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To determine whether the neutralization activity of monoclonal antibodies, convalescent sera and vaccine-elicited sera was affected by the top five epidemic SARS-CoV-2 variants in the UK, including D614G+L18F+A222V, D614G+A222V, D614G+S477N, VOC-202012/01(B.1.1.7) and D614G+69-70del+N439K, a pseudovirus-neutralization assay was performed to evaluate the relative neutralization titers against the five SARS-CoV-2 variants and 12 single deconvolution mutants based on the variants. In this study, 18 monoclonal antibodies, 10 sera from convalescent COVID-19 patients, 10 inactivated-virus vaccine-elicited sera, 14 mRNA vaccine-elicited sera, nine RBD-immunized mouse sera, four RBD-immunized horse sera, and four spike-encoding DNA-immunized guinea pig sera were tested and analyzed. The N501Y, N439K, and S477N mutations caused immune escape from nine of 18 mAbs. However, the convalescent sera, inactivated virus vaccine-elicited sera, mRNA vaccine-elicited sera, spike DNA-elicited sera, and recombinant RBD protein-elicited sera could still neutralize these variants (within three-fold changes compared to the reference D614G variant). The neutralizing antibody responses to different types of vaccines were different, whereby the response to inactivated-virus vaccine was similar to the convalescent sera.
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Introduction

The pandemic spread of SARS-CoV-2 has severely affected the worldwide economy and healthcare systems. Therapeutic monoclonal antibodies are the most promising treatment, and vaccines are the best hope for prophylaxis. However, an increasing number of SARS-CoV-2 variants have been reported and have rapidly spread to several countries. For example, D614G rapidly became the dominant strain (1), cluster 5 was transmitted between humans and mink (2), the 501Y.V1(VOC-202012/01, B.1.1.7) variant spread rapidly in the United Kingdom (3), the 501Y.V2(VOC-202012/01, B.1.351) variant appeared in South Africa (4), the 501Y.V3(P1, B.1.1.28.1) variant appeared in Brazil (5), and the COH.20G/677H variant appeared in the USA (6). Accordingly, there is great concern that these mutations might affect antigenicity and lead to the failure of therapeutic antibodies and vaccines.

As early as June 2020, our group systematically analyzed spike mutants with a global frequency greater than 0.3%. We found that the D614G mutation increased the infectivity of SARS-CoV-2, but its antigenicity did not change (7). Recently, we demonstrated that the 501Y.V2 variant can escape neutralization by many monoclonal antibodies and compromises the effectiveness of several polyclonal antibodies (8). This study focused on the epidemic strains in the UK, including VOC-202012/01 and the other four high-prevalence variants. We compared the neutralization activity of monoclonal antibodies and sera elicited by different kinds of vaccines that have been approved or are in clinical research, including the inactivated virus vaccine CoronaVac, mRNA vaccine SW0123, as well as spike-encoding DNA or RBD protein, and convalescent sera from COVID-19 patients.

Up to January 13, 2021, there were 359, 302 SARS-CoV-2 sequences in the GISAID database, 44% of which were from the UK. We first investigated the growth trend of all mutations with frequencies above 1% globally and in the UK (Figure 1A). The most common mutations were D614G, A222V, L18F, and S477N. Since December 2020, the VOC-202012/01 (VOC-202012/01 variant, including multiple mutations 69-70del, 144/145del, N501Y, A570D, P681H, T716I, S982A, and D1118H) has been increasing rapidly. A significant number of genetic changes in the spike protein were speculated to increase infectivity and cause immune escape.




Figure 1 | Analysis of mutations and epidemic variants of SARS-CoV-2. (A) The numbers of each mutation in the spike protein of SARS-CoV-2 with a frequency above 1% worldwide and in the UK were tracked in GISAID from March 1st 2020 to Jan 13th 2021. The 17 mutations are listed in order of global frequency. (B) The percentage of UK epidemic variants on Jan 13th 2021 on GISAID.



As the recent SARS-CoV-2 variants contain a number of different mutations, we selected the five most frequent natural variants from the UK for further study, which included D614G+L18F+A222V, D614G+A222V, D614G+S477N, D614G+69-70del+N439K, and the VOC-202012/01 strain (Figure 1B). We constructed pseudoviruses corresponding to the five variants and 12 single deconvolution mutants of the variants in the D614G genetic background using the VSV vector system. Neutralization activity was compared between the variants and the reference strain D614G.



Materials and Methods


Cells

Huh-7 cells were obtained from the Japanese Collection of Research Bioresources (Cat: 0403), and 293T cells were obtained from the American Type Culture Collection (CRL-3216). All the cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM, high glucose; HyClone) with 100 U/ml of penicillin–streptomycin solution (GIBCO), 20 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES, GIBCO), and 10% fetal bovine serum (FBS, Pansera ES, PAN-Biotech) at 37°C in a humidified atmosphere comprising 5% CO2.



Monoclonal Antibodies

The monoclonal antibodies cross-binding to the RBD domain, named P2C-1F11, P2B-2F6, 261-262, 151, and 247, which were derived from single B cells from eight individuals infected with SARS-CoV-2 (9), were a kind gift from Professor Linqi Zhang of Tsinghua University. The H014 and H00S022 monoclonal antibodies were obtained from Sino Biological Co., Ltd., which is a technical service company covering many fields of life science research. The two monoclonal antibodies were selected from a phage display antibody library which was generated from RNAs extracted from peripheral lymphocytes of mice immunized with recombinant SARS-CoV RBD. SARS-CoV-2 RBD was used as the target for screening the phage antibody library for potential hits (10). 1F9, 7B8, 4E5, 2F7, 2H10, 10D12, 10F9, 9G11, 11D12, and LK+LH were from Beijing Biocytogen Co., Ltd., which is a new drug research and development company. The preparation method of these Abs was the same as for H014 and H00S022. X593 was developed collaboratively by BeiGene and Singlomics Biopharmaceutical. The underlying mAbs were identified by high-throughput single-cell sequencing of blood samples from recovered patients with COVID-19 at the Advanced Innovation Center for Genomics of Peking University. X593 is being tested in a Phase 2 clinical trial to evaluate its efficacy and safety in patients with mild to moderate COVID-19 (11).



Convalescent Sera

Sera of convalescent COVID-19 patients were collected from Hubei (CS1-CS5) and Hunan province (CS6-CS10) between March and April 2020. Consent forms were signed prior to blood collection.



Sera From Vaccinated Participants

The sera elicited by an inactivated virus vaccine (CoronaVac, Sinovac Life Sciences, China) were collected 14 days after the second dose of the standard 0 day and 28 day immunization procedure. Alum adjuvant was used with the inactivated-virus vaccine (12). Ten samples were used in this test. Consent forms were signed prior to blood collection.

The mRNA vaccine (SW0123; Stemirna Therapeutics, Shanghai, China) was administered at a dose of 200 µg on Days 0 and 21, and sera were collected 2 weeks after the second immunization. A total of 14 samples were used for the tests.



Sera From Immunized Animals

Animals were handled under institutional guidelines for laboratory animal care and use of NIFDC (Beijing, China), and the Animal Care and Use Committee at the NIFDC approved the study protocol.

Mice were immunized with purified SARS-CoV-2 RBD protein with alum adjuvant (20 µg protein) once every 7 days three times subcutaneously. Blood samples were collected 7 days after the third immunization. Serum samples from three mice were pooled for a total of three samples from nine mice.

Guinea pigs were immunized with pcDNA3.1- SARS-CoV-2-Spike plasmid (200 µg per guinea pig) every 14 days three times intramuscularly. The plasmid was diluted to 1 µg/µl with phosphate buffer saline. Four serum samples from four guinea pigs were collected 14 days after the third immunization.

Horses were immunized with the SARS-CoV-2 RBD protein with Freund’s incomplete adjuvant at an initial dose of 3 mg protein via the subcutaneous route. After 10 days, 6 mg of RBD protein with Freund’s incomplete adjuvant was injected. The third immunization was performed 10 days after the second immunization with 12 mg of RBD protein with Freund’s incomplete adjuvant. Sera from four horses were collected 7 days after the third immunization.



SARS-CoV-2 Pseudovirus

The SARS-CoV-2 spike protein expression plasmid pcDNA3.1 was constructed based on the GenBank sequence MN908947, as described previously (7). The replication-defective G*ΔG-VSV (Kerafast, USA) was used as the backbone virus. Cells were transfected with pcDNA3.1-SARS-CoV-2 and simultaneously infected with G*ΔG-VSV, and the supernatant containing the pseudovirus was harvested 24 and 48 h later, aliquoted, and stored at −80°C for further use. Site-directed mutagenesis based on circular PCR and template digestion with DpnI (NEB, USA) was used to construct the mutants of SARS-CoV-2 pseudovirus. The primers used for site-directed mutagenesis are listed in Supplementary Table 1. The virus was quantified via RT-PCR by detecting the P protein of VSV and diluted with DMEM to 7.0 × 104 TCID50/ml as described in our previous paper (13).



Neutralization Assay

The virus neutralization assay was performed as described in our previous paper (13). The monoclonal antibodies, sera from immunized animals, or convalescent sera were diluted to a certain concentration, followed by a 3-fold serial dilution. The antibodies or sera were mixed with pseudovirus and incubated at 37°C for 1 h. Thereafter, the mixture was added to a 96-well cell culture plate containing 2 × 104 Huh 7 cells in 100 μl per well. The cells were then incubated at 37°C in a humidified atmosphere containing 5% CO2. Chemiluminescence signals were detected using the Britelite plus reporter gene assay system (PerkinElmer, USA) after 24 h. The virus neutralization titer was calculated using the Reed–Muench method in PerkinElmer Ensight software. The results were based on three to five repetitions.



Structure Modeling

The spike protein was modeled based on the Protein Data Bank coordinate set 6VXX, showing the mutation N501Y in S1 and S982A in S2. Pymol program (The PyMOL Molecular Graphics System, Version 2.2.0, Schrödinger, LLC) was used for visualization.



Statistical Analysis

GraphPad Prism 8 was used for plotting. One-way ANOVA and Holm–Sidak’s multiple comparisons test were used for statistical analysis. The results are shown as means ± SEM. *P <0.05, **P <0.01, ***P <0.005, ****P <0.001.




Results


The Neutralization Properties of SARS-CoV-2 Variants Were Affected by Three Mutation in RBD of Spike

To determine whether the existing neutralizing monoclonal antibodies are effective against the five epidemic mutant variants, the neutralizing activity of 18 monoclonal antibodies (mAbs) targeting different areas of the receptor-binding domain was tested (14). Six of the 18 mAbs, including H00S022, 1F9, 10D12, 10F9, A247, and 11D12, displayed significantly reduced neutralizing activity against the VOC-202012/01 variant and variants carrying a single N501Y mutation (Figure 2A). Furthermore, mAbs H00S022 and 2F7 lost most of their neutralizing activity against the D614G+69-70del+N439K and N439K+D614G variants. The S477N variant showed decreased susceptibility to mAb 7B8, but most of the other antibodies were still effective (Figure 2A and Supplementary Figure 1). No decrease of neutralization by any of the mAbs was observed for the variants without mutations in the RBD. The results indicated that the N439K, S477N, and N501Y mutations in the RBD could affect the susceptibility of SARS-CoV-2 variants to neutralization. Structure modeling of the mutation N501Y in S1 and S982A in S2 was showed as Figure 2B.




Figure 2 | The neutralization activity of mAbs against 16 SARS-CoV-2 variants and mutations. (A) Monoclonal antibodies were serially diluted and mixed with equal amounts of the five different SARS-CoV-2 variants and those containing a single mutation. After pre-incubation at 37°C for 1 h, trypsinized Huh 7 cells were added. After cultivation for 24 h, the luminescence of the target cells was measured. The neutralization inhibition rate of the antibody and ID50 was calculated using the Reed–Muench method. The data represent the ID50 ratio of each variant to that of D614G. The neutralization ability of 19 different monoclonal antibodies (x axis) against 16 SARS-CoV-2 variants and mutations (y axis) are shown as heatmap. Red represents an increase in neutralization capacity, while blue represents a decrease in neutralization capacity. Four-fold changes were considered statistically significant. (B) Structure modeling of the mutation N501Y in S1 and S982A in S2 based on “6VXX”.





The Neutralization Response of Convalescent Sera to SARS-CoV-2 Variants Did Not Change Significantly

To investigate whether the five variants may lead to re-infection with SARS-CoV-2, we examined the neutralization ability of sera from convalescent patients who recovered from COVID-19. As shown in Figure 3A, the neutralization ability of most of the convalescent sera against VOC-202012/01, D614G+69-70del+N439K and D614G+A222V was not changed (0.9, 1.3 and 1.3-fold compared to D614G, respectively). The convalescent sera showed somewhat increased neutralization activity against D614G+L18F+A222V (2.6-fold) and decreased neutralization activity against D614G+S477N (0.5-fold). Since more than a four-fold change is considered significant in neutralization assays, there was no significant change in the neutralization activity of convalescent sera against these variants.




Figure 3 | The neutralization activity of polyclonal Abs against the five epidemic variants. Sera were serially diluted and the other procedures were the same as described for Figure 2A. Scatter plot of (A–F) showing the neutralization ID50 ratio of each variant to that of D614G. Each point represents a single result, and the dashed line represents the mean value. The results are a summary of at least three repeated experiments. The dotted line represents 4-fold changes. (D) showed the animal immunization scheme.





The Neutralization Ability of Sera Elicited by Inactivated-Virus Vaccines Against SARS-CoV-2 Variants Did Not Change Significantly

BBIBP-CorV (15) and CoronaVac (12) have been licensed in China. Both vaccines are based on inactivated wild-type virus and have shown good effectiveness in clinical trials (12, 15). To examine whether the protection provided by inactivated-virus vaccines may be compromised by the SARS-CoV-2 variants, the neutralization sensitivity of the variants to vaccine-elicited sera was tested (Figure 3B). Our results indicated that the neutralization activity of vaccine-elicited sera against VOC-202012/01 and the other four variants did not change significantly. The sera showed a slightly increased reaction to D614G+L18F+A222V and D614G+A222V, which was similar to the convalescent sera. Moreover, neutralization activity towards D614G+S477N did not decrease.



The Protective Effect of the mRNA Vaccine (SW0123) Was Not Affected by the VOC-202012/01 Variant

Vaccines based on the experimental mRNA platform have been approved by several countries for the first time due to the urgency of the pandemic. The BNT162b2 vaccine from BioNTech/Pfizer and mRNA-1273 produced by Moderna has been shown to be more than 90% effective in preventing COVID-19 (3, 16). In China, there are also a number of mRNA vaccines in preclinical and clinical stages. Due to limited sample availability, only the VOC-202012/01 variant was tested (Figure 3C). The data indicated that VOC-202012/01 did not escape from the mRNA vaccine (SW0123)-elicited sera, where the full-length spike was expressed. This result was in agreement with data on human sera elicited by the BNT162b2 vaccine (3).



The Neutralization Response of Sera Elicited by Recombinant RBD Protein to VOC-202012/01 Variant Was Slightly Decreased

To predict the effect of the recombinant RBD-based vaccine. Mice and horses were immunized with purified RBD protein from Wuhan-1 strain (Figure 3D). The neutralization pattern was slightly different from that of convalescent human sera or inactivated-virus vaccines (Figure 3E). However, there was no significant change in the neutralization activity against any of the variants. VOC-202012/01 showed slightly decreased neutralization by sera from both RBD protein-immunized mice and horses, whereas D614G+L18F+A222V and D614G+A222V did not show an increase of neutralization sensitivity.



The Neutralization Activity of Sera Elicited by a DNA Vaccine to VOC-202012/01 Variant Was Slightly Decreased

Guinea pigs were immunized with the recombinant DNA encoding the full-length spike gene. In our assay, the mutations did not impact neutralization significantly (Figure 3F), whereas VOC-202012/01 showed a slight decrease (0.8-fold compared to D614G), which was similar to the RBD-elicited horse sera.




Discussion

Since December 2020, the SARS-CoV-2 variant named VOC-202012/01, classified as lineage B.1.1.7, has spread rapidly in the United Kingdom. This variant has attracted attention due to several genetic changes in the spike protein, which are speculated to increase infectivity and possibly lead to immune escape. Eight of the 17 mutations in the VOC-202012/01 variant are located in the spike protein, including 69-70del, 144/145del, N501Y, A570D, P681H, T716I, S982A, and D1118H (3). The 69-70del mutation has been described as a dominant mutation in an immune-suppressed individual treated with convalescent plasma, and it is present in several natural variants, including those transmitted in mink (17). The N501Y mutation in the RBD has been identified in a mouse-adapted strain, indicating that it is potentially associated with increased virulence in mice (18). It has also been suggested that the N501Y mutation increases the binding affinity of the spike protein to human ACE2 (19). Furthermore, as the P681H mutation is immediately adjacent to the Furin cleavage site, the proteolytic cleavage during viral maturation is assumed to be influenced (20).

Our study of the neutralization susceptibility of these variants to a panel of mAbs showed that the N501Y mutation of VOC-202012/01 located in the RBD significantly decreased the neutralization activity of seven antibodies. Structure modeling showed that when N501 was mutated into hydrophobic residue Y, it may coordinate with ACE2 better through hydrophobic interaction, improve the interaction conformation of RBD and ACE2, and increase the affinity of RBD and ACE2. In addition, the introduction of a benzene ring formed a large steric effects, which may be one of the reasons for the decrease of neutralization activity of some mAbs caused by N501Y mutation. The single mutation S982A at the S2 fragment of the spike protein also affected the neutralization activity of five mAbs, although not as significantly as N501Y. According to the results of structural analysis, when S982 was mutated to A982, the breaking of hydrogen bonds changed the interaction between this site and surrounding residues, which in turn affected the binding of the mAbs to the S protein, thereby reducing the antibody neutralizing activity. Furthermore, the P681H mutant was also slightly less sensitive to neutralizing mAbs.

However, no evident immune escape of 69-70del was observed in this study, which may be because the selected mAbs were not targeted to the N-terminal domain. Our results therefore indicate that the N501Y, P681H, and S982A mutations might be important antigenic sites of the VOC-202012/01 variant.

L18F and A222V are typical mutations of the B.1.177 lineage. This lineage is also known as 20A.EU1, which is prevalent in England, Denmark and other European countries (21). D614G+L18F+A222V and D614G+A222V were the main epidemic variants before the emergence of VOC-202012/01. Furthermore, the L18F mutation is also present in variants B.1.351and P1, which are reported to exhibit a significant capacity to escape from mAbs and vaccines (22). This study showed that A222V was more sensitive to most mAbs, whereas L18F was slightly resistant to some mAbs. Both the D614G+L18F+A222V and D614G+A222V variants showed increased sensitivity to convalescent sera and sera elicited by inactivated-virus vaccines, which may be caused by the A222V mutation.

Since June 2020, a large number of S477N mutants have appeared and spread rapidly. S477N is the representative mutation site of the B.1.160, B.1.127, and B.1.526 lineages (COVID-19 CoV Genetics Browser, https://covidcg.org/). Lineage B.1.160 grew rapidly from September 2020 in Denmark, Switzerland, France, Britain, and other European countries. In Australia, 60% of the sequences uploaded up to January 2021 contained D614G+S477N. The B.1.526 lineage that recently spread rapidly in New York City, USA, also contains the S477N mutation, which is speculated to significantly impact the epidemic. Since S477N is in the RBD region of S protein, it may slightly change the antigenicity of the virus. Our results showed that S477N escaped from neutralization by the mAb 7B8, which was consistent with the results of another study, which showed broad resistance of this mutant to a group of mAbs (23). Furthermore, S477N was also resistant to neutralization by the human convalescent sera tested in this study, but not to vaccine-elicited sera. The reason for these differences requires further study.

N439K is the representative mutation of lineage B.1.258, in which it always appears together with the 69-70del mutation. This lineage was mainly reported in the UK, Denmark, Germany, Switzerland, Slovenia, and other European countries (24). As it is located in the RBD, the N439K mutation is also resistant to neutralization by some mAbs. However, it did not affect the neutralization activity of polyclonal sera, suggesting that it may not be the key epitope dominant in humans.

Furthermore, we compared the performance of different types of vaccines against these five SARS-CoV-2 variants. Several types of SARS-CoV-2 vaccines are available worldwide, among which the mRNA vaccines BNT162b2 from BioNTech/Pfizer (25) and mRNA-1273 from Moderna (16), as well as the adenoviral vector vaccines Ad26.COV2.S from Johnson & Johnson (26) and ChAdOx1 AstraZeneca (27) are already widely used in western countries. The inactivated-virus vaccines BBIBP-CorV (15) and CoronaVac (12), as well as the adenovirus-based vaccine Ad5-nCoV (28) have been licensed in China. In addition, several recombinant protein vaccines (29) and DNA vaccines (30) are in development. As we were not able to obtain sera from human probands immunized with RBD or DNA vaccines, sera from animals immunized with SARS-CoV-2 RBD or DNA expressing the spike antigen were used to model the immune reactivity of recombinant protein vaccines and DNA vaccines. Mice and guinea pigs were used as common experiment animals. Sera from horses immunized with SARS-CoV-2 RBD protein were used because the RBD-specific equine immunoglobulin F(ab’)2 fragment was also reported as a candidate for the treatment of SARS-CoV-2 (31).

Our results highlight that none of the five variants significantly reduced the neutralization activity of the elicited sera. It also appears that the composition of sera elicited by inactivated-virus vaccines is more similar to convalescent sera, whereas the sera from animals immunized with RBD protein or DNA encoding the full-length spike protein might be different from convalescence sera. The selection of different types of vaccines and the use of RBD or full-length spike as the immunogen requires careful research and comparison. Additional analysis is required to determine the best immunization method and to analyze the mechanism of why different source of spike antigens caused different immune responses.

In summary, this study found that the N501Y, N439K, and S477N mutations significantly decreased the neutralization activity of some monoclonal antibodies. However, they did not significantly affect the neutralization effect of convalescent sera and vaccine-elicited sera. As the epidemic progresses, more complex variants of SARS-CoV-2 could continue to appear. To prevent the failure of therapeutic antibodies and vaccines, it is critical to closely monitor the variants and their antigenicity at all times.
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