0.46 037
16954 0 3 0 12 14 0.46 0.246
17614 1 4 0.2 11 13 0.46 037
18060 2 9 0.18 10 8 0.56 0.064
26144 2 1 0.67 10 16 0.38 0.553
26885 1 3 0.25 11 14 0.44 0.622
28144 4 1" 0.27 8 6 057 0.139
28253 3 1 0.75 9 16 0.36 0.279

*Based on the mutation status on each site, we divided the patients into two groups. VG represent a group of patients carrying COVID-19 which mutated on this site, while RG represent
a group of patients carrying COVID-19 which was the same as reference at this site.
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Gene S

SARS-CoV-2 wt

ALPHAB.1.1.7

BETA B.1.351

GAMMA P-1

DELTA B.1.617.2

OMICRON
B.1.1.529

LAMBDA C.37

MU B.1.621

ZETA*P.2

EPSILON*
B.1.427-1.429

Del 69-70 @\* 51O°  D614G P681H

(7
-

D215G Del 242- K417N E484K N501Y D614G

|

K417T E484K N501Y NG
o Y\e"d

|

L452R  T478K D614G P681R

> oA D & O A &
Del 69-70 G446 & & F SESEE S & &
< 4 >
Del 247- L452Q F490S D614G
253

E484K N501Y D614G P681H

E484K D614G

L452R D614G
*VOI until July 2021
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Patient lliness severity  Date of enroliment No. of sample Allele of 28144 Allele of 8782 Counts of haplotypes in Network

HF1 severe Jan 26, 2020 9.20 T c 2
HF2 mild Jan 28, 2020 38 T C 1
HF3 severe Jan 28, 2020 37 T c 1
HF4 severe Jan 28, 2020 34,187 T c 1
HFS severe Jan 28, 2020 29.179 T C 2
HF6 severe Jan 28, 2020 388 T c 1
HF7 mild Jan 30, 2020 60 T C 1
HF8 severe Jan 31, 2020 679. 835 T C 2
HFY mid Feb 6, 2020 300 T c 1
HF10 mild Feb 6, 2020 299 T L] 1
HF11 mild Feb7,2020 240 T C !
HF12 severe Feb 7, 2020 362. 624 T C 2
HF13 severe Feb 7, 2020 241.396.909 T c 2
HF14 mild Feb 7 2020 364 T C 1
HF15 mild Feb 7, 2020 363 T c 1
HF16 severe Jan 31, 2020 667 C C 1
HF17 severe Feb 2, 2020 163 C T 1
HF18 severe Feb 3, 2020 167 C % 1
HF19 mild Feb 7, 2020 247.626.742 C c 2
HF20 mild Feb 7,2020 619 C T 1
HF21 mild Feb 7, 2020 615. 865. 806. 947 [ T 4
HF22 mild Feb 12, 2020 425.543.707.839.912.932 C T 4
HF23 mid Feb 16, 2020 790 c c 1
HF24 severe Feb 16, 2020 764.795. 844 C T 2
HF25 mild Feb 18, 2020 661 Cc T 1
HF26 mild Feb 21,2020 728.787. 863. 966 C x 4
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*The term “novel” means the mutation has not been identified in other SARS-CoV-2 sequences submitted to NCBI. The term “shared” means the mutation has also been identiied in
other SARS-CoV-2 sequences submitted to NCBI.
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SARS-CoV-2
variant
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Variant
type
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VOC

Voc

VvoCc

VOoCc

VoI

VoI

VoI

VoI

VBM

VoI

VoI

First identified

UK, September
2020

South Africa,
October 2020
Japan and
Brazi,
December 2020
India, Decernber
2020

South Africa,
December 2021

United Kingdom/
Nigeria,
December 2020
United States
(New York),
November 2020
India, December
2020

California, July
2020

Brazil, January
2021

Peru, August
2020

Colombia,
January 2021

Major
geographic
distribution

Worldwide

Africa

South
America

Worldwide

Worldwide

North
America

North
America

Asia

North
America
South
America

South
America

South
America

Predominant
spike
mutations

N501Y

K417N, E484K,
N5O1Y
K417T, E484K,
N501Y

L452R, E484Q,
T478K
N501Y, K417N,
TAT8K, E484A,
D614G

E484K, D614G,
Q677H

E484K, D614G,
A701V, L452R,
S477N

L452R, E484Q,
D614G, PE81R
L452R, D614G

E484K, D614G

1L452Q, F490S,
D614G

R346K, E484K,
N501Y, D614G,
PB8IH

Effects on

Effects on

transmissibility virulence

Increased

Increased

Increased

Increased

Increased

No evidence

No evidence

Increased

Unclear

Reduced

Increased

Increased

Increased

Increased

Increased

Increased

Reduced

No evidence

No evidence

No evidence

No evidence

No evidence

Increased

No evidence
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(10)
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gov/coronavirus/2019-ncov/variants/
variant-info.htm)
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en/covid- 19/variants-concern)
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Generation Cases Age (years) Gender Address (Hanjiang/ Classification Median Date of

(Male/Female) Guangling/Jiangdu) (Mild/Common/Severe) Diagnosis
Oth 1 64 01 1/0/0 0/1/0 7/28
1st 66 7017 £9.22 17/49 64/2/0 11/50/5 8/2
2nd 68 55.0 +£21.32 30/38 54/13/1 23/43/2 8/4
3rd 41 46.65 + 24.93 17/24 19/22/0 20/20/1 8/5
4th 15 29.47 + 20.03 8/7 9/6/0 9/6/0 8/8
5th 6 23.0 +16.27 3/3 4/2/0 2/4/0 8/11

6th 1 40 0/1 0/1/0 0/1/0 8/13
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Gene Position Base Case
1 2 3 4 5
nsp2 1613 A 0 707 01 974 0
T 0 0 0.1 0 0
G 0 0 0.1 0 0
c 100 293 99.8 26 100
Depth 10,346 1,078 1,992 114 10,139
nspd 9565 A 0 0 0 0 0
T 835 48.0 94.1 99.9 799
G 0 0 0 0 0
C 16.5 52.0 59 0.1 20.1
Depth 13,893 13,263 6,656 18,564 16,709
nspé 11286 A 17 3.1 33 14 20
T 949 905 90.9 96.3 94.0
G 34 6.4 57 23 4.0
c 0 0 0 0 0
Depth 20,745 12,194 9,999 36,273 20,443
nsp6 11287 A 43 8 7 28 5.1
T 21 356 37 18 23
G 93.6 886 886 95.4 26
C 0 0 0 0 0
Depth 20,788 13,500 10,009 36,375 20,462
nspé 11611 A 0 0 0 0 0
T 0 204 o 274 o
G 0 0 0 0 0
c 100 796 100 729 99.9
Depth 14,116 2,010 6,667 48,036 10,454
ORF8 28254 A 93.0 946 942 95.2 96.5
T 0.1 0 0 0 0
G 0.0 0 0 0 0
c 33 14 14 37 16
Def® 37 40 4.4 1.1 20
Depth 17,168 4,656 5,297 82,051 20,152

Del, base deletion.
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Classification Age Gender Region

(x £s) Cases Rank Male Female Hanjiang Guangling Jiangdu
Mild type 35.29 + 23.26 175 188.30 84 91 102 70 3
Common type 55.17 +£19.30 385 323.69 154 231 266 17 2
Severe type 77.90 + 6.30 10 516.10 4 6 9 1 0
Statistic 101.30 3.177 10.516
P-value <0.001 0.204 0.029
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‘Genome Position
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14120
14408
17421
18315
18877
21697
21794
22323
23403
23929
25563
25855
26051
26456
26681
26735
27870
28887
29311
29754

“Ref.; Reference genome (Wuhan Hu1).
BN\S, non-synonymous; S, synonymous; InDel, insertion/deletion. The bold values indicated to highlight value differences.
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Parameter

Demographic
Age (years)
Gender
Comorbidity

Case 1 Case2
14 1

Female Male

AML, septic shock, AML, hypovolemic
systemic fungal infection  shock, gastroenteritis

Presenting symptoms, clinical, and radiological features

Fever
Cough
Diarrhea
Nausea
Vomiting
Myalgia
Hematochezia
Hematemesis
Melena
Abdorninal pain
Anorexia

Chest X-ray

Treatment

Outcome

+ +
+ -

+ -

+ =

- +

- +

- +

- +

No abnormality detected  Pneumonia
Chemotherapy TCand PRC
(oytarabine, carboplatin, transfusion
etoposide, methotrexate),

dexamethasone,

ceftazidime, IV
meropenem, IV
imipenem-cilastatin,
favipiravir, IV remdesivir

Discharged Fatal

Case 3

7

Female

Ewing's sarcoma,
superior vena cava
syndrome, sepsis

+

+
+

Right pleura effusion,
pneumonia
Dexamethasone,
methylprednisolone,
amlodipine, furosemide,
lovenox, meropenem,
metronidazole, cefepime,
ceftriaxone, remdesivir

Fatal

Case 4

2
Male
AML, sepsis

Pneumonia

Chemotherapy,
dexamethasone, TC

transfusion, amikacin,

metronidazole,
fluconazole,
coftazidime,
meropene, tygacil,
cefotaxime,
cefepime, remdesivir

Fatal

Case 5

10
Male

AML, sepsis, MISC,
systemic fungal infection

No abnormality detected

Ghermotherapy,
morphine, sertraline, TG
and PRC transfusion,
mycamine, amphotericin
B, methylpredhisolone,
dexamethasone,
lovenox, meropenem,
levofioxacin,
ceftazicime, favipiravir,
acyclovir, VG

Fatal

AML, acute myeloid leukemia; IV, intravenous; IVIG, intravenous immunoglobulin; MISC, multisystem inflammatory syndrome; PRC, packed red cells; TC, thrombocyte concentrates.
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OMS Name (Pango
Lineage)

Alpha (B.1.1.7)

Gamma (PA)*

Delta (8.1.617.2)*

Lambda (C.37)0

Mu (B.1.621)°

Zeta (P2)
Epsilon (B.1.427/B.1.429)

Unclassified by RT-GPCR
Other lineages by WGS*
Lambda (C.37)%
B.1.1.348

N4

Others

Total

"Percentage of other lineages calculated from the total number of samples analyzed.

Variants by RT-gPCR
no/Total. (%)*

18/636 (2.83)

157/636 (24.69)

165/636 (25.94)

34/636 (5.35)

63/636 (9.91)

2/636 (0.31)
1/636 (0.16)
Total 440
196/636 (30.81)
Not Applicable

Not Appiicable

Not Applicable

Not Applicable
636

#Before the RT-qPCR L452Q assays were available.

£YOC, Variant of Concern.
VO, Variant of Interest.

$Panel of mutations available for RT-gPCR assays are depicted in bold font.

Variants by ILUMINA or Nanopore
WGS no/Total. (%)*

18/636 (2.83)

157/636 (24.69)

165/636 (25.94)

29/636 (4.56)

63/636 (9.91)

2/636 (0.31)
1/636 (0.16)
Total 435
Not applicable
107/636 (16.82)

42/636 (6.60)

14/636 (2.20)

38/636 (5.97)
636

Main root mutations in S gene of
SARS-CoV-2 lineages according
to WGS$

H69-, V70-, N501Y, A570D, D614G,
P681H, T716l, S982A.

L18F, T20N, P26S, D138Y, R190S,
K417T, E484K, N501Y, D614G,
H655Y, T10271, V1176F.

T19R, G142D, E156~, F157-,
R158G, L452R, T478K, D614G,
PE81R.

R246-, S247-, Y248~ L. 249-,
T250-, P251-, G252-, D253N,
L452Q, F4908, D614G, TBSON.
TO5I, Y1448, Y145N, R346K, E484K,
N501Y, D614G, P681H, DISON.
E484K, D614G, Q677H, V1176F.

$13I, W152C, L452R, D614G.
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Protocol

Targets
Nasopharyngeal swab (pregnant)
Placenta

Virus isolated in Vero cells (placenta)
Nasopharyngeal swab (fetus)

*ND, not detect

ND*
18
NT

Allplex (Seegene)

RdPD
ND*
14
NT
ND*

ND*
14
NT

N1
NT
NT
10,2
ND*

cpc

N2
NT
NT
10,6
ND*

EDx (Biomanguinhos)

E
ND*
22
10.1
ND*

Variants

NT*
17
NT
NT*
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Pango  Numberof Rangeofdays Range of viable Vaccine

lineage  samples since considered virus (mean); manufacturer
fully vaccinated PFU/mL (logso)
(mean)

B.12 2 13-29 (21) 30-8.4(32) Pfizer(2),
Moderna (0),
J8J0)

B13515 4 24-38(30) 1.4-43(40)  Plizer (1),

(Beta) Moderna (0),
J8IE)

8.1 1 18 14 Plizer (0),
Moderna (0),
J&Jd (1)

B.1.525 1 31 37 Plizer (0),
Moderna (0),
J&Jd (1)

B1617.2 47 34-193(120)  1.4-7.0(68) Plizer (24),

(Delta) Moderna (19),

J&J (4)
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samples

1
18
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14-37(33)
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SARS-CoV-2 genome sequences

Real-time screening and

T WCGNA modeing
& of FTMs highlighting
using lag features
prevalent variants
Vs.
Exhausting monitoring .
Prevalent variants
for:eachisebiyme monitoring for
to identify v

clinically imporant variants clinically important ones

A potential list of VUI or VOC

B Sequence curation
Sequences are retrieved according to submission date but leveraged
according to collection date.

Bioinformatic analysis for mutation calling
SNPs and INDELs are determined by a bioinformatic framework
proposed by Massacci, et al. (2020)

Generation and filtration of FTMs
All emergent mutations are involved and those randomly introduced are
predicted and filtered. FTM - frequency trajectory of a mutation.

Weighted network construction

Mutations represented by FTMs are referred to as nodes and pairwise
synchronous relationships are quantified using Pearson correlation.

Module identification
The topological overlap measure based clustering is utilized to identify
modules which may help us to detect and define variants.

!

Core mutations for variant determination
Mutations with connection strengths to any other intra-modular nodes
larger than a cutoff are chosen as core mutations to determine a
variant.

Phylogenetic branch assessment
Phylogenetic analysis might be necessary for further validation of
genome sequences defined by module core mutations.
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Characteristic Total cases tested Cases with known date of vaccination (N = 79)
positive after

vaccination
(N =94)
Group 1 Group 2 Group 3 p-value®
(n=9,11.4%) (n = 16,20.3%) (n = 54, 68.4%)
Age (median, range) 555 (23-92) 53 (24-59) 57.5(24-82) 49 (23-87) 0.540
Gender (n, %) 38 (40.4%) 2(22.2%) 8 (50.0%) 22(40.7%) 0.397
Male
Fo4 56 (59.6%) 7(77.8%) 8 (50.0%) 32 (59.3%)
Category (n, %) 82 (87.2%) 9(100.0%) 13 (81.3%) 50 (92.6%) 0228
Hew
Age over 80 12 (12.8%) - 3(18.8%) 4.(7.4%)
Symptoms at 45 (47.9%) 8(88.9%) 8(50.0%) 23 (42.6%) 0.037
diagnosis (n, %)
Yes
No 49(52.1%) 1(11.1%) 8 (50.0%) 31(57.4%)
Clinical course (1, %) 61(64.9%) 5 (65.5%) 10 (62.5%) 38(70.4%) 0.208
Pauci/asymptomatic
Mildl 26 (27.7%) 2(22.2%) 6 (37.5%) 13 (24.1%)
Severe 7 (7.4%) 2(22.2%) = 3(5.5%)
Qi8Hospitalisation 10 (10.6%) 2(22.2%) 1(63%) 4.(7.4%) 0.046
(0, %)
Yes
Admission to ICU 1(10.0%) - - =
No 84(89.4%) 7(77.8%) 15 (93.7%) 50 (92.6%)
COVID-19 outcome 83 (97.6%) 9(100.0%) 15 (100.0%) 46 (95.8%) 0598
(n, %)
Recovered
Dead 2(2.4%) - - 2(4.2%)

By Kruskal-Walls tests (for quantitative variables) and Chi-squared test (for categorical variables).
p-values <0.05 were considered statistically significant (in bolc).
*Available at the time of analysis for the following: total vaccinees, 85/94; Group 1, 9/9; Group 2, 15/16; Group 3, 48/54.





OPS/images/fmicb-13-859241/fmicb-13-859241-e000.jpg
1<t <T),

)





OPS/images/fmicb-13-875840/fmicb-13-875840-t001.jpg
DL28-RBD

Data collection

Space group P6522

Cell dimensions

a,b,c(h) 177.46,177.46, 133.13
@By () 90,90, 120
Wavelength (A) 09792
Resolution (A) 50.00 -3.00 (3.11- 3.00*
Rimerge 0.174 (1.565)
Roim 0.057 (0.509)
/ol 14.1(1.3)
Completeness (%) 100.0 (100.0)
Multplicity 92(9.7)
cc? 0.997 (0.852)
Refinement

Resolution (&) 44.37 -3.00
No. reflections 25,257

Ruork / Rieo 0.2264/0.2476
No. atoms 5026
Protein 4,878
Ligands 127

Solvent 21

No. residues 626
B-factors (A?) 97.7

Protein 9.3
Ligand/ion 1595
Solvent 60.8

R.m.s deviations

Bond lengths (A) 0.010

Bond angles (°) 1582
Ramachandran

Favoured (%) 97.09
Allowed (%) 291

Outlier (%) 0

PDB ID 7F5H

2Highest resolution shell is shown in parenthesis.
2cc,

S
0 = ey
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Gender

Male 182 (65%)
Female 98 (35%)

Age median (range) Age Median (Range): 47 (2 Days-85 Years)
Age group Number (%)

0-10 04(1.43)

11-20 13 (4.64)

21-30 35 (12.50)

31-40 58 (20.71)

41-50 50 (17.86)

51-60 50 (17.86)

61-70 46 (16.43)

71-80 21 (7.50)

81-90 03(1.07)
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Vaccines

Pfizer/BioNTech mRNA
vaccine

Moderna vaccine

AstraZeneca-Oxford
vaccine

ChAOx1 nCoV-19/
BNT162b2 mRNA
prime-boost
vaccination
Coronavac vaccine

DNA vaccines

NVX CoV-2878 vaccine

BBIBP-CorV vaccine

ZF2001 vaccine

SCB-2019 vaccine

Ad26.COV2.8 vaccine

Target variants

Alpha, Alpha with
E484K, Beta, B.1.526,
B.1.617, Gamma, Delta,

Delta plus, Lambda and
B.1.1.519 lineages

‘SARS-CoV-2 or variants

SARS-CoV-2 or variants

SARS-CoV-2

Ancestral strains,
D614G strains, Alpha,
B.1.429,B.1.526,
B1.351 and Gamma
variants

G614, Apha, Beta
variants

Beta variant

‘SARS-CoV-2 viruses

SARS-CoV-2 viruses

‘SARS-CoV-2 viruses

D614G, Beta, P2
lineage

SAEs, serious adverse events; NA, not available.

Antigens Population

Full-length S Adults; children

protein (6-11years
old); pregnant
women

Segments of  Adults
SARS-CoV-2
hereditary

material
Whole-length ~ Adults
S protein

Full-length S Adults

protein
Inactivated  Adults; the
whole elderly aged
SARS-CoV-2 270 years;
virus healthcare

workers

Plasmid DNA ~ Adults
carrying

spike-S gene

of

SARS-CoV-2

virus

SARS-CoV-2S  Adults
protein

SARS-CoV-2S  Adults; children

protein and
adolescents

Dimeric Adults

RBD-related

protein

S-Trimer Younger adults

protein (aged 18-54
years) and older
adults (aged
55-75 years)

Whole Adults

protein of

SARS-CoV-2

Efficacy SAEs

95% (156); 89.5-93.7%  Less than 2%
(Alpha) (99, 157); 75-100%

(Beta) (59, 158); 52.4-88%

(Delta) (99, 159); 22.5%

(Omicron);89-96% (for

pregnant women) (160)

94.1% (161); 96.4% (Beta)  2.9% (one
(162); 89% (Alpha); 85%  dose)-15.8%
(Beta, Gamma, B.1.617)  (two dose);
(146); 50.6% (Delta) (159)

62.1-79% (78, 163);61.1% More

(Beta); 10.4% (Beta; thrombotic
HiV-negative) (164); 74.5%  diseases
(Alpha); 67% (Delta) (99)

91.6% (165) No

83.5% (166); 50.65% No
(Brazil); 91.26% (Turkey)

(167); 75-88.1% (Alphal,
64.2-70% (Beta), 88.1%
(Gamma), 48.33-78.6%

(Delta) (seropositivity rate)

(168, 169)

33.33-100% No
(seroconversion rate) (170)

86.3% (Apha) (171); 49.4%  Rare
(Beta); 60.1% (HIV-negative)

(172); 43% (Beta, Gamma,
B.1.617) (146)

78.1-79.34% (167,173 No
91-96% for adults

(seroconversion rate) (174);
99-100% for children and
adolescents

(seroconversion rate) (175)

72-97% (seroconversion  0.83%
rate) (176)

86-100% (seroconversion  1.4%
rate) (177)

66.9-76.7% (14 days); No
66.1-85.4% (28 days)

(178, 179); 72% (Alpha);

57% (Beta, Gamma,

B.1.617) (146)

Immune type

Humoral
immunity

Humoral and
cellular
immunity

Cellular
immunity

Cellular and
humoral
immunity

Humoral
immunity

Humoral and
cellular
immunity

Humoral
immunity

Humoral
immunity

Humoral and
cellular
immunity
Humoral and
cellular
immunity

Humoral and
cellular
immunity

Phase

Phase 3 trial
(aclults); Phase
2/3 tial children)

Phase 3 trial

Phase 3 trial

Phase 2 trial

Phase 3 trial

Phase 1/2 trial

NA

Phase 1/2 trial

Phase 1/2 trial

Phase 1 trial

Phase 1/2a trial;
Phase 3 trial
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Therapeutic type
Antiviral therapies
Anti-SARS-CoV-2

neutralizing antibody
products

Immunomodulatory
agents

JAK inhibitors

Drugs

Remdesivir

Convalescent plasma

REGN-COV2

Bamlanivimab and
Etesevimab (LY-CoV555
or LY3819253 and
LY-CoV016 or
LY3832479)
Sotrovimab (VIR-7831)

Corticosteroids

Baricitinib

Ruxolitinib

Tofacitinib

BTK inhibitors
(acalabrutinib)

Severity of illness

Mid-to-severe

Severe

Mild-to-moderate

Mild-to-moderate

Mild-to-moderate

NA

NA

Severe

NA

Severe

JAK, Janus kinase; BTK, Bruton’s tyrosine kinase; CRF, C-reactive protein.

Suitable patients

Adults and children (age
12 years, weight = 40kg)
Ife-threatening COVID-19

Non hospitalized patients
with COVID-19 (age =12
years, weight = 40kg)
Adults

High-risk non hospitalized
patients

Hospitalized patients
without age limitation;
pregnant or breast-feeding
women

Hospitalized adult patients

Adults (age range: 18-75
years)

Adults

Adults (age range: 45-84
years)

Effect

Little or no effect

Effective: Alpha variant;
Resistance: Beta variant

Reduced viral load and 70%
hospitalization or death rate

Reduced viral load and 87%
hospitalization or death rate

Reduced 85% hospitalization or
death risk

Lower 28-day mortality for
patients receiving invasive
mechanical ventilation or oxygen
support

Improved the clinical symptoms;
reduced 2-week mortality rate
and recovery time

The improvement of chest C.T.
and faster recovery from
lymphopenia

Reduced the risk of respiratory
falure or death

Improved oxygenation;
normalized the CRP, IL-6 and
lymphopenia

References
(130-133)

(134-137)

(188)

(134, 139)

(140)

(141)

(142)

(143)

(144)

(145)
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Variants

Alpha

Beta

Gamma

Delta

Delta plus

Omicron

UK, United Kingdor

Nextstrain clade

201/501Y.V1

20H/501.V2

20J/501Y.V3

21A/8:478K

NA

21K

First identified

UK

South Africa

Japan/Brazil

India.

India

South Africa

Spike protein mutations

AHB9, AV70, A144, (E4B4K?), (S494P"), NSO1Y, AS7OD, DE14G,
P681H, T7161, S982A, D1118H (K1191N")

DB0A, D215G, A241, A242, A243, V36TF, P334L, R408I,
KA17N, E484K, N5O1Y, D614G, A701V

L18F, T20N, P26S, D138Y, R1908, K417T, E484K, NSO1Y,
D614G, He55Y, T10271, V1176F

THOR, (V7OF*), T8, G142D, E156-, F157-, R158G, (A222V"),
(W258L), (K417NY), L452R, T478K, D614G, PE31R, DISON
T951, G142D, R158G, L452R, T478K, KA17N

AB7V, AHB9, AV70, T95I, G142D, AV143, AY144, AY145,
AN211, 12121, ins214EPE, G339D, S371L, S373P, S375F,
K417N, N44OK, G446S, S477N, TAT8K, E484A, Q493R, GA96S,
Q498R, N501Y, Y505H, T547K, D614G, HE55Y, N679K, P681H,
N764K, D796Y, Q954H, N96OK, L981F, and N856K

Characteristics

Rapid transmissibility and higher
infectivity

Higher viral infectivity and immune
escape

Augment of viral transmissibilty

Most contagious; higher viral replication;
and leading to severe iiness

Increased transmissibilty; high affinity
with pulmonary epithelial cels; and
immune evasion

Increased viral replication, infectivity and
re-infection; increased transmissibility;
immune escape; recombination with
HCoV-229E viruses.

, deletion; ins, insertion; *, detected in some sequences but not all: NA, not available. The bold values show the shared mutation in all variants.
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Variable Unadjusted odds ratio

Variant (Ref = Deta)
* Alpha vs. Delta

« Epsilon vs. Delta

® Other vs. Delta

o Age

Race (ref = white)

o Asian

+ Black/African American

¢ Native American

« Other

* Pacific Islander

* Unknown

Gender (ref = male)

* Female

Body mass index (ref = not obese)
* Obese

Ethnicity (ref = Hispanic/Latino)
+ Non-Hispanic

¢ Unknown

Co-morbidities (ref = no disease)
+ Cardiovascular disease

* Respiratory disease

¢ Renal disease

+ Immune system disease

* Diabetes

* Malignancy

0.54
0.354
0410
1.025

1.011
0.83
0.371
0.70
1.02
241

1.14

1.21

1.26
1.79

11
223
112
1.39
284
1.33

95% Cl

0.266-1.09
0.233-0.538
0.276-0.609
1.005-1.0456

0.540-1.89
0.41-1.69
0.04-3.62

0.485-1.01
0.40-2.61

0.746-5.94

0.84-1.55

0.83-1.77

0.92-1.69
0.69-4.68

0.77-1.67
1.63-3.06
0.79-1.68
0.67-2.89
1.13-7.16
0.54-3.29

Adjusted odds ratio*

045
025
043
1.08

1.34
0.98
029
1.08
1.86
6.94

112

131

1.16
0.66

0974
1.96
077

1.391
222
1.08

95% Cl

0.20-0.97
0.16-0.43
0.26-0.70
1.01-1.05

0.62-2.88
0.39-2.46
0.03-3.25
0.65-1.73
0.66-5.31
0.61-79.53

0.84-1.76

0.86-1.96

0.72-1.86
0.06-7.06

0.63-1.51
1.31-2.93
0.49-1.20
0.58-3.33
0.83-5.96
0.36-3.12

*Adjusted for all other independent variables in the model.
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Age (Median, IQR)
Gender

* Female

* Male

Ethnicity

* Hispanic

+ Non-Hispanic

¢ Unknown

Race

+ Caucasian

* Affican American

* Asian /Pacific Islander/Native American
« Other/unknown

Body mass index

* Obese

* Not obese
Co-morbidities

+ Cardiovascular disease
* Respiratory disease

* Renal disease

+ Immune system disease
« Malignancy

* Diabetes

Disease severity

« Asymptomatic

* Mild

* Moderate

* Severe

Alpha
n=38

16.9(6.7-21.5)

19 (50.00)
19 (50.00)

11 (28.95)
25 (65.79)
2(5.26)

9(23.68)
7(18.42)
6(16.79)
16 (42.1)

11 (32.35)
23 (67.65)

9(23.68)
24 (63.16)
19 (60.00)
2(5.26)
00
3(7.89)

9(23.68)
26 (68.42)
2(5.26)
1(2.63)

Delta
n=426

12.18 (4.8-19.7)

209 (49.06)
217 (60.94)

165 (38.73)
245 (57.51)
16 (3.76)

132 (30.99)
28(6.57)
51(11.96)

215 (50.47)

82 (24.92)
247 (75.08)

90 (21.19)

222 (52.11)
97 (22.77)
18(4.29)
12 (2.82)
9(@.11)

54(12.69)
310 (74.88)
35(8.22)
18(4.29)

Epsilon
n=128

16.7 (102-21.7)

64 (50.00)
64 (50.00)

84 (65.69)
43(33.59)
1078

23(17.97)
2(156)
15 (11.72)
83 (68.75)

40 (44.94)
49 (55.06)

43(33.59)

78 (60.94)

37 (28.91)
8(6.25)
6(4.69)
4(3.19)

42(32.81)
78 (60.94)
8(6.25)
00

Other
n=153

14.8(7.4-19.8)

77 (50.39)
76 (49.67)

103 (67.32)
49 (32.09)
1(065)

29 (18.95)
5(27)
11(7.19)

108 (70.59)

39 (36.45)
68 (63.55)

41(26.80)

94 (61.44)

30 (25.49)
6(3.92)
4(2.61)
4(261)

51(33.33)
84 (54.90)
13 8.50)
5(827)

p-value

0.9929

0.0324
0.0895
0.0025
0.7686

14.14 (6.05-20.24)

369 (49.59)
376 (50.47)

363 (48.72)
362 (48.59)
20 (2.68)

193 (25.91)
42(5.64)
83(11.14)

427 (57.36)

183 (24.56)

418(86.11)

192 (26.77)
34(4.56)
22 (2.95)
20 (2.68)

156 (20.94)
507 (68.05)
58(7.79)
24(332)
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Time

Dec,
2020-Aug,
2021
Mar-Jun,
2021

Apr, 2021
Apr, 2021

Apr
01-Jun 06,
2021

Apr
15-May
27,2021
May
01-Jul 25,
2021

May
03-May
07, 2021

May
21-Jun 18,
2021

May
24-3un01,
2021

Jun 14-Jul
30,2021

Ju-Aug,
2021

Jul, 2021

Location

NA

NA

care home

awedding

NA

Gymnastics
Faciity

NA

NA

NA

Elementary
School

community

Prison

Nosocomial

famiy

hospital

Area

Eight U.S.
Locations

17 states

London

Houston,
Texas

Scotland

‘Oklahoma

Los
Angeles

Chennai

Guangzhou

Marin
County,
California

three

regions
Texas

Meir
Medical
Center

NA

NA

“Refers to the breakthrough infection rate.

Country

us

Incia

UK

us

UK

us

us

India

China

us

France

us

Israel

France

India

Staff

Frontline
Workers

COVID-19
cases

Resident
staff

family
members

COVID-19
cases

Gymnast,
staff,
households
covip-19
cases

COVID-19
cases

Delta VOC
infected

Student,
teacher,
parents

COVID-19
cases
Incarcerated
Person

Patient,
staff and
families

family
cluster
health

career

Vaccination
status

83%
vaccinated

2 doses
87.4%; 1
dose
12.6%

2 dose
75.6%; 1
dose 4.9%
fully
vaccinated

2 doses
39.4%; 1
dose
59.4%
38% fully
vaccinated

25.3% fully
vaccinated,3.3%
Partial
vaccinated

2 doses
21.0%,1

dose

44.7%

6.3% fully
vaccinated

10.79% fully
vaccinated

11.2%

vaccinated
79.4% fully
vaccinated

96.2%
vaccinated

25.0%
vaccinated

2
doses:29.8%;1
dose:58.6%

Incidence
rate

1.0%*

86.7%

63.6%"

<6.0%"

40.2%

45.0%

91.2%

70.1%

100%

12.0%"

90.8%

69.7%"*

16.7%"

75%"

1.6%"

Characteristics
and
prognosis

89.7%
symptomatic

0.4%
fatality

No severe

severe
<1%, died
<1%
hospital
admissions
19%

NA

More
infected

and

hospitalized
Moderate/Severe
15.0%,Died
08%

5.0% were
severe,

and 7.5%
were
critical

No
persons
were
hospitalized
NA

One (3%)
died
(unvaccinated)
19.0%

severe,

14.3%

critical and
11.9%

died
Uninfectedithe
vaccinated

NA

References

Fowlkes et al.
(C]

Gupta et al. (35)

Wiliams et al. (6)

Farinholt et al.
©9)

Sheikh et al. (36)

Dougherty et al.
@7

Griffin et al. (38)

Thangaraj et al.
(39

Wang et al. (26)
Lam-Hine et al.
©

Blanquart et al.

(40)

Hagan et al. (10)

Shitrit et al. (41)

Nathan et al. (42)

Rana etal. (49)
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Asymptomatic disease  Mild disease  Moderate disease Severe to critical disease p-value Totals

n=156 n =507 n=58 n=24 n=745
Age (Median, IGR) 12.8(5.24-185)  14.15 (5.92-20.6) 18.73 (13.04-22.64) 12.7 (4.92-17.2) 1414 (6.05-20.24)
Gender

* Female 67 (42.95) 266 (52.47) 25 (43.10) 11(45.83) 0135 369 (49.53)
* Male 89 (57.05) 241 (47.59) 33 (56.90) 13 (64.17) 376 (50.47)
Ethnicity

« Hispanic/Latino 90 (57.69) 230 (45.36) 29 (50.00) 14(68.33) = 363 (48.72)
* Non-Hispanic 63 (40.38) 263 (51.87) 29 (50.00) 7(29.17) 362 (48.59)
+ Unknown 3(1.92) 14 (2.76) 00 3(12.50) 20 (2.69)
Race

+ Caucasian 34 (21.79) 134 (26.49) 21 (36.21) 4(16.67) - 198 (26.91)
o African American 8(5.13) 30(5.92) 4(6.90) 00 42(5.64)
« Asian /Pacific Islander/Native American 12/(7.69) 64 (12.62) 4(6.90) 3(12.5) 83(11.14)
« Other/unknown 102 (65.38) 279 (65.03) 29 (53.45) 17 (70.83) 427 (57.36)
Body mass index

+ Obese 30(27.78) 118 (30.89) 16 (34.78) 8(34.78)

+ Non-Obese 78 (72.22) 264 (69.11) 30 (65.22) 15 (65.22)

Co-Morbidties

« Cardiovascular disease 46 (29.49) 105 (20.71) 20 (34.48) 12 (50) 00005 183 (24.56)
* Respiratory disease 62(39.74) 298 (58.78) 40(68.97) 18 (75) <00001  418(56.11)
* Renal disease 39 (26) 129 (25.44) 15 (25.86) 9(37.50) 06143 192(25.77)
+ Immune system disease 6(3.85) 23(4.54) 1(1.72) 4(16.67) 34(4.56)
* Malignancy 5(321) 13 (2.56) 00 4(16.67) 22(2.95)
« Diabetes 4(2.56) 9(1.78) 5(8.62) 2(8.39) 20(2.68)
SARS-CoV-2 variant

* Apha 9(5.77) 26(5.13) 2(5.26) 1(263) 38(5.10)
* Defta 54(34.62) 319 (62.92) 35(8.22) 18(4.23) 426 (57.18)
« Epsion 42(26.92) 78 (60.94) 8(6.25) 00 128 (17.18)

o Other 51(33.33) 84 (54.90) 13 (8.50) 5327 153 (20.54)
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BB Clashing) + (0.2513%Van der Waals Clashes)
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Class Order Family Species (common name) Probability of viral entry (95% Confidence Interval)
Bos indicus (indian Cattle) 9.98E-01(9.95E-01-1.00E+00)
Bos taurus (Exotic Cattle) 9.17E-01(8.53E-01-0.56E-01)
Bovidae Bubalus bubalis (Buffalo) 8.25E-01(7 20E-01-8.96E-01)
Bison bison bison (American bison) 3.60E-04(6.09E-05-2.13E-03)
Artiodactyla Bos indicus x Bos taurus (Indian crossbred Cattle) 1.00E+00 (1.00E+00-1.00E+00)
Camelidae Camelus bactrianus (Double humped Camel) 9.58E-01(9.19E-01-9.79E-01)
Camelus dromedaries (Single humped camel) 9.58E-01(9.19E-01-0.79E-01)
Caprinae Capra hircus (Goal) 8.08E-01(7.06E-01-8.80E-01)
Ovis aries (Sheep) 2.43E-01(1.26E-01-4.16E-01)
Stidae Sus scrofa (Pig) 1.86E-01(1.08E-01-8.02E-01)
Perissodactyla | Equidae Equus asinus (Donkey) 7.91E-01(6.77E-01-8.73E-01)
Mammalia Equus caballus (Horse) 4.80E-01(3.78E-01-5.85E-01)
Camnivora Mustelidae Mustela putorius furo (Ferret) 9.99E-01(9.98E-01-1.00E+00)
Lontra canadensis (North American river otter) 9.87E-01(9.71E-01-0.94E-01)
Felidae Panthera tigris altaica (Siberian Tiger) 8.92E-01(8.36E-01-9.31E-01)
Canidae Wulpes vulpes (Red Fox) 8.36E-01(7.71E-01-8.86E-01)
Canis lupus famillris (Dog) 9.78E-01(9.57E-01-0.88E-01)
Felidae Felis catus (Cat) 9.87E-01(0.71E-01-0.04E-01)
Rhinolophidae | Rhinolophus ferrumequinum (Greater horseshoe bat) | 9.83E-01(7.71E-01-8.86E-01)
Phylostomidae | Desmodus rotundius (Common vampire bat) 9.88E-01(0.74E-01-0.94E-01)
Chiroptera Phyllostomus discolor (Pale spear-nosed bat) 6.65E-01(5.49E-01-7.64E-01)
Vespertilonidae | Eptesicus fuscus (Big brown bat) 8.61E-01(7.82E-01-0.15E-01)
Myotis branti (Brandt's bat) 9.12E-01(8.48 E-01-9.51E-01)
Pteropodidae Proropus Alecto (Black fruit bat) 9.98E-01(9.93E-01-0.99E-01)
Rousettus aegyptiacus (Egyptian fruit bat) 1.00E-+00 (9.99E-01-1.00E+00)
Rodentia Cricstidae Cricetulus griseus (Hamster) 9.82E-01(9.50E-01-0.92E-01)
Muridae Mus musculus (Mouse) 4.97E-02(2.03E-02-1.17E-01)
Rattus norvegicus (Rat) 2.87E-01(2.00E-01-3.94E-01)
Lagomorpha | Leporidae Oryctolagus cuniculus (Rabbit) 9.94E-01(9.86E-01-0.98E-01)
Ochotonidae Ochotona princeps (American pika) 9.66E-01(0.38E-01-0.81E-01)
Pholidota Manidae Manis javanica (Sunda pangolin) 1.000E +00(1.00E+00-1.00E-+00)
Hominidae Homo sapiens (Human) 1.00E-+00(9.99-01-1.00E+00)
Macaca fascicularis (Crab eating monkey) 1.00E-+00(1.00E+00-1.00E+00)
Primates Cercopithecoidea | Macaca mulatta (Rhesus monkey) 1.00E-+00(9.99E-01-1.00E+00)
Macaca nemestrina (Southern pig-tailed monkey) 1.00E-+00(1.00E-+00-1.00E+00)
Hominidae Pan troglodytes (Chimpanzes) 9.99E-01(9.98E-01-1.00E+00)
Cercopithecidae | Papio Anubis (Baboon) 1.00E+00(9.99E-01-1.00E+00)
Proboscidea Elephantidae Loxodonta Africana (African elephant) 2.08E-01(1.40E-01-2.99E-01)
Cheloniidae Chelonia mydas (Green sea turtle) 7.71E-01(7.06E-01-8.26E-01)
Testudines Emydidae Chrysemys picta belli (Painted turtie) 4.96E-01(3.55E-01-6.39E-01)
Reptiles Trionychidae Pelodiscus sinensis (Chinese softshell turtle) 5.92E-01(4.03E-01-7.57E-01)
Crocodiia Aligatoridae Alfgator sinensis (Chinese aligator) 9.93E-01(9.80E-01-0.98E-01)
Crocodylidae Crocodylus porosus (Saltwater alligator) 9.82E-01(9.55E-01-9.93E-01)
Gallformes. Phasianidae Gallus gallus (Chicken) 4.84E-03(1.50E-03-1.46E-02)
Aves Meleagris gallopavo (Turkey) 8.15E-01(6.86E-01-8.99E-01)
Anseriformes | Anatidae Anas platyrhynchus (Mallard) 1.91E-03(4.31E-04-8.46E-03)
Accipitrformes | Accipitridae Haliacetus albicila (White-tailed eagle) 7.38E-01(5.96E-01-8.42E-01)

Aquila chrysaetos chrysaetos (Golden Eagle)

3.32E-02(1.54E-02-7.02E-02)
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Cohort Total
cases

Severe 16

disease

Mild 23

Total 39

Total
samples

26

25

51

Lineages (n samples)

B.1(7), B.6 (4), B.1.617.2

(13),A.2.2(1),A(1)
D.2 (11), B.1 (6),

B.1.617.2 (7), B.1.1 (1).
A(1), A2.2 (1), BA (13),
B.1.1 (1), B.1.617.2 (20),

B.6 (4), D.2 (11)

Gender
M:F
8M:8F
6M:15F

14M:23F

Age median
range

Median = 65;
Range 27-94
Median = 56;
Range 12-71
Median = 58;
Range 12-94

M, male; F, female.
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Evaluation parameters

Single model combination

Two model combination

Three model combination

6LZG | 6MOJ | 6VW1 | 6LZG &6MOJ | 6LZG & 6VW1 | 6MOJ &6VW1 | 6MOJ & 6VW1 & 6LZG
1. No of parameters significant in the modelat | 0.000 | 0000 | 0.000 6000 3.000 4,000 5.000
1%LS
2.No of parameters significant in the modelat | 1.000 | 4.000 0.000 4,000 7.000 1.000 3.000
5% LS
3. McFadden's R2 0700 | 0635 | 0705 0.652 0.583 0.486 0.553
4. Null deviance 52192 | 52192 | 52.192 104.385 104.385 104.385 156.577
5. Residual deviance 15659 | 19.036 | 15380 36.348 43.570 53.636 69.916
6.AIC 29659 | 37.036 | 37.380 64.348 73.570 71.636 69.916
7. p-value of the Chi-sq statistic associated | 0.186 | 0.186 0.186 0.128 0.128 0.128 0.089
with the null deviance model
8. p-value of the Chi-sq statistic associated | 0999 | 0990 0.997 0.999 0.998 0.991 0.999
with the residual deviance model
9. p-value that determine whether there is | 2.62E-05 | 5.77E-05 | 6.10E-05 |  1.84E-09 8.44E-08 2.93-08 414E-12
significant reduction in deviance from null
to residual
10. Hosmer and Lemeshow goodness of fit | 0999 | 0.895 0.906 0.469 0.920 0.095 0.654

(GOP) test
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Number of RT-PCR positive COVID-19 enrolled

N=1006
Number of vaccinated RT-PCR COVID-19
Patients
N=104
¥
Number of unvaccinated RT-PCR COVID-19 patients
N=902

Number non reactive for IgG antibodies
against N-protein and $1-RBD and IgM

antibody against $1-RBD

N=702

y
Number reactive for either IgG antibodies against N-
protein or S1-RBD or for IgM antibody against $1-RBD

N=200
Number reactive for IgM antibody
against $1-RBD
N=147
v
Number reactive for either IgG antibodies against N-
protein or $1-RBD
3
Number reactive for Number reactive for
1gG antibodies with 1gG antibodies
symptoms. without symptoms
N=30 N=23
Number reactive for Number reactive for Number reactive for Number reactive for
1gG antibodies with 1gG antibodies with 1gG antibodies with 1gG antibodies with no
blood sample collected | | blood sample collected || blood sample collected data on date of
within S days of after S days of within 5 days of last symptom onset or
symptom onset symptom onset exposure to confirmed date of last exposure
N=19 N=11 case with confirmed case
N=10 N=13
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Jan 13-14 Jan 17
Started to develop Covid-19 symptoms Diagnosed with SARS-CoV-2 infection by Jan 15 Oxygen saturation fell to <90%, with marked
(fever, cough, running nose, anosmia, RT-PCR (Ctv N gene=23.5 / ORF1ab gene=30.2) Second RT-PCR (Ctv N gene=23.0 / ORF1ab shortness of breath, leading to admission to the
headache, myalgia, and arthralgia) and Chest X-ray showed bilateral infiltrates gene=28.4), admitted to COVID-19 ward ICU and treatment with oxygen therapy at

10L/minute using a non-rebreathing mask

Feb 4 3 L Jan 25
Follow-up RT-PCR Jan 29 Follow-up RT-PCR (Ctv N Jan 22
(negative SARS-CoV-2) Discharged from hospital gene=35.6 / ORF1ab gene=35.8) General condition improved
and discharged from ICU

l

Feb 15 J‘-!I 7 Diagnosed with second SARS-CoV-2 Underwent self-isolation at home
Follow-up RT-PCR Developed Covid-19 symptoms infection by RT-PCR (Ctv N gene=20.1 Symptoms resolved four days later
(negative SARS-CoV-2) (anosmia and runny nose) / ORF1ab gene =19.2)
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SARS-CoV-2 Country Number of countries Spike mutations Impact

variant emergenceffirst  affected/world
detection cumulative
prevalence®
Viral load  Transmissibility hACE2 Disease severity  Immune escape Vaccine efficacy
binding
Alpha United Kingdom/ 169]21% 6970 del, A144 High (33-37)  50-70% 2-5fold  Higher disease Minimal reduction in BNT162b2 (Pfizer):
(BA4.7)  September, 2020 del, NSO1Y, Higher (33, 38, 39) higher (40)  severity (41) neutralization (40) 89.5-98% (40, 51, 52)
AST70D, D614G, Higher Lethality Low resistant to monoclonal Abs AZD1222 (AstraZeneca):
PBB1H, T716, (~60%) (42) () 75-84% (40, 49)
S082A, D1118H Increased severity ~ Modest to reduction in the NVX-CoV2373 (Novavax):
(hospitalization and  neutralization and efficacy of sera 85.6-96% (40, 53, 54)
mortality (43) from convalescent patients or  Ad26.COV2.S (Johnson
Negligible risk of vaccine (36, 41, 46) & Johnson): 70-72% (55)
reinfection (44) Minimal impact on neutralization
by convalescent and vaccine
sera (47-50)
Beta South 17]1% DBOA, D215G, 25 lessthan  20-113% higher 5-fold higher ~High reinfection 6-7 fold reduced neutralization  mRNA-12783 (Moderna):
(81.351)  Africa/October, L241del, L242del, delta variant (33, 40, 41, 57, 58) (40, 59) rates (41) of human convalescent plasma  96.4% (64)
2020 A243del, KA17N,  (56) Higher ratio of and RBD, NTD targeting mAbs ~ BNT162b2 (Pfizer): 75%
E484K, hospitalization (60) (40, 43) (40, 52) AZD1222
N501Y, D614G, Possible increase risk  Elevate resistance to Abs than  (AstraZenecal: 10-81.5%
ATOTY of in-hospital alpha variant (62) (40, 49, 65) Ad26.COV2.S
mortality (61) Significant redluction in the (Johnson & Johnson):
neutralization efficacy of sera  57-72% (40, 5)
from convalescent patients or  NVX-CoV2373 (Novavax):
vaccines recipients (41, 62, 63)  49-60% (54)
Gamma (1) Brazil/ November 862% L18F, T20N, Low CT ~161%higher ~ 2-8-fold  High reinfection Reduced neutralization by mRNA vaccines: 77% (70)
2020 P26S,D188Y,  values (@3, 41, 66) higher rates (41) human convalescent plasma (68) AZD1222 (AstraZeneca):
R190S, KATTN, (24, 28) (40, 67) Possible increased risk Resistant to neutralizing Abs ~ 64.1-70.4% (71)
E484K, NSO1Y, of hospitalization (60) (28, 60, 69) Ad26.C0V2.8 (Johnson
D614G, HE55Y, Increased lethality  Significant reduction in the & Johnson): 68% (55)
TH0271, V1176F (~80%) (42) neutralization efficacy of sera  CoronaVac (Sinovac):
from convalescent patients o 50.4% symptomatic and
vaccine recipients (40-42, 46)  78% mild SARS-CoV-2
Infection (72)
Delta India October, 171 54% T19R, V70F, High(73)  50-60% more  Highaffnity ~Secondary household ~3-8-fold redluction in BNT162b2 (Plizer): 75-88%
(B.1.6172) 2020 G142D, E156del, transmissible than (76, 77) attack rate neutralization by vaccine sera (61, 81)
F157del, R158G, alpha (40, 74, 75) elevated (78) and human convalescent plasma AZD1222 (AstraZeneca):
A222V, W258L, Increase of ©1) 53-67% (40, 51, 89)
KA17N, LAS2R, hospitalization risk (79) Increase of resistance to Bharat Biotech: 65% (40)
TATEK, DB14G, Increased oxygen ~ monoclonal Abs (82)
PEB1R, DISON requirement, ICU
admissions and
deaths (80)
Omicron ~ Botswana and 41 <05% ABTV, Possible high 10-foldmore ~ Strengthens  Increase Reduce neutralization by most of Decrease efficacy (3-90)
(B.1.1.529)  South Africa del69/70, (84-86) infectious than ~the affinity (n  COVID-19 severity  a large panel of potent
November, 2021 95, original virus o sifico) (87)  (?) monoclonal antibodies
G1420, about twice as Increase hospitalization and antibodies under
del143/145, infectious as the and death (?) commercial development (88)
1212, delta VOC (in Increase in case of  Vaccine-escape capabilty is
Ins214EPE silico) (84, 87) reinfection in South  about twice as high as that of
G339D, Africa (86) delta (in sifco) (87)
S371L, May compromise mAbs and
S373P, reduce the efficacy of antibodies
SB75F, (in'sifico) (87)
Q493R,
GAg6S,
Q498R,
N501Y,
Y505H,
T547K,
D614G,
HB55Y,
N679K,
PEB1H,
D796Y,
NBS6K,
Qs4H,
NOBOK,
L981F,
KA17N,
N44OK,
Gades,
SATIN,
TATEK,
E484A,

N764K
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Variable

Sex = male

Age group

Nationality = expatriate:

Absolute unwillingness to receive vaccines
Reliance on social media as source of information
Reliance on MOH official statements as source of
information

Self-rated familiarity level with Omicron variant
Agreement level with the effectiveness of vaccines
to prevent the spread of variants

Agreement level with the effectiveness of
unnecessary travel avoidance to prevent the spread
of variants

Agreement level with the possibilty of a second
national lockdown due to the Omicron variant

Multivariate adjusted odds ratio

0.692
0.865
0.295
5661
0.614
1.278

0.754
0.525

1.438

0.580

Dependent veriable: disagreement with mandatory COVID-19 vaccination.

95% C.I. for OR

Lower

0.487
0.723
0.209
3.308
0.438
0914

0.837
0.428

1.188

0.472

Upper

0.983
1.035
0.416
9.704
0.860
1.788

0.893
0.644

1.740

0.714

p value

0.040
0.113
<0.001
<0.001
0.005
0.152

0.001
<0.001

<0.001

<0.001
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Variable

Sex = male
Age = 35-44 years

Age = 45-54 years

Age > 56 years

Work area = ICU

Work area = OR

Previously diagnosed with COVID-19

Does not want to take the COVID-19 vaccine
Believes SARS-CoV-2 variants are expected

Believes universal masking is still effective at
preventing the spread of variants

Believes avoiding unnecessary international travel is
still effective at preventing the spread of variants

Agreement level that the Omicron variant has the
potential to cause a new COVID-19 pandemic wave
worldwide

Agreement level that COVID-19 vaccination should
be mandatory for all adults

Source of info: MOH website

Source of info: WHO website

Source of info: CDC website

Source of info: Scientific journals

Worry level in relation to the Delta variant

Dependent variable: COVID-19 vaccine ineffectiveness to prevent the spread of mutant variants, especially Omicron.

Multivariate adjusted odds ratio

0.857
1.255
1.502
1.965
1.925
2.148
1.292
1.664
0.799
0318

0617

1.208

0.356

0.760
1.474
0.768
0.774
1.127

95% C.1. for OR

Lower

0.609
0.863
0.967
1.054
1.194
0.878
0.897
0.833
0.638
0.258

0.499

0.934

0.263

0.544
1.046
0.521
0.5626
0971

Upper

1.208
1.827
2.332
3.663
3.103
5.256
1.863
2.937
1.000
0.393

0.763

1.662

0.478

1.062
2.077
1.133
1.137
1.307

p value

0.379
0.235
0.070
0.034
0.007
0.004
0.169
0.164
0.050
<0.001

<0.001

0.149

<0.001

0.108
0.027
0.183
0.191
0.117
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Variable

Universal masking ¢

Social distancing effectiveness ®

Avoiding unnecessary international travel f
Omicron variant potential/new COVID-19 pandemic 9
Omicron variant potential/COVID-19 wave "
Omicron variant potential/lockdown '

COVID-19 vaccine mandate |

Mean worry level in relation to international travel
Mean worry level in relation to original variant
Mean worry level in relation to Alpha variant
Mean in relation to level from Delta variant

Participants’ mean worry level in relation to the Omicron variant

Self-rated familiarity with Omicron variant
Self-rated familiarity with the Delta variant

Vaccines
effectiveness ?

0.707**
0.675*
0.603*
-0.002
0.005
0.010
0.179*
0.102**
0.069"
0.085*
0.069*
0.082**
0.090"*
0.094**

Universal masking
effectiveness ®

0.889*
0.755*
0.011
-0.015
0.027
0117+
0.134*
0.091*
0.075"
0.109*
0.103*
0055
0.082%

Social distancing
effectiveness ©

0.794*
0.017
0.000
0.051

0.113*

0.157*

0111

0.098"

0.124*

0.132**
0.069"
0.066*

COVID-19 vaccine
mandate /

0.139"
0.148"
0114
0.114*
0.167**
0.142*

2Vaccines are still the most effective way to prevent the spread of Omicron and other future variants. ®Universal masking i stil effective in preventing variant spread. °Social distancing
is stil effective in preventing variant spread. ®Participants’ agreement level with universal masking still being effective in preventing the spread of SARS-CoV-2 variants. ®Participants’
agreement level with the effectiveness of social distancing to prevent the spread of SARS-Co\V-2 variants. 'Perticipants' egreement level with the effectiveness of avoiding unnecessary
international travel to prevent the spread of SARS-CoV-2 variants. 9Participants' agreement level with the potential of the Omicron variant to cause a new COVID-19 pandemic wave
worldwide. "Participants’ agreement level with the potential of the Omicron variant to cause another COVID-19 wave in Saudi Arabia. 'Participants' agreement level with the potential
of the Omicron variant to cause second lockdown. IParticipants' agreement level with COVID-19 vaccine mandates.
“Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed). Correlation (1) coeffiients <0.10 are considered non-significant or are weak

even if their p < 0.050.
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Residents HCow

h=2)
Survivor Non- Al
(=10  sunivor  (n=14)
=4

Demographics
Age, median (IQR) 8.5 85  86(17.5-89) 37
years (67.8-88)  (81.3-935)
Female, No. (%) 9(90) 3(75) 12 (85.7) 2(100)
Comorbidities
and function
Hypertensiona 3(30) 3(75) 6(42.9) 0
Diabetes melitus 0 0 0 0
Coronary heart 0 0 0 0
disease
Cerebrovascular 2(20) 0 2(143) 0
disease
Chronic respiratory 0 0 0 0
disease
Chronic renal 2(20) 1(333) 3(21.4) 0
disease
Cognitive 6(60) 3(75) 9(64.3) 0
impairment
Ambulant 1(10) o 17.1) 2(100)
Outcome
Symptomatic 4(40) 1(25) 5(35.7) 2(100)
Duration of 21(12-81)  14(5-25) 195 ©.5
admission, median (12.8-28.3)
(range) days

Ap-value < 0.05.
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Variable Frequency Percentage

Vaccines are the most effective way to prevent the spread of the Omicron variant or other future variants

Agree 860 669

Disagree 425 33.1
Universal masking is still effective in preventing the spread of the Omicron variant or other future variants

Agree 999 7738

Disagree 286 222
Social distancing s stil effective in preventing the spread of the Omicron variant or other future variants

Agree 1,002 780

Disagree 283 220
Avoiding unnecessary international travel i sill effective in preventing the spread of the Omicron variant or other future variants

Agree 917 71.4

Disagree 363 286
The COVID-19 vaccine should be mandatory for all adult populations

Agree 1,056 822

Disagree 229 17.8
In view of the Omicron variant outbreak, what do you think is the best booster COVID-19 vaccine?

Any of the current mRNA vaccines (Pfizer-BioNTech or Moderna COVID-19) 549 427

A new mRNA vaccine that is developed to better target the Omicron variant 346 269

Another, non-mRNA-type vaccine 53 41

It does not matter; | will be OK with receiving any vaccine as a third booster dose 337 262
Who is at the highest risk from the Omicron variant in your opinion?

The elderly 894 149

Patients with diabetes 783 12.6

Patients with cardiovascular diseases such as hypertension 703 1.7

Patients with chronic renal disease 792 13.2

Patients with immune deficiency 1,014 16.9

Healthcare workers 846 14.1

“The obese population 607 10.1

The young population 335 56

Previously unvaccinated people (added from others) 18 03

Others 36 06
The Ormicron variant has the potential to cause a new COVID-19 pandemic wave worldwide.

Agree 741 57.7

Disagree 544 423
The Omicron variant may cause another COVID-19 wave in Saudi Arabia.

Agree 590 459

Disagree 695 54.1
A second national lockdown may be implemented if an Omicron variant outbreak occurs.

Agree 593 462

Disagree 692 538
Using a Likert rating from 1-5, how worried are you by

International travel * 3.19(1.12)

The original variant that started the first pandemic * 1.96 (1.14)

The Alpha variant (which was first described in the UK) * 167 (1.1)

The Delta variant (which was first described in India) * 1.97 (1.19)

The new Omicron variant * 2.18(1.14)

*Mean (SD).
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Variable

The Omicron variant is more transmissible than Delta
(True)

“Omicron” is one of the letters of the Greek alphabet
(True)

The Omicron virus spike protein has 22 mutations (True)
‘SARS-CoV2 Omicron vartant signs and symptoms are
the same as the original SARS-CoV-2 variant (False)
‘SARS-CoV-2 virus mutations are expected (True)

The Omicron variant causes more severe disease than
the original variant (False)

People who have previously had COVID-19 could
become reinfected more easily with Omicron (True)
COVID-19 mRNA vaccines (Pfizer-BioNTech and
Moderna) might be less effective against the Omicron
variant (not confirmed in the literature)

COVID-19 vector-based vaccines (AstraZeneca
ChAOx1-8) might be less effective against the Omicron
variant (not confirmed in the literature)

Therapeutics such as monoclonal antibodies might be
less effective against the Omicron variant (not confirmed
in the terature)

Variable

To the best of your knowledge, where was the SARS-CoV-2 Omicron variant first identified?

UK

USA

South Africa
China

India

Participants’ self-rated familiarity with the Omicron variant *
Participants’ self-rated familiarity with the Delta variant *

Participants’ sources of information about the Omicron variant

Hospital announcements (e.g., roll-ups or newsletters)

True
no. (%)

848 (66.0%)

674 (52.5)

362 (28.2)
722 (56.2)

1,004 (85.1)
493 (38.4)

480 (37.4)

376 (29.9)

290 (22.6)

251 (19.5)

Official statements or press releases from MOH (e.g., through SMS or newspapers)

MOH website
WHO website
CDC website
Saudi CDC

Social networks (such as YouTube, Facebook, Tuitter, WhatsApp, etc.)

Scientific journals
Other sources

*Mean (SD).

False
no. (%)

94(7.3)

81(6.9)

211 (16.4)
202 (22.7)

23(1.8)
374/(29.1)

269 (209)

258(20.1)

233 (18.1)

154 (12.0)

Frequency

15
16
1,197
a7
10

488
527
647
662
395
430
633
369
205

Neither true/false
no. (%)

343 (26.7)
580 (41.2)

712(55.4)
271 (21.1)

168 (13.1)
418 (32.6)

536 (41.7)

651 (50.7)

762 (59.9)

830 (68.5)

Percentage

12
12
932
37
08

3.24(0.95)

350 (0.99)

380
41.0
50.4
515
30.7
335
493
28.7
16.0
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Variable Frequency Percentage

Have you been in contact with COVID-19 patients during the past 3 months?

No 912 710
Yes 373 290
Were you previously diagnosed with PCR-positive COVID-19 yourself?
No 999 77
Yes 286 223

Did you travel to any country where the Omicron variant has been recorded during
the last month?

Yes 27 2.1
No 1,258 97.9
Which vaccine did you recsive for your first COVID-19 vaccine shot?
AstraZeneca ChAOX1-S 600 467
Modena 5 04
Plizer-BioNTech 676 526
Not received 4 03
Which vaccine did you receive for your second COVID-19 vaccine shot?
AstraZeneca ChAdOx1-S 296 230
Modena 20 16
Pfizer-BioNTech 963 749
Not received 6 05
Did you receive the third (booster) COVID-19 vaccine?
Yes 250 195
No: not yet eligible for it 566 440
No: I do not want to receive it 76 59

No: but | am planning to register for it 393 306
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Variable

Sex
Female
Male
Age group
25-84 years
35-44 years
45-54 years
> 55 years
Nationality
Saudi
Expatriate
Clinical role
Consultant
Assistant Consultant/Fellow
Resident/Registrar
Nurse
Alled Health Practitioner
Hospital type
Primary healthcare center
Secondary hospital
Tertiary hospital
Hospital working area
Intensive care unit (ICU)
Emergency room (ER)
Operating room (OR)
COVID-19 isolation ward
General ward
Outpatient department (OPD)
Non-clinical area
Geographical region
Riyadh City and Central Region
Eastern Province
Western Province
Northern Province
Southern Province

Frequency

822
463

434
477
273
101

484
801

319
74
203
640
49

338
302
645

141
o1
41
53

492

368
99

740
7
120
34
320

Percentage

84.0
36.0

338
371
212

79

37.7
62.3

248
58

158

49.8
38

263
235
50.2

1.0
74
32
41

383

286
7.7

576
55
93
26

249
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Pangolin lineage

B.6.6
B.6.6
B.1
B.1
Bt
B.1.36.8
A
A7

Next strain lineage

19A
19A
20A
20A
20B
20A
19B
19B
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Name

(Number of
mutation) source
sample

(Number of
mutation)
adapted virus

Common mutations*

Reversion of mutation*

Gain of mutation*

ILSO1

ILS03

ILS15

ILS24

11

12

ORF1ab; (G11083T, C13730T, C19524T,
G1820A, C6310A, C1498T, C6312A, C9451T)
Spike; (C23929T), Membrane; (T26861C),
Nucleocapsid; (C28311T)
5'-UTR; C241T, ORF1ab; (C3037T, C14408T,
T20874A, C21297A), Spike; (C21614T,
G22343A, A23403G)
5'-UTR; C241T, ORF1ab; (C3037T, C14408T),

Spike; (A23403G)

ORF1ab; C8782T, Spike;G22468T, ORF8;
(T28144C), Nucleocapsid; (G28878A)

None

None

ORF1ab; (C8917T, G9389A),
Nucleocapsid; (G28881A,
(G28882A, G28883C)

Membrane; (G26730T)

Spike; (A23014C)

ORFlab; (G19514T),
Spike; (A24538C)

Spike; (T21703G, C22444T)

ORF1ab; (C2143T, C10138T,
C10702T) Nucleocapsid;
(G28326T)
5'-UTR;G29742A

*Represents intergenic, non-synonymous, and synonymous mutations.
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Total (1 = 233)
VOC (a + ) (1= 17)
Non-VOC (n = 137)
B(h=10)

B (n=34)
B8.1.1(1=26)
B.1.163(1=9)
BA17(=6)
8.1.351 (1= 11)
8.1.36 (1= 10)
B.1.36.1 (1= 10)
8.1.36.16 (= 19)
B.1.5( =10
8.1.624 (1 =5)

B6 (=10

Age

363
36.59
37.27

378

395
34.15
30.78

365
37.18
33.00
42.70
38.23
33.50
40.00
43.10

p-value

0.854
0.523
0.054
0.568
0318
0.973
0.595
0.536
0.090
0.237
0.757
0.349
0.037

Asymptomatic

83 (35.60%)
10 (68.8%)
43 (31.4%)
1(10.0%)
13 (38.2%)
14 (53.8%)
1(11.1%)
1(16.7%)
9(81.8%)
4 (40.0%)
3(30.0%)
3(23.1%)
1(10.0%)
3(60.0%)
1(10.0%)

p-value

0.025
0.164
0731
0.040
0.226
0.582
0.003
0.999
0.966
0.50
0.164
0.351
0.164

Time of SARS-CoV-2

RNA turningnegative

17 (11.00-25.00)
26 (21.00-28.00)
17 (10.00-24.00)
19 (18.50-27.00)
17 (10.00-24.00)

18.00 (10.50-22.50)
12.5(5.00-19.00)
24 (15.00-31.50)
26 (18.50-27.25)
21 (11.00-27.75)
18 (13.50-29.25)
13.5 (4.25-27.75)

11.50 8.75-18.25)
41 (22.00-46.00)
14 (11.00-19.00)

p-value

0.027
0.677
0627
0.906
0.140
0.206
0.085
0.694
0.646
0273
0.142
0.007
0214

Time of

hospitalization

20 (14.50-28.00)
28 (23.50-30.50)
19 (14.00-26.00)
22 (16.50-31.75)
19 (14.00-26.25)

2050 (15.00-24.50)

15 (8.00-24.50)
29 (21.75-33.50)
28 (28.00-30.00)
19 (18.25-30.50)

22.5(14.75-26.75)

14 (8.00-24.50)
16 (12.75-21.25)
43 (31.00-62.00)
16 (12.50-20.75)

p-value

0.010
0.645
0.436
0.860
0.152
0.119
0.085
0.823
0.897
0.063
0.110
0.004
0.073

Patients infected with variant B.1.1 and B.1.351 had more asymptomatic cases in this study. Patients infected with variant B.1.351 and B.1.524 spent longer time in SARS-CoV-2 RNA

turn negative and hospitalization. Patients infected with lineage B.1.36.16 (14 vs. 20, P

063) and B.6 (16 vs. 20,

0.073) had a shorter time of hospitalization, respectively.
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Sample Name

Swab (S) ILSO1
ILS02
ILS03
ILS15
ILS24
Adapted virus (A) ILSO1
ILS02
ILS03
ILS15
ILS24

Clade

19A
20A
20A
20B
19B
19A
19B
20A
20A
19B

Total coverage

29,665
29,836
290,688
29,680
29,805
29,836
29,873
29,836
29,836
29,836

Missing region

1-30
1-54,521-530
1-2
1-33
1-30
1-32
1-4
1-4
1-29
1-29

*Represents intergenic, non-synonymous, and synonymous mutations in all the isolates.

Number of missing bases

30
64
2
33
30
32

29
29

Total mutation*

11
27
9
9
6
12
12
12
6
9
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Total B B.1 B.A.1 B.1.1.63 B.A.1.7 B.1.351 B.1.36 B.1.36.1 B.1.36.16 B.1.5 B.1.524 B6

Number 233 10 34 2 9 3 11 10 10 13 10 5 10
Asymptomatic  83(35.60%)  1(100%)  13(33.2%) 14(838%) 1(11.1%)  1(167%)  9(818%)  4(400%  3(300% 3(3.1%) 1(10.0%)  3(60.0%)  1(10.0%)
Gender (male) 0.755 090 0559 0846 0.889 1 1 0.80 050 0923 070 0.60 1
Age 35.30 37.80 39.50° 3415 3078 3550 37.18 33.00 4270 3823 3350 4000 43.10°
Comorbidity

Any 0.159 030 0.118 0038 0 0.667" 0091 030 0 0.077 010 0 030"
Diabetes 0.009 0 0 0 0 0 0 0 0 0 0 0 0
Hypertension 0.069 020 0.088 0 0 0.167 0.091 0.10 0 0077 0 0 0.30°
Cardiovascular 0.030 0 0 0.038 0 0.167 0.091 0 0 0 0 0 0.10
disease

Cerebrovascular 0 0 0 0 0 0 0 0 0 0 0 0 )
disease

Chronic kidney 0013 o 0.029 0038 0 0 o o 0 o 0.10 0 0
disease

Chronic lung 0.021 0.10 0 0 0 0.167 0 0.10 0 0 0 0 0
disease

Chronic liver 0060 0 0029 0038 o 050" o 0.10 0 0 0 0 0
disease

History of Cancer 0 0 0 o 0 o o o o 0 0 0 0
Laboratory test

Oxygenation index ~ 371.97 387.15 397.30 393.27 420,97 449.50 456.00 191.90" 418.98 40608 421.60 472.80° 369.500
Sp02% 98.49 97.93 98.40 98.56 98.44 99.50" 98.64 98.80" 98.20 98.62 97.89" 98.14 98.62
WBC 5995 5924 6530 5309 6916 6973 6.453 5070 5261 6654 5674 6560 5725
NE% 0585 0574 05618 059 0594 0658 0.470° 0608 0562 0653 0610 0618 0541
LYMPH% 0303 0290 0.267 0290 0.289 0218 0.607* 0309 0254 0235 0293 0270 0342
pCT 14.32 3274 11.58 19.44 0041 - 0281 0.100 0007 0077 28758 0045 42.109"
ESR 13.430 660 9556 8.400* 15.500 - 18.889 12.000 12.400 10667 32667 43.500° 11.500
AST 24708 2307 22.487 22,016 53.991" 46.500 21578 21.000 23,640 30100 25083 18.175 23.600
AT 26,647 2095 21.891* 24.376 54.471° 52750 25.356 21.000 24.700 36217 26300 23075 35,040
oK 105885 167.667" 69.195 274206 120500  82.000 46.778" 65333 47.600 54328 111614 28574" 77.840
DI 6280456  604.376° 38268660 2396986  66.000 - 0.402° 0333 102506 896328  812.417" 0257 967.051*
Time of 17 19 17 18.00 125 24 26 21 18 135 11.50 4“1 14

SARS-CoV-2 RNA (11.00-25.00) (18.50-27.00) (10.00-24.00) (10.50-22.50) (5.00-19.00) (15.00-31.50) (18.50-27.25)" (11.00-27.75) (13.50-29.25) (4.25-27.75) (8.75-18.25) (22.00-46.00)" (11.00-19.00)
turning negative

* Means significant diference (P < 0.1). When compared to the whole other groups, patients with lineage 8 had higher CK level (157.667 vs. 105.885, P = 0.003) and lower DDI level (804.376 vs. 6280.456, P = 0.081), Patients with
lineage B.1 were older than the other groups (39.5 vs. 35.3, P = 0.054) and lower ALT (21.891 vs. 26.647, P = 0.097). Lineage B.1.1 had higher rate of asymptomatic patients (53.8 vs. 35.6%, P = 0.040) and lower ESR level (8.4
vs. 13.43,P = 0.091). Patients with neage B.1.1.63 hed higher AST (53.991 vs. 24.703, P = 0.001) and ALT (54.171 vs. 26,647, P = 0.017). Patients with lineege B.1.1.7 had higher comorbicities rate (6.7 vs. 15.9%, P = 0.004),
especially in chronic lver disease (50.0 vs. 6.0%, P < 0.001), and higher Sp02% (99.50 vs. 98.49%, P = 0.007) and ALT (52.75 vs. 26.647, P = 0.035). Lineage B.1.351 had higher rate of asymptomatic patients (81.8 vs. 35.6%, P =
0.003), higher LYMPHS% (60.7 vs. 30.3%, P < 0.001), lower NE% (47 vs. 58.5%, P = 0.008), CK (46.778 vs. 105.885, P = 0.022), and DDI (0.402 vs. 6280.456, P = 0.046). Lineage B.1.36 had lower oxygenation index (191.900 vs.
371.970, P = 0.004). Lineage B.1.36.16 had higher ALT lovel (36.217 vs. 26.647, P = 0.089). Lineage B.1.5 had lower Sp02% (97.5 vs. 98.49%, P = 0.041), and DDI (812.417 vs. 6280.456, P = 0.004). Patients with ineage B.1.524
had higher oxygenation index (472.800 vs. 371.970, P = 0.095), ESR (43.5 vs. 13.43, P = 0.030) and lower CK level (23.574 vs. 105.885, P = 0.088). And those with lineage B.6 were oider than the other groups (43.10 vs. 35.30,
P = 0.087), had higher hypertension rate (30.0 vs. 6.9%,P = 0.020), higher PCT level (42.109 vs. 14.317, P = 0.013), ALT level (35.040 vs. 26.647, P = 0.066), and lower DDI level (967.051 vs. 6280.456, P = 0.004).
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Name

ILSO1

ILS02

ILS03

ILS15

ILS24

Accession no

EPI_ISL_463010 (S)
MW559533.2 (A)
EP_ISL_3039724 (S)
EPI_ISL_1190402 (A)
EPI_ISL_463032 (S)
EPI_ISL_1196305 (A)
EPI_ISL_463054 (S)
MW828325.1 (A)
EPI_ISL_463058 (S)
MW828330.1 (A)

Clade

19A
19A
20A
19B
20A
20A
20B
20A
19B
188
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Asymptomatic  Symptomatic  p-value
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RNA turn negative

Symptomatic group signilicantly lower in WBC count and lymphocyte count percentage
but higher in pet, ALT, CK and DDI than asymptomatic group.
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Loss of taste (LoT)
Bacteria Healthy

Streptococcus 7.9 0.5¢

Prevotella 6.1+£03°
Enterococcus 35£03
Rothia 50404
Veillonella 55+£04°
Neisseria 6.7 £0.4°

Haemophis 5.7 0.4°
Porphyromonas 4.8 4 0.4¢
Loss of motion (LoM)

Bacteria Healthy

Streptococcus 7.9 05

Prevotella 6103
Enterococcus 85+ 0.3*
Rothia 5.0+ 0.4°
Veillonella 55+04°
Neisseria 6.7+£0.4

Heemophiis 5.7 0.4°
Porphyromonas 4.8 + 0.4
Diarrhoea (DRR)

Bacteria Healthy

Streptococcus 7.9 %05

Prevotella 6.1+£03%
Enterococcus 356+£03°
Rothia 50404
Veillonella 5.5+ 0.4%
Neisseria 6.7 £0.4°

Heemophis 5.7 0.4°
Porphyromonas 4.8 % 0.4°
Medication (MC)

Bacteria Healthy

Streptococcus 7.9 05°

Prevotella 6.1+0.3%
Enterococcus 35+0.3%
Rothia 5.0 0.4°
Veillonella 55+04°
Neisseria 6.7 £0.4%

Haemophius 6.7 0.4%
Porphyromonas 4.8+ 0.4

COVID-LoT

8105
30+ 1.1
27£10°
68405
5109
23:41.4°
15£07°
04030

COVID-LoM

824032
36+ 1.12
30+0.8*
66+05°
53+0.8%
24120
21+09°
09+05°

‘COVID-DRR

86405
442070
43047
6803
504072
1.3404°
13£05°
134050

CovID-MC

85402°
49%07°
3705
7.1£03°
53406°
2008
13040
1.340.6°

Breathing difficulty and sore throat (BDST)

Bacteria Healthy

Streptococcus 7.9 % 0.5°

Prevotella 61203
Enterococcus 3.5 0.3°
Rothia 5.040.4°
Veillonella 5504
Neisseria 6.7 0.4

Haemophilus 57£04%
Porphyromonas 4.8 & 0.4

73+£02°
40£1.12
364127
65405
471190
144 1.4°
0.7 £04°
03:£020

COVID + LoT

78403
5.1+06°
43+05°
6.6+04°
56+06
1.24£04°
1.0+£0.4°
1.3 +£0.4°

COVID + LoM

84+03°
5106
42+06°
67+£03°
55+06°
1.1+04°
07£03°
1.4 +£0.4°

COVID + DRR

79404
5109
31112
64£04°
5606°
20+1.0°
0905°
0.4+0.6°

COVID + MC

8203
4309
40+08°
6203
5608
1.0£0.5°
09:0.6°
0.8 +0.4°

COVID-BDST ~ COVID + BDST

89012
5006°
39404°
68+03°
5905
1.64+0.5°
14£05°
1.4£05°

Tp-value

0.0838
0.0405
0.4003
0.0083
0.6152
3.1e-05
8.0e-06
1.5e-05

tp-value

0.1222
0.1262
0.6124
0.0054
0.6661

2.6e-05
5.0e-06
2.0e-05

tp-value

0.0671
0.2222
0.3181
0.00487
0.4224
3.40-05
8.5e-06
1.5-05

Tp-value

0.1576
0.1847
0.7931

0.0011

0.4477
2.8e-05
6.8e-06
1.6e-06

tp-value

2.7e-05
0.1338
0.6134
0.0039
0.4191

3.9e-05
7.4e-06
1.3e-05

Genera with atleast 1% read abundance in any of the tested groups were considered for
the differential abundance analysis. Relalive abundance is shown as mean  SD. Different
superscripts (94) placed with mean values i the same column convey their significant
diference in bacterial abundance with each other. 'p-value adusted with Bonferroni

correction.
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Loss of taste (LoT)

Bacteria Healthy
Streptococcus 1.9+0.4°
Escherichia-Shigella 2.6 + 0.4°
Prevotella 89£0.10
Enterococcus 12£06°
Bacteroides 27£06°
Bifidobacterium 29:£04°
Loss of motion (LoM)

Bacteria Healthy
Streptococcus 1.94+0.4°
Escherichia-Shigella 2.6 + 0.4°
Prevotella 89£0.1°
Enterococcus 12:£06°
Bacteroides 27406
Bifidobacterium 29:+£04°
Diarrhoea (DRR)

Bacteria Healthy
Streptococcus 1.9+04°
Escherichia-Shigella 2.6  0.4°
Prevotella 89+0.12
Enterococcus 12:£06°
Bacteroides 27406
Bifidobacterium 29+04°
Medication (MC)

Bacteria Healthy
Streptococcus 1.9+ 0.4°
Escherichia-Shigella 2.6  0.4°
Prevotella 89+0.1
Enterococcus 12406°
Bacteroides 27+06°
Bifidobacterium 29+£04°

COVID-LoT

3.4£04%
7406
44100
4309
55+13%
51%1.0%

COVID-LoM  COVID + LoM

374047
6310
41£09°
4208
51£1.2%
50+08*

COVID-DRR  COVID + DRR

3408
48£05°
49+06°
5108
55+£09%
5106

CovID-MC

33+£04%
5808
6.2:+06°
4909
53+08%
46406%

COVID + LoT

35+03
5.6+0.6"
53+0.6°
51£07°
56+0.7%
47£05°

33+03
5806
5.6+ 06
52+08"
5807
48+05°

34+04%
8102
55409°
45409°
5607
44£05%

COVID + MC

35+0.3"
62+06*
40£0.7°
4907
58+0.9*
5.1+06

*tp-Value

0.01446
0.00048
1.8e-05
0.0003
0.0152
0.0138

tp-Value

0.01196
0.00094
1.2e-05
0.00027
0.01394
0.01388

tp-Value

0.01394
1.3¢-05
2.4e-05
0.00038
0.01498
0.01125

tp-Value

0.012
0.00095
7.3e-06
0.00041
0.01388
0.01042

Genera with at least 1% read abundance in any of the tested groups were considered for
the differential abundence anaysis. Relative abundance is shown as mean s SD. Different
superscripts (“2:°4) placed with mean values in the same column convey their significant
difference in bacterial abundance with each other. Tp-value adjusted with Bonferroni

correction.
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Select Country: Fold Enrichment FDR

USA N - ¢ 0.05 °

The #samples in this country: 1484408
Total #samples: 4899551

I csv l l Excel Search:
Number of samples with the lineage Ratio

Lineage F.E. FDR-adjP *

Country selected All world Country selected All world
B:1.139 3:29 0 1169 1174 0.000788 0.00024
B.1.206 3.29 0 930 934 0.000627 0.000191
AY.2 3.28 0 2103 2116 0.00142 0.000432
Av.3.1 3.28 0 9098 9166 0.00613 0.00187
AY.116.1 327 0 2875 2901 0.00194 0.000592
B.1.517 321 0 1685 1702 0.00114 0.000347
B.1.564 3.27 0 1744 1762 0.00117 0.00036
AY.120.1 3.26 0 1150 1165 0.000775 0.000238
B:1.1103 3.26 0 845 855 0.000569 0.000175
B.1.234 3.26 0 5641 5707 0.0038 0.00116
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Select Country:

USA

The #samples in this country: 1484133

v

A
v

Total #samples: 4898556

Fold Enrichment FDR

<>

0.05

Search:

' Ccsv l ’ Excel ‘
Number of samples with the SNV Ratio
SNV F.E. FDR-adj P
Country selected All world Country selected All world
A1002G 2:15 1.01e-44 260 400 0.000175 0.0000817
A1003G 2.5 1.57e-29 116 153 0.0000782 0.0000312
A10067G 2.44 0.000184 17 23 0.0000115 0.0000047
A10070T 3.3 2.02e-7 15 15 0.0000101 0.00000306
A10075G 2.5 0 5073 6697 0.00342 0.00137
A1007T 2.34 0.000429 17 24 0.0000115 0.0000049
A10089G 2.28 1.13e-50 251 363 0.000169 0.0000741
A10108C 3.3 0.00000202 13 13 0.00000876 0.00000265
A10108T 3.3 0.0018 7 7 0.00000472 0.00000143
A10111T 3.3 6.25e-9 18 18 0.0000121 0.00000367
Showing 1 to 10 of 6,949 entries Previous 2 3 4 3 695 Next
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T17040C nspi13_N268N AY.4(246572), AY.4. 2(67007) AY.4.2.2(21770)
T4237C nsp3_N506N AY.4(60364), AY.4.6(239), B.1.1.7(156)

C6408T nsp3_S1230F AY.120(22035), AY.4(4161), AY103(2138)

C22127T S_L189F B.1.258.17(6912), AY.25.1(253), B.1.258.4(220)
C14697T nsp12_F419F B.1.258.17(6878), AY.44(730), B.1.1.7(281)
G19398T nsp14_E453D B.1.258.17(6863), B.1.1.7(319), B.1.160(68)
C22227T S_A222V AY.A. 2(66991) B.1.177(59905), AY.9.2(35121)
C20451T nsp15_N277N AY.25(9973), B.1.258(5633), AY.4(2209)
G10870T nsp5_L272L AY.4(15746), AY.14(4214), B.1.177.4(3597)

_ C66T . B.1.177.4(3588), B.1.1.7(1038), AY.4(806)

I C28093T ORF8_S67F AY.4(6164), B.1.621(4252), B.1.1.7(3332)

Type
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USA-WA1/2020 (working stock 2)
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Country or
region
Afghanistan
Algeria
Angola
Armenia
Benin
Burkina Faso
Burundi
Cape Verde
Central African
Republic
Chad
Comoros
Cote d'lvoire
Djibouti
Eritrea
Eswatini
Ethiopia
Federated States
of Micronesia
Guinea
Guinea-Bissau
Haiti
Honduras
Iraq

Jamaica
Kiribati
Kyrgyzstan
Lesotho
Liberia

Libya
Madagascar
Malawi
Marshall Islands
Mauritania
Mozambique
Namibia
Nicaragua
Niger

Palau
Palestine

Sao Tome and
Principe

Senegal
Sierra Leone
Solomon Islands
Somalia
South Sudan
Sudan

Syria
Tajikistan
Tanzania
Togo
Uganda
Uzbekistan
Vanuatu
Venezuela
Virgin Islands
Yemen
Zimbabwe
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5
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89
140
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77
84
248
41

263

178

24

95

224
54

18
87
49

o

248
595
81

46
11

12

Last sampled
date

5/29/2021
6/2/2021
7/19/2021
3/18/2021
7/23/2021
5/7/2021
7/28/2021
N/A
2021

2021
1/10/2021
2/24/2021
5/20/2021

N/A
7/26/2021
8/2/2021
N/A

7/7/2021
2021
8/7/2021
7/31/2021
7/28/2021
5/30/2021
N/A
N/A
1/18/2021
7/10/2021
3/3/2021
4/26/2021
7/5/2021
N/A
N/A
7/7/2021
7/13/2021

4/1/2021
N/A
4/9/2021
N/A

6/1/2021
6/7/2021
3/26/2021
4/6/2021
7/24/2021
7/3/2021
N/A
N/A
N/A
7/31/2021
8/9/2021
7/23/2021
3/26/2021
7/7/2021
5/30/2021
N/A
7/25/2021

Fully vaccinated
per 100

1.08 (August 20)

1.62 (August 20)

2.09 (August 3)
1.74

0.17 (August 3)

0.06 (August 31)
N/A

3.86 (August 3)
N/A

0.04 (July 29)
4.66 (August 3)
N/A
1.89 (August 5)
N/A
2.36 (August 2)
N/A
N/A

2.52
0.12 (August 9)
0 (August 2)
3.31 (August 3)
1.20 (July 11)
4.45 (August 6)
N/A
177
1.49 (August 25)
N/A
0.75 (August 18)
N/A
0.71
N/A
0.39 (August 3)
1.00 (August 3)
1.91
2.95 (August 17)
0.13 (August 9)
N/A
N/A
5.31 (August 3)

1.76 (August 3)
0.41 (August 27)
1.56 (August 2)
0.57 (August 21)
0.04 (July 19)
0.41 (July 18)
0.05 (July 9)
0.58
0.17 (August 8)
1.81 (August 3)
0.51 (August 20)
3.63 (August 2)
0.04 (July 27)
3.83 (July 12)
N/A
0.04 (July 27)
5.29 (August 2)
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Characteristics COVID-19 case (n = 20) Non-COVID-19 case (n = 266) Total (n = 286)

N % N % n %
Case 20 7.0% 266 93.0% 286 100.0%
Staff Healthcare workers 0 0.0% 68 23.8% 68 23.8%
etc. (caregivers) 8 2.8% 138 48.3% 146 51.0%
Participant Patients 8 2.8% 42 14.7% 50 17.5%
(unpaid) Family caregivers 4 1.4% 18 6.3% 22 7.7%
Sex
Male 8 2.8% 109 38.1% 17 40.9%
Female 12 4.2% 157 54.9% 169 59.1%
Age group (years)
<30 2 0.7% 101 35.3% 103 36.0%
40-49 0 0.0% 49 17.1% 49 17.1%
50-59 4 1.4% 49 17.1% 53 18.5%
60-69 6 21% 38 13.3% 44 15.4%
70-79 74 2.4% 18 6.3% 25 8.7%
>80 1 0.3% 11 3.8% 12 4.2%
Vaccination status
Unvaccination 7 2.4% 42 14.7% 49 17.1%
Incompleted vaccination 8 2.8% 29 10.1% 37 12.9%
Completed vaccination 5 1.7% 186 68.2% 200 69.9%
Symptoms
Asymptomatic 13 65.0% - - - -
Symptomatic Cough 2 10.0% - - - -
Sore throat 1 5.0% * * = *
Muscle ache 1 5.0% = = = =
Nasal obstruction 1 5.0% = = = =
Shivers/Chills 4 20.0% " - = =
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Country

United States

United Kingdom

Canada

Germany

South Korea

Sweden

France
Australia

Belgium
Hong Kong
Indonesia

Italy

New Zealand

Peru
Spain
Thailand

Phiippines

Israel
Turkey

Canary islands

AAY29 strains with collection dates and locations

EPI_ISL_3932831 (2021-07-23, Hawaii), EPI_ISL_3933098 (2021-07-28,
Hawaii), EPI_ISL_3933071 (2021-07-29, Hawail, EP|_ISL_3933081
(2021-08-02, Hawai), EP_ISL_3933062 (2021-08-05, Hawail,
EPI_ISL_3609214 (2021-08-09, Calfornia), EPI_ISL_4201347
(2021-08-10, Hawai), EPL_ISL_4345621 (2021-08-13, Hawail,
EPI_ISL_4728273 (2021-08-13, Hawaii), EPI_ISL_4728362 (2021-08-13,
Hawaii), EPI_ISL_4345610 (2021-08-20, Hawail, EP|_ISL_4345585
(2021-08-21, Hawai), EPL_ISL_4199055 (2021-08-23, Alaska),
EP|_ISL_4728460 (2021-08-25, Hawaii), EPI_ISL_3943129 (2021-08-26,
New York), EPI_ISL_4728404 (2021-08-31, Hawai), EPI_ISL_6053721
(2021-09-06, Hawai), EPI_ISL_5053784 (2021-09-08, Hawaii),
EPI_ISL_5004157 (2021-09-26, Hawaii, EPI_ISL_5053755 (2021-09-04,
Hawai), EPI_ISL_5053763 (2021-09-06, Hawaii, EP|_ISL_6698696
(2021-09-07, Hawai), EP_ISL_7263984 (2021-09-16, Hawail,
EPI_ISL_6257008 (2021-10-13, North Dakota), EPI_ISL_5998608
(2021-10-26, North Dakota), EPI_ISL_5967340 (2021-10-27, North
Dakota), EPL_ISL_6248505 (2021-11-05, North Garolina)
EPI_ISL_4176788 (2021-08-24, Calfornia), EPI_ISL_4176791
(2021-08-24, California), EPLISL_4176786 (2021-08-24, Mississipp),
EPI_ISL_5084382 (2021-09-28, North Carolina), EPI_ISL_5230354
(2021-10-06, North Carolina), EPI_ISL_5230408 (2021-10-08, North
Carolina), EP|_ISL_5238665 (2021-10-08, North Carolina),
EPI_ISL_5084355 (2021-09-26, North Carolina)

EPI_ISL_4176784 (2021-08-24, New Hampshire)

EP|_ISL_3749469 (2021-08-07, Ohio), EPI_ISL_3905086 (2021-08-23,
Utah), EPI_ISL_3905136 (2021-08-23, Utah), EP|_ISL_3905142
(2021-08-23, Utah), EPL_ISL_3905301 (2021-08-23, Utah)
EP|_ISL_4761230 (2021-09-17, New York), EPI_ISL_4514414
(2021-09-14, New York)

EPI_ISL_4910598 (2021-09-07, Missour), EP|_ISL_4997950
(2021-09-13, Missouri), EPI_ISL_4545516 (2021-08-31, Minnesota)
EPI_ISL_4183744 (2021-09-01, Calfornia)

EPI_ISL_4914318 (2021-09-02, Wisconsin)
EPI_ISL_4182356 (2021-08-28, California)

EPI_ISL_4812657 (2021-09-07, lllinois)

EPI_ISL_3573583 (2021-08-03, England), EPI_ISL_3883821
(2021-08-25, England)

EPL_ISL_3437719 (2021-08-10, England), EP|_ISL_3574088
(2021-08-11, England)

EPI_ISL_4531378 (2021-09-15, England), EPI_ISL_4531523
(2021-09-16, England)

EPI_ISL_3775708 (2021-08-15, England)

EPI_ISL_4530565 (2021-09-23, England)

EPI_ISL_4530448 (2021-09-21, England)
EPI_ISL_3471119 (2021-08-08, Scotland)

EPI_ISL_3574055 (2021-08-12, England), EPI_ISL_5484052
(2021-10-16), EPI_ISL_5484738 (2021-10-16)

EPI_ISL_3528603 (2021-08-12, England)
EPI_ISL_4122814 (2021-09-07, England)
EPI_ISL_3775517 (2021-08-19, England)
EPI_ISL_3471038 (2021-08-09, Scotland)
EPI_ISL_3574052 (2021-08-12, England)

EPI_ISL_4409271 (2021-08, Ontario), EPI_ISL_4409465 (2021-08,
Ontario), EPI_ISL_4409681 (2021-08, Ontario), EPI_ISL_4409854
(2021-08, Ontario)

EPI_ISL_4221013 (2021-08-05, Quebec)
EPI_ISL_4432932 (2021-08-22, British Columbia)

EPI_ISL_4001827 (2021-08, Ontario)

EPI_ISL_4433144 (2021-08-24, British Columbia)
EPI_ISL_4610540 (2021-09-16, North Rhine-Westphalia),
EPI_ISL_4610164 (2021-09-17, North Rhine-Westphalia),
EPI_ISL_4616094 (2021-09-21, North Rhine-Westphalia),
EPI_ISL_3886279 (2021-09-24, North Rhine-Westphalia)
EPI_ISL_5122077 (2021-09-21, North Rhine-Westphalia)

EPI_ISL_3878083 (2021-08-19, Beriin), EPI_ISL_40427883 (2021-08-26,
Lower Saxony)

EPI_ISL_5924898 (2021-07-30)

EPI_ISL_5924900 (2021-08-10)

EP_ISL_3869693 (2021-08-14)

EPI_ISL_3869916 (2021-08-19)

EPI_ISL_3869923 (2021-08-20)

EPI_ISL_4204297 (2021-08-31)

EPY_ISL_4535910 (2021-09-16, Stockholm), EPI_ISL_4867614
(2021-00-16, Vasternorrland)

EPI_ISL_4283365 (2021-08-16, Provence-Alpes-Cote d'Azur)
EPI_ISL_5033185 (2021-08-25, New South Wales)

EPI_ISL_3800062 (2021-08-23, Limburg), EP|_ISL_4031107
(2021-08-31, Limburg)

EPI_ISL_3219439 (2021-07-18)

EPI_ISL_3547114 (2021-08-14)

EPI_ISL_5022763 (2021-09-11, West Java)

EPI_ISL_3399092 (2021-08-14)

EPI_ISL_3506222 (2021-08-10, Auckland), EPL_ISL_3506223
(2021-08-10, Auckiand), EPI_ISL_3543461 (2021-08-17, Counties
Manukau), EPI_ISL_3664424 (2021-08-19, Auckland), EP|_ISL_3543458
(2021-08-17, Auckland), EPI_ISL_3709130 (2021-08-21, Counties
Manukau)

EPI_ISL_4417371 (2021-08-19, Lima)

EPI_ISL_4951307 (2021-09-17, Madrid)

EPILISL_5655524 (2021-08-22)

EPI_ISL_6695529 (2021-09-27), EPI_ISL_6695527 (2021-09-29)

EPI_ISL_5543733 (2021-07-28)
EPL_ISL_5545908 (2021-08-07), EPI_ISL_5657098 (2021-08-10)
EPI_ISL_5620348 (2021-08-07)
EPI_ISL_5331236 (2021-09-28)

EPI_ISL_6470526 (2021-09-09), EPI_ISL_6470525 (2021-09-13),
EPI_ISL_6470612 (2021-09-15)

Characteristic variants

NSP3:P402T

ORF8:P93S, NSP3:N873D

ORF3:5272G, NSP3:N873D

ORF8:P93S

ORF8:P93S, NSP2:T388!
ORF8:P93S, NSP16:T1511

ORF8:P938, NSP2:S36N,
Spike:G1099D

Spike:H146Q

NSP12:T76l, NSP1:M85del,
NSP3:A15378, Spike:Q173H

NSP3:11413F, NSP3:N1284S,
NSP3:v61!

ORF8:P93S, NSP13:1334V

ORF8:P93S, NSP3:Y1185C,
NSP5:A260V

ORF8:P93S, ORF7a:H73Y, NSP2:K67N

ORF3:D22Y, NSP12:L638F,
NSP13:Y541C

ORF8:P938, NSP1:R24C, NSP3:N444S,
N:D402Y, N:R41Q, Spike:L5F
ORF8:P93S, NSP14:A353T, N:T24N
ORF8:P938, NSP14:T3721, NSP2:A26V
(ORF8:P93S, NSP2:K67N

(ORF8:P93S, NSP6:Q208H
Spike:Q173H, Spike:S9291

ORF8:P93S, ORF3:W128L,
NSP3:G250V

NSP12:P227L, NSP3:51682F,
NSP3:T182l, N:S37P

ORF8:A65V

ORF8:P93S, NSP14:D496Y,
NSP2:T439A
ORF8:P93S

NSP12:L638F

ORF8:S67F
'ORF8:P938, NSP13:D204E,
Spike:R408l, Spike:V622F
NSP3:P402T
ORF3:T1511
NSP15:T1086!

ORF8:P93S, ORF3:D155Y,
NSP13:A598V
ORF8:A65V

ORF8:P93S, Spike:AB46G,
Spike:Q677H
ORF8:P93S

ORF8:P93S, M:E167K, NSP16:A34V,
NSP3:T350I, NSP4:K12R

ORF8:P93S, NSP4:5481L, NSP8:A18T

ORF8:P93S8
ORF8:P93S

ORF8:P93S, NSP12:T261, NSP4:T60l,
NSP8:D101A

NSP3:P402T, NSP16:H174R,
NSP7:A80V

(ORF8:P93S, Spike:T719!

ORF8:P93S, Spike:R158G

E:V62F, ORF3:L140F, ORF7a:P34S,
NSP14:D345Y, NSP1:E148G

ORF8:P938, NSP7:T45l, Spike:T778A
ORF8:P93S, ORF8:A65T

ORF8:P93S, NSP12:G108V,
NSP3:N1587D, NSP3:T1901

Spike:S1097L

Japanese AY.29
ancestral strain

EPL_ISL_3876586 (Tokyo)

EPI_ISL_4712063 (Okinawa)

EPI_ISL_4888720 (Okinawa/US
base)
EPI_ISL_2723565 (Tokyo)

EPI_ISL_2723565 (Tokyo)

EPI_ISL_3870758 (Ibaraki)

EPLISL_4759587 (Tokyo)

EPI_ISL_2723567 (Tokyo)
EPL_ISL_4708043 (Saitama)

EPL_ISL_3898844 (Tokyo)
EPL_ISL_2723565 (Tokyo)
EPI_ISL_4702802 (Saitama)
EPLISL_2723565 (Tokyo)
EPL_ISL_4698359 (Tokyo)
EPI_ISL_3896081 (Tokyo)

EPL_ISL_4757664 (Shizuoka)
EPL_ISL_3897760 (Japar)
EPY_ISL_2723565 (Tokyo)

EPI_ISL_4696458 (Tokyo)
EPL_ISL_3898182 (Tokyo)
EPI_ISL_2723567 (Tokyo)
EPI_ISL_3882891 (Chiba)
EPLISL_2723565 (Tokyo)

EPI_ISL_3882454 (Tokyo)

EPI_ISL_3799899 (Kanagawa)
EPI_ISL_4718461 (Osaka)

EPLISL_2723565 (Tokyo)
EPI_ISL_3896646 (Tokyo)
EPI_ISL_4698359 (Tokyo)

EPLISL_4692148 (Chiba)
EPL_ISL_4719577 (Fukuoka)

EPI_ISL_3876536 (Tokyo)
EPL_ISL_4725150 (Okinawa)
EPI_ISL_2768526 (Kanagawa)
EP_ISL_2723567 (Tokyo)
EPI_ISL_3900316 (Tokyo)

EPI_ISL_4646073 (Hyogo)
EPI_ISL_3899088 (Tokyo)

EPI_ISL_2723565 (Tokyo)
EPL_ISL_4649671 (Kumamoto)

EPL_ISL_4759372 (Hyogo)

EPI_ISL_2723565 (Tokyo)
EPLISL_2723565 (Tokyo)
EPL_ISL_4641635 (Gifu)

EPI_ISL_3882160 (Tokyo)

EPI_ISL_2723565 (Tokyo)

EPI_ISL_2768626 (Kanagawa)
EPI_ISL_2723565 (Tokyo)
EPI_ISL_2768526 (Kanagawa)
EPI_ISL_3882581 (Tokyo)

EPI_ISL_2768526 (Kanagawa)
EPL_ISL_4666215 (Tokyo)
EPLISL_2723565 (Tokyo)
EPLISL_2723565 (Tokyo)

EPI_ISL_4722362 (Tokyo)

118 samples were found in 20 countries. For each individual introduction represented by a row, additional characteristic mutations and ancestral strain in Japan

are shown.
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Accession ID in GISAID

EPI_ISL_9167163

EPI_ISL_9167164

EPI_ISL_9167165

EPI_ISL_9167166

EPI_ISL_9173037

EPI_ISL_9167167

EPI_ISL_9167168

EPI_ISL_9167169

EPI_ISL_9167170

EPI_ISL_9167171

EPI_ISL_9173038

EPI_ISL_9167172

Length (nt)

3804

3807

3807

3804

3806

3804

3804

2575

2577

2576

1966

1773

ExistingMutList

(Spike_H245Y,Spike_P681H,Spike_D614G,Spike_Y144del,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_T1027I,
Spike_D1118H,Spike_L242del,Spike_A243del,Spike_V70del,Spike_H69del)
(Spike_P26S,Spike_H245Y,Spike_P681H,Spike_D614G,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_T1027I,
Spike_D1118H,Spike_L242del,Spike_A243del,Spike_V70del,Spike_H69del)
(Spike_P26S,Spike_H245Y,Spike_P681H,Spike_D614G,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_T1027I,
Spike_D1118H,Spike_L242del,Spike_A243del,Spike_V70del,Spike_H69del)
(Spike_P26S,Spike_H245Y,Spike_P681H,Spike_D614G,Spike_Y144del,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_T1027I,
Spike_D1118H,Spike_L242del,Spike_A243del,Spike_V70del,Spike_H69del)
(Spike_P26S,Spike_H245Y,Spike_P681H,Spike_D614G,Spike_Y144del,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_T1027I,
Spike_D1118H,Spike_L242del,Spike_A243del,Spike_V70del,Spike_H69del)
(Spike_P26S,Spike_H245Y,Spike_P681H,Spike_D614G,Spike_Y144del,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_T1027I,
Spike_D1118H,Spike_L242del,Spike_A243del,Spike_V70del,Spike_H69del)
(Spike_P268S,Spike_H245Y,Spike_P681H,Spike_D614G,Spike_Y144del,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_T1027I,
Spike_D1118H,Spike_L242del,Spike_A243del,Spike_V70del,Spike_H69del)
(Spike_P26S,Spike_H245Y,Spike_P681H,Spike_D614G,Spike_Y144del,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_L242del,Spike_
A243del,Spike_V70del,Spike_H69del)
(Spike_P26S,Spike_H245Y,Spike_P681H,Spike_D614G,Spike_Y144del,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_L242del,Spike_
A243del,Spike_V70del,Spike_H69del)
(Spike_P26S,Spike_H245Y,Spike_P681H,Spike_D614G,Spike_Y144del,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_L242del,Spike_
A243del,Spike_V70del,Spike_H69del)
(Spike_P26S,Spike_H245Y,Spike_N148Q,Spike_D614G,Spike_Y145P,Spike_
L244del,Spike_H146Q,Spike_S477N,Spike_N149Q,Spike_E484K,Spike_
L242del,Spike_A243del,Spike_V70del,Spike_H69del)
(Spike_P26S,Spike_H245Y,Spike_D614G,Spike_Y144del,Spike_
L244del,Spike_V126A,Spike_S477N,Spike_E484K,Spike_L242del,Spike_
A243del,Spike_V70del,Spike_H69del)

Deletions

21765-21770,21992-
21994,22283-22291

21765-21770,21992-
21994,22283-22291

21765-21770,21992-
21994,22283-22291

21765-21770,21992-
21994,22283-22291

21765-21770,22283-22291

21765-21770,21992-
21994,22283-22291

21765-21770,21992-
21994,22283-22291

21765-21770,21995-
21996,22283-22291

21765-21770,22283-22291

21765-21770,21992-
21994,22283-22291

21765-21770,21992-
21994,22283-22291

21765-21770,21992-
21994,22283-22291
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Fragment Primer

Fragment 1 L71
L73
R73
R75
Fragment 2 L76
L78
R77
R79
Fragment 3 L80
L83
R82
R84

Primer sequence

Forward:
Forward:
Reverse:
Reverse:
Forward:
Forward:
Reverse:
Reverse:
Forward:
Forward:
Reverse:
Reverse:

5'-ACAAATCCAATTCAGTTGTCTTCCTATTC-3
5'-CAATTTTGTAATGATCCATTTTTGGGTGT-3'
5'-CACCAGCTGTCCAACCTGAAGA-3'
5'-ACCACCAACCTTAGAATCAAGATTGT-3
5'-AGGGCAAACTGGAAAGATTGCT-3
5'-CAACTTACTCCTACTTGGCGTGT-3
5'-CAGCCCCTATTAAACAGCCTGC-3'
5'-CATTTCATCTGTGAGCAAAGGTGG-3
5'-TTGCCTTGGTGATATTGCTGCT-3'
5'-TCCTTTGCAACCTGAATTAGACTCA-3'
5'-TGCCAGAGATGTCACCTAAATCAA-3'
5'-AGGTGTGAGTAAACTGTTACAAACAAC-3'

Binding position

21,358-21,386
21,962-21,990
22,325-22,346
22,878-22,903
22,798-22,819
23,444-23,466
23,601-23,622
24,146-24,169
42,079-24,100
24,979-25,003
25,053-25,076
25,647-25,673

Fragment size (bp)

1,546

1,372

1,505

The position number of each primer sequence was compared to Wuhan Wuhan Hu-1, genome sequence (accession number: NC_045512.2).
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Characteristics

Age (in years)
10-18

19-45

46-60

61-85

Mean (SD)

Gender

Male

Female

Transgender

Reason for RT-PCR testing

Symptomatic

Contact with COVID-19 confirmed case

Medical Procedures

Travel

Others

Presence of symptom at the time of enrolment
Asymptomatic

Symptomatic

Symptoms (n = 808)

Fever

Cough

Sore throat

New loss of smell

Excessive tiredness

New loss of taste

Diarrhea

Shortness of breathyadificulty in breathing

History of contact with COVID-19 case in the past
History of COVID-19 in the past among household member
History of previous COVID-19 infection
COVID-19 vaccination status

One dose

Two doses

Unvaceinated

Number of study
participants (% of
the total)

N = 1006

65 (6.5)
661 (65.7)
208 (20.7)
72(72)
375 (14.0)

625 (62.1)
374 (37.2)
707

783 (77.8)
201 (20.0)
35 (35)
31@.19)
88(8.7)

198 (19.7)
808 (80.3)

574 (57.1)
268 (26.6)
190 (18.9)
188 (18.7)
176 (17.5)
165 (16.4)
64(6.4)
42(42)
17 (1.7)
65(6.5)
5(05)

949.9)
10(1.0)
902 (89.6)
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No. Treatment (route) Dosage Duration Timeline

Pre-ICU ICU Post-ICU Post-discharge
January February

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 1 2 3

1 Favipiravir (oral) Day 1 =2 x 1600 mg 2 Days
Day 2-5 =2 x 600 mg

2 Remdesivir (iv) Day 1 =1 x 200 mg 5 Days
Day2-5=1 x 100 mg

3 Oxygen (NRM) 10 Lpm 4 Days

4 Oxygen (nasal canule) 2-4 Lpm 8 Days

A EEgpgugEEEEEEEE
6 Heparin (sc) 2 x 5,000 Unit 3 Days

7 Fondaparinu x sodium (sc) 1 x 2.5 mg 10 Days . . . .
8 Meropenem (iv) 3 x 1,000 mg 8 Days
9 Levofloxacin (oral) 1 x 750 mg 5 Days .

10 Cefixime (oral) 2 x 200 mg 7 Days . . . . .
11 Vitamin C (iv) 3 x 500 mg 14 Days . . . . . . . . . - . .

12 Candesartan (oral) 2 x 16 mg Maintenance

13 Hydrochlorothiazide (oral) 1 x 12.5mg Maintenance

14 Amlodipine (oral) 1x5mg 14 Days

15  Furosemide (iv) 1 x 20 mg 10 Days

16  Paracetamol (oral) 3 x 500 mg as needed 1 Day

A [Ty T

B Antivirus; ©' Oxygen therapy; B Steroid; B Anti-coagulant.
B Antibiotic; I Vitamin; I Antihypertensives; I Symptomatic drugs.
iv, intravenous; sc, subcutaneous; NRM, non-rebreathing mask; Lpm, liter/minute.
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No. Parameter Reference Units Test date

range
Jan 14, Jan 15, Jan 17, Jan 20, Jan 21, Jan 25, Jan 28,
2021 2021 2021 2021 2021 2021 2021
1 Hematology
Hemoglobin 13.2-17.3 g/dL 16.9 - 15.1 16.1 - 16.6 -
Leukocyte 3.8-10.6 x10%/pL 9.49 - 10.90 11.94 - 15.15 -
Hematocrit 40-52 % 46 . 43 45 . 48 .
Thrombocyte 140-440 x103/pL 134 - 238 372 - 511 -
y 8 Differential count
Basophil 0-1 % 0 - - 0 - 0 -
Eosinophil 2-4 % 0 - - 0 - 0 -
Band neutrophil 3-5 % 0 - - 0 - 0 -
Segmented neutrophil 50-70 % 86 - - 86 - 78 .
Lymphocyte 25-40 % 9 - - 6 - 12 -
Monocyte 2-8 % 5 - - 8 - 10 -
3. Hemostasis
Prothrombin time 12.8-15.9 Seconds - 16.2 - - - - -
INR <1.10 - . 1.13 - - - - =
aPTT 21.0-53.0 Seconds - 343 - - - - -
d-dimer <200 ng/mL - 241 - - 212 - 158
4. Blood chemistry
C-Reactive protein <5 mg/L - 66.34 - 14.16 - - -
Interleukin 6 (IL-6) <7.0 pg/mL - - - - 2.92 - -
Blood glucose <180 mg/dL 149 - = = = = .
Urea 0-50 mg/dL = . = - = B =
Creatinine 0.0-1.3 mg/dL - - - - - - -
NT-Pro BNP <125 pg/mL - - - - <50 - -
5. Electrolyte
Natrium 135-147 mEq/L - - - - 131 - -
Potassium 3.5-5.0 mEq/L - - - - 49 - -
Chloride 96-105 mEq/L . - & B 92 = .
6. Blood gas analysis
pH 7.35-7.45 - - - 7.457 - 7.454 - -
PCO;, 35.0-45.0 mmHg - - 30.3 - 41.0 - -
PO, 80-100.0 mmHg - B 120.5 B 63.9 . -
HCO3 22.0-26.0 mmHg - - 22.2 - 28.3 - -
Base excess (BE) -2.5t02.5 mmol/L - - -3.0 - 43 - -
O, Saturation 96.0-97.0 % - - 98.7 - 93.8 - -

INR, international normalized ratio; aPTT, activated partial thromboplastin time; NT-Pro BNP, N-terminal prohormone of brain natriuretic peptide; pH, potential of hydrogen; PCO,,
partial pressure of carbon dioxide; PO,, partial pressure of oxygen; HCO3, bicarbonate.
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Sample_ID

sample_d17
sample_d16
sample_mv2
sample_nv1
sample_nct
sample_nc2

Lineage
with V3

AY.16
AY.43
B.1.36.35
None
None
None

Genome
coverage
with V3
(%)

88.7
915
742
283
419
40.2

Lineage
with
optimized
v4

B.1.617.2
B.1.617.2
B.1
B.1.160
B.1.530
B.1

Genome
coverage
with
optimized
V4 (%)

97.8
99.6
93.1
82.7
98.0
91.6

Ct value

27.96
21.38
17.45
17.86
2594
25.88
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cDs

NSP1
NSP1
NSP1
NsP2
NSP3
NSP3
NSP3
NSP3
NSP3
NSP3
NSPS
NSP6
NSP7
NSP8
NSPY
NSP9
NSP10

NSP codon

5

43

7
339
133
231
1211
1228
1610
1670

‘ORF1a codon

5
3

2428
2488
3356
3718
3930
4097
4187
4217
4302

Alpha

0639
0.719
1.102
073
1.096
1.046
1181
1.530
1.229
1.124
2.001
1.075
1.158
2.521
1085
1.818
1.476

Beta

7.168
6.085
13.438
7846
8.802
10.858
14884
13.043
11.464
7.358
9.761
15676
11.157
18.515
10727
9.274
14.744

Posterior probability

09257
0.9032
0.9401
00477
0.9278
0.9570
09580
0.9525
0.9183
0.9086
0.9024
0.9762
0.9526
0.9145
09280
0.9120
0.9301

Underlined data indicate codons also identified by FEL/MEME with positive selection evidence. Highlighted in bold are the mutations found in the 44 genomes of this study.





OPS/images/fmed-09-806611/fmed-09-806611-t004.jpg
Codon Alpha Beta Posterior

probabi
5 8.954 0.9688
20 1823 12.403 0.9267
20 0917 6771 09244
a9 1.045 8832 09502
67 0.932 5.622 0.9036
9 0920 6822 09248
96 1.246 7.541 0.9075
138 1.100 19.873 0.9865
222 0.894 8.019 0.9562
257 0922 6516 09204
a7 0.863 10.051 0.9702
484 2683 29.850 0.9627
501 1.062 9105 0.9363
613 1.266 12.121 09555
653 0932 5.622 09036
655 1.066 7.230 09168
677 1.246 8976 09178
681 0887 8815 09678
689 1.067 6.999 0.9136
769 1.361 8.428 09111
1174 0.932 5.623 0.9037
1176 1.010 11358 09726
1264 0.799 5.875 0.9244

Underiined data indlicate codons also identified by FEL/MEME with positive selection
evidence. Highlighted in bold are the mutations found in the 44 genomes of this study.
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Mutation

L18F
T20N
P26S
D138Y
N188del
L189del
R190S
P209H
D215G
A243del
L244del
Ka17T
E484K
N501Y
D614G
Hes55Y
A688V
T10271
T1066A
V1176F

Amazonas

2020-12-03
2020-12-03
2020-12-03
2020-12-03
2021-02-23
2021-02-23
2020-12-03
2020-02-25
2021-03-10
2021-02-22
2021-02-22
2020-12-03
2020-12-03
2020-12-03
2020-12-03
2020-12-03
2021-02-22
2020-12-03
2020-02-25
2020-12-03

Brazil

2020-09-22/PE
2020-09-22/PE
2020-09-22/PE
2020-10-01/PB
2021-02-23/AM
2021-01-27/AL
2020-10-01/PB
2021-02-25/AM
2021-03-08/GO
2021-02-22/AM
2021-02-22/AM
2020-09-22/PE
2020-10-01/PB
2020-10-01/PB
2020-09-11/SP
2020-09-11/SP
2021-01-26/SP
2020-09-11/SP
2021-02-25/AM
2020-09-11/SP

Brazil (outside Amazonas)

2020-09-22/PE
2020-09-22/PE
2020-09-22/PE
2020-10-01/PB
2021-01-27/AL
2020-10-01/PB
2021-03-08/GO
2021-02-23/SE
2021-02-23/SE
2020-09-22/PE
2020-10-01/PB
2020-10-01/PB
2020-09-11/SP
2020-09-11/SP
2021-01-26/SP
2020-09-11/SP

2020-09-11/SP

World (outside Brazil)

2020-12-17/Peru*
2020-12-17/Peru*
2020-12-17/Peru*
2020-12-17/Peru*
2021-06-25/Suriname
2021-01-28/Taiwan
2020-12-17/Peru*
2021-04-07/USA
2021-03-23/USA
2021-03-23/USA
2020-12-17/Peru*
2020-11-11/USA"
2020-12-17/Peru*
2020-11-11/USA"
2020-12-17/Peru*
2021-02-15/Peru*
2020-11-11/USA*

2020-12-17/Peru*

Only complete collection dates were considered for this analysis. Date verification on September 23, 2021. The first occurrence in the world of some mutations that were identied in
the genomes sequencedin this study are highlighted in bold. *According to the GISAID database, there are three P1 genomes from the USA carrying these mutations with collection
dates from April and May, 2020 (before their frst occurrence in Brezi). However, we do not find any publication confrming this USA origin of P1 lineage. AL, Alagoas; AM, Amazonas;
GO, Goids; PB, Paraiba; PE, Pernambuco; SE, Sergipe; SP. Sio Paulo.
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Mutation % Sequenced % AM genomes % BR genomes. % World

genomes (n=2838) (n =19,826) genomes
(n=144) (n = 53,547)

LigF 100.00 (44) 9272 (777) 99.03 (19,633) 94.69(50,703)
T20N 97.73 (43) 91.88 (70) 97.87 (19,403) 94.38 (50,540)
P26S 100.00 (44) 9272 (777) 98,69 (19,566) 94.66 (50,689)
D138Y 97.73 (43) 9224 (773) 93.85 (18,607) 94.82 (50,771)
N188del 682(3) 0.00(0) 0.00(0) 0.002 (1)
L189del 682(3) 000(0) 0.06 (12) 0,009 5)
R190S 95.45 (42) 91.05 (763) 97.81 (19,391) 90.96(48,708)
P209H 227 (1) 000(0) 0.00(0) 0.00(0)
D215G 227 (1) 1.07 Q) 0024 0.009 (5)
A243del 227 (1) 024(2) 0.05 (10) 0.06 (31)
L244del 227 (1) 024(2) 0.05 (10) 0.06 (34)
K417T 97.73 (43) 93.08 (780) 92.26(18,292) 96.53 (51,690)
E484K 100.00 (44) 92.96 (779) 95.46 (18.926) 95.57 (51,177)
N5O1Y 100.00 (44) 92.84 (778) 95.34(18,902) 95.92 (51,360)
D614G 100.00 (44) 99.28 (832) 99.37 (19,702) 99.41(53,234)
HessY 97.73 (43) 98.45 (825) 99.42 (19,711) 92.47 (52,730)
AB8BY 454(2) 0.00(0) 0.18 (36) 5.34/(2,862)
T10271 97.73 (43) 98.33 (824) 99.52 (19,730) 96,07 (51,445)
T1066A 227 (1) 0.00 (0) 0.00 (0) 0.00 (0)
Vi176F 100.00 (44) 99.40 (833) 99.25 (19,677) 97.16 (52,029)

AM, Amazonas; BR, Brazil. The genomes sequenced in this study are not included in AM counts. AM counts are not included in BR and BR counts are not included in World counts.
This analysis included 74,255 P1 genome sequences available on the GISAID database up to September 12, 2021. Mutations were verified on the GISAID database on September 22,
2021.
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RA patients (n = 75)

Unvaccinated (n = 33) Vaccinated (n = 42) p-value
Age, yrs, median (IQR) 62 (45-69) 56 (45.5-60) 0070
Female sex, n (%) 29(87.88) 30 (71.4) 0.084
RA disease characteristics
AKA positivity, n (%) 20 (62.5) 27 (77.14) 0.191
RA disease duration, yrs, median (IQR) 6(3-15) 85 (6.02-17.79) 0.002
RF-IgA, U/ml, median (QR) 29.69 (1.30-189.47) 41.4(7.06-154.8) 0.476
RF-IgG, AU/m, median (QR) 86.25 (12.70-231.25) 144 (70.2-389) 0278
RF-IgM, AU/m, median (QR) 113.35 (16.13-383.50) 299 (125.25-643.5) 0.170
Anti-COP antibody, U/m, median (IQR) 223 (34.13-630.50) 419 (118-770) 0.459
ESR, mmvh, mean (SD) 49.97 (27.78) 46.2(29.5) 0.761
C-RP, mg/l, median (IQR) 16,04 (7.05-55.26) 7.45(1.7-37.8) 0.155
NEUT%, mean (SD) 67.50 (20.02) 61.4(15.7) 0208
LYMPH9%, median (QR) 2030 (13.6-34) 24.31(13.60-33.9) 0705
DMARD therapy
csDMARDS (Monotherapy), n (%) 10/(34.48) 21(50) 0.195
bDMARDs, n (%) 7(24.14) 9(21.43) 0.788
bDMARDs (Monotherapy), n (%) 0 11111 1.000
JAK inhibitors, n (%) 8(27.59) 1(2.38) 0.006
Predinisone, n (%) 5(17.24) 6(14.29) 0996
TGT,n (%) 9(31.09) 6(14.29) 0089

RA patients (n = 42) Healthy controls (n = 26)
Age yrs, median (QR) 56 (45.5-60) 44.5(36.25-63) 0.001
Female sex, n (%) 30(71.4) 10 (42.3) 0.007
Mean interval between 2nd vaccination and sampling, days, median (IQR) 142 (110.5-189.5) 184.5 (167.5-190.75) 0.003

AKA, anti-keratin antibody; RF, theumatoid factor; CCR. cyclic citrulinated peptide; ESR, erythrocyte sedimentation rate; C-RP, c-reactive protein; NEUT, neutrophils; LYMPH,
Iymphocytes; DMARD, disease modifying antirheumatic drugs; cs, conventional synthetic; b, biologic; JAK, Janus kinase; TGT, tripterygium glycosides tablet.
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Assay Assay performance ranking by variant LoD Average

ranking
A A B.1.1.7B.1.351 P1 B.1.617.2B.1.1.529

CoSenseHalo 2 1 1 1 1 1 1.1
SARS-CoV-2

test”

8 o2 2 2 2 2% 2(i° 19
Al 3(ie)3(te) 3  3(tie) 3(e) 2(te) 2 (tie) 2.7
3 5 5 4 3(ie) 3(e) 2(e) 2(le) 34
F 3(tie)3 (i) 5(tie) 6(ie) 7 7 ™ 52
[od 6 6 5(e 5 6 6 4 5.4
D 7 7 5(te) 6(ie) 3(e) 5 5 54

1= Best performance; § = worst performance.
TN, test not performed

“Fluorescent based reader test.

2L0D from B1 kit lot used for comperison.

PLoD from B2 kit lot used for comparison.

©LoD from B3 kit lot used for comparison.
dColorimetric version of the Halo SARS-CoV-2 test.
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Codon

NSP1:T1701
NSP2:N9S
NSP2:L113F
NSP2:L400F
NSP2:K456R
NSP2:V469F
NSP3:A41V
NSP3:T1331
NSP3:T186P
NSP3:A231V/
NSP3:S370L
NSP3:KO77Q
NSP3:T11891
NSP3:T1365A
NSP3:51437F
NSP3:51670F
NSP4:V30A
NSP4:T83
NSP4:H313Y
NSP4:5481L
NSP5:A70V
NSP5:v86l
NSP5:P241L
NSP6:A46V
NSPE:AS1V
NSP6:S106del
NSP6:G107S
NSP6:G107del
NSP6:F108L
NSP6:F108del
NSP6:V149A
NSP8:E155G

ORF
codon

ORF1a:T170I
ORF1a:N189S
ORF1a:L293F
ORF1a:L580F
ORF1a:K636R
ORF1a:V649F
ORF1a:A859V
ORF1a:T951!
ORF1a:T1004P
ORF1a:A1049V
ORF1a:51188L
ORF1a:K1795Q
ORF1a:T20071
ORF1a:T2183A
ORF1a:82265F
ORF12:52488F
ORF1a:V2793A
ORF1a:T28461
ORF1a:H3076Y
ORF1a:83244L
ORF1a:A3333V
ORF1a:v33491
ORF1a:P3504L
ORF1a:A3615V
ORF1a:A3620V
ORF1a:83675del
ORF1a:G3676S
ORF12:G3676del
ORF1a:F3677L
ORF1a:F3677del
ORF1a:V3718A
ORF1a:E4097G

% Seq. genomes
(n=44)

227 (1)
2.27 (1)
227 (1)
2.27 (1)
227 (1)
227(1)
227 (1)

25.00 (11)
227 (1)
2.27(1)

97.73 (43)

5682 (25)
227 (1)
2.27 (1)
227 (1)
2.27 (1)
2.27(1)
2.27(1)
227 (1)
2.27(1)
682(3)
6.82(3)
227 (1)
227 (1)
6.82(3)

27.27 (12)
455 (2)

27.27 (12)
11.36 (5)

27.27 (12)
2.27(1)
2.27(1)

% AM genomes
(n =840)

0.00(0)
000(0)
024(2)
000(0)
060 (6)
000(0)
0.12(1)
11.79 (99)
060 (5)
0.12(1)
95.95 (806)
99.29 (834)
060 (6)
0.12(1)
0.00(0)
0.00 (0)
0.00(0)
060 6)
000(0)
024(2)
2.14 (18)
214 (18)
024(2)
000(0)
214 (18)
9833 (826)
0242
98.45 (827)
0242
9857 (828)
060(5)
000(0)

% BR genomes.

(n=19,827)

0.00(0)
0.00(0)
0023
0.10(20)
0.0 5)
005 (9)
007 (14)

159 (316)
0.2 (4)
0.37 (74)

97.63 (19,368)

99.80 (19,788)
0.17(33)
0.07 (14)
0.08(6)
0.1 (21)
0.00(0)

1.45 (288)
0.05(9)
0.15(29)
006 (12)
001 (1)
0.65(128)
0.13(25)
007 (14)
9655 (19,142)
1.06 210)
96.81 (19,195)
1.85 (367)

9686 (19,205)
0.02 (4)
006 (1)

% World genomes

(n =53,570)

0.01 (4)
0.00(0)
001 (1)
0.06 (30)
0.004 (2)
0.03(17)
004 (14)
0.99 (530)
0.002 (1)
004 (19)
97.60 (52,286)
99.89 (52,976)
0.03 (14)
001(3)
0.002 (1)
0.21 (110)
0.00(0)
1.26 (676)
004 (23)
0.10 (51)
0.002 (1)
0.00(0)
0.13(72)
002(13)
008 (14)
97.22 (52,081)
081 (436)
97.23 (52,085)
1.02 (546)
97.21(52,077)
001 (4)
001®)

Seq., Sequenced; AM, Amazonas; BR, Brazil. The genomes sequenced i this study are not included in AM counts. AM counts are not included in BR and BR counts are not included
in World counts. This analysis included 74,281 P1 genome sequences available on the GISAID database up to September 12, 2021. Mutations were verified on the GISAID database
on September 23, 2021. There is no data on GISAID for mutations in ORFSb (alternative N gene ORF).





