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Abstract

To control the ongoing COVID‐19 pandemic, a variety of severe acute respiratory

syndrome coronavirus 2 (SARS‐CoV‐2) vaccines have been developed. However, the

rapid mutations of SARS‐CoV‐2 spike (S) protein may reduce the protective efficacy

of the existing vaccines which is mainly determined by the level of neutralizing

antibodies targeting S. In this study, we screened prevalent S mutations and

constructed 124 pseudotyped lentiviral particles carrying these mutants. We

challenged these pseudoviruses with sera vaccinated by Sinovac CoronaVac

and ZF2001 vaccines, two popular vaccines designed for the initial strain of

SARS‐CoV‐2, and then systematically assessed the susceptivity of these

SARS‐CoV‐2 variants to the immune sera of vaccines. As a result, 14 S mutants

(H146Y, V320I + S477N, V382L, K444R, L455F + S477N, L452M+ F486L, F486L,

Y508H, P521R, A626S, S477N + S698L, A701V, S477N + T778I, E1144Q) were

found to be significantly resistant to neutralization, indicating reduced protective

efficacy of the vaccines against these SARS‐CoV‐2 variants. In addition, F486L and

Y508H significantly enhanced the utilization of human angiotensin‐converting

enzyme 2, suggesting a potentially elevated infectivity of these two mutants. In

conclusion, our results show that some prevalent S mutations of SARS‐CoV‐2

reduced the protective efficacy of current vaccines and enhance the infectivity of

the virus, indicating the necessity of vaccine renewal and providing direction for the

development of new vaccines.
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1 | INTRODUCTION

As of May 2022, severe acute respiratory syndrome coronavirus 2

(SARS‐CoV‐2), the causative agent of COVID‐19, has caused over

513 million infections and more than 6.2 million deaths worldwide.1

SARS‐CoV‐2, as a member of the genus Betacoronavirus, is an

enveloped single positive‐stranded RNA virus with four structural

proteins that are spike (S), envelope (E), membrane (M), and

nucleocapsid (N).2 The S protein binds to angiotensin‐converting

enzyme 2 (ACE2) on the host cell surface and mediates viral

internalization.3,4 During the spread of SARS‐CoV‐2, S protein

undergoes rapid mutation which may alter the infectivity and

transmissibility of SARS‐CoV‐2 variants.5 As S protein is the primary

antigen inducing protective immune response, it is the major target
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for the development of SARS‐CoV‐2 vaccines, and thus mutations in

S may affect the protective efficacy of the vaccines.6 Therefore, it is

critical to closely monitor the antigenic variation of SARS‐CoV‐2 S.

SARS‐CoV‐2 displays particularly high mutation rates as an RNA

virus, resulting in an abundance of mutants in its genome.7,8 Over

20,000 mutations have been detected in SARS‐CoV‐2 genome in the

past 2 years.9 During the early stage of the COVID‐19 pandemic,

SARS‐CoV‐2 accumulated approximately two prevalent mutations

per month.7 The frequency of SARS‐CoV‐2 mutations increased as

the epidemic persisted and the virus spread more widely. Currently, a

mass of SARS‐CoV‐2 variants have emerged. The early prevalent

variants harbored D614G mutation on their S which alters the

conformation of S protein, thereby increasing the infectivity and

transmissibility of the virus though not affecting the vaccine

efficiency.10,11 Then, the variants Alpha (B.1.1.7), Beta (B.1.351),

and Gamma (P.1) carrying N501Y mutation were identified in late

2020 in the United Kingdom, South Africa, and Brazil, respec-

tively.12–14 The N501Y mutation, located in the receptor‐binding

domain (RBD) region, significantly increases the binding affinity of S

to ACE2, and has immune escape properties.15,16 In addition, the

E484K mutation, which was found in Beta and Gamma variants,

reduces the potency of neutralizing antibodies by 10‐fold or more in

recovered convalescent individuals.17,18 Later on, variant Delta

(B.1.617.2), first detected in India, quickly spread throughout the

world.19 The Delta variant has two new mutations in the RBD region

compared to other variants, namely L452R and T478K. The L452R

mutation increases spike stability, viral infectivity, and replication, as

well as immune evasion.20,21 The T478K mutation enhances viral

entry into ACE2‐expressing cells but sensitizes the virus to antibody

neutralization.22,23 Now, the Omicron variant, firstly detected in

South Africa at the end of 2021, carries more than 30 mutations in its

S and has spread around the world at a ferocious rate. Several single

mutations in the RBD of the Omicron variant, including G339D,

S371L, S375F, N440K, G446S, E484A, Q493K, and G496S, has been

reported to impair the antibody neutralization.24,25 Besides, L452Q,

F490S, and R346K carried by Lambda (C.37) and Mu (B.1.621)

variants have also been proved to enhance the variant's ability to

evade neutralization.26 Aside from RBD, the N‐terminal domain

(NTD) is also the viral antigenic epitope subjected to most

natural selection pressure. Y145N, K150R, S151P, A222V,

and R246I mutations in NTD have been shown to increase

neutralization escape.27

Worldwide population immunity gained through vaccination is an

effective way to control the pandemic of COVID‐19. Currently, over

11.6 billion doses of SARS‐CoV‐2 vaccines have been administered

worldwide.1 The four main types of SARS‐CoV‐2 vaccines are mRNA

vaccines (e.g., Pfizer/BioNTech and Moderna), adenoviral vector

vaccines (e.g., AstraZeneca‐Oxford), inactivated vaccines (e.g.,

BBIBP‐CorV and Sinovac‐CoV), and recombinant subunit protein

vaccines (e.g., Zhifei).28 Phase III clinical trials of the BBIBP‐CorV and

Sinovac‐CoV vaccines showed a population protection efficacy of

72.8% and 50.7%, respectively.29,30 Two doses of inactivated vaccine

followed by one dose of mRNA vaccine significantly increased

antibody titers and enhanced the neutralization of variants Delta and

Omicron.31 ZF2001, a three‐dose RBD‐based recombinant protein

vaccine, demonstrated good population protection in Phase III clinical

trials but showed significantly reduced neutralizing effectiveness

against four Omicron subtypes which are BA.1, BA.2, BA.3,

and BA.4.32,33

Certain mutations in S are closely related to immune evasion

and viral infectivity. Despite several most prevalent mutations

such as D614G and N501Y, little is known about the potential

impact of other high‐frequency mutations in S. Herein, we

investigated the influence of natural nonsynonymous mutations

of S on the protective efficacy of vaccines. First, we screened a

total of 124 high‐frequency S mutants using the bioinformatics

tool BioAider.34 Then, the neutralizing efficiency of vaccinated

sera against these mutants and their utilization efficiency of the

receptor were analyzed. We found that 8 RBD mutations and 6

non‐RBD mutations on spike protein of SARS‐CoV‐2 were found

to be markedly resistant to the neutralization of vaccinated sera,

implying that the SARS‐CoV‐2 variants carrying these mutations

reduced protective efficacy of the vaccines. In addition, Sinovac

CoronaVac vaccine were more effective than ZF2001 vaccine in

neutralizing certain mutants with non‐RBD mutation, implying that

CoronaVac vaccine induce a broad spectrum of non‐RBD neutral-

izing antibodies. Furthermore, F486L and Y508H potentially

enhance viral infectivity to human cells. In summary, our research

provides a broad perspective on how S mutations may affect

existing vaccines.

2 | MATERIALS AND METHODS

2.1 | Cell lines and plasmids

HEK293T (National Collection of Authenticated Cell Cultures; GNHu17)

and HeLa‐hACE2 cells (stable expression of human ACE2 gene) were

maintained in Dulbecco's modified Eagle's medium (Gibco;

Cat#C11995500BT) supplemented with 10% fetal bovine serum

(Gibco; Cat#C11995500BT), 100 units of penicillin and 0.1mg/ml of

streptomycin (Gibco; Cat#15140122) in 5% CO2 at 37°C.

Full‐length SARS‐CoV‐2 S (Wuhan‐1 strain, wild type), variants

Alpha, Beta, Gamma, Delta, Lambda, Mu, and Omicron spike

(GenBank accession number: NC_045512.2, GISAID accession

number: EPI_ISL_5253387, EPI_ISL_5195381, EPI_ISL_5254522,

EPI_ISL_3558827, EPI_ISL_4348182, EPI_ISL_431119, EPI_ISL_

6825398) were synthesized by Sangon Biotech. All synthetic S

genes were human codon‐optimized and constructed into

pcDNA3.1 vectors with a C‐terminal HA tag.

2.2 | Serum sample collection

Serum samples were collected from healthy individuals which

vaccinated with the Sinovac CoronaVac and ZF2001 vaccines
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(Supporting Information: Table S1). The collection was conducted in

14 days, on average, following administration of the second or the

third dose. Negative serum samples were collected from

unvaccinated healthy individuals before the pandemic. All serum

samples were aliquoted and stored at −80°C. Before experiments,

aliquots of serum samples were heat‐inactivated at 56°C for 30min.

2.3 | Viral genomes and S mutant analysis

High coverage human SARS‐CoV‐2 strain sequences were downloaded

from the GISAID database (https://www.gisaid.org/) with strain submis-

sion dates on or before October 20, 2020 (corresponding to sampling

dates of December 24, 2019 to October 13, 2020). Following removal of

redundant, ambiguous, and incomplete sequence, a total of 88,247

sequences of the S protein were extracted for alignment analyses.

Multiple sequence alignment was performed using MAFFT v7.149

program in BioAider v1.31434 and analyzed the S mutation characteristic,

including mutation frequency and proportion of mutants. In total, we

have selected 124 mutants, including 20 single mutants and 104 multiple

mutants with D614G mutation. (Supporting Information: Table S2).

2.4 | Construction of spike mutants

Spike point‐mutated plasmids were constructed by site‐directed

mutagenesis. The pcDNA3.1‐SARS‐CoV‐2 S plasmid was used as the

prototype to generate the plasmid with mutagenesis in the S gene.

Following the procedure of circular PCR, 15−20 nucleotides before and

after the target mutation site were selected as forwarding primers, while

the reverse complementary sequences were selected as reverse primers.

Following PCR, the template chain was digested using DpnI restriction

endonuclease (NEB; Cat#R0176S). Afterward, the PCR digested product

was directly used to transform E. coli Top 10 competent cells, single

clones were selected and then sequenced. The primers designed for the

specific mutation sites are listed in Supporting Information: Table S3.

2.5 | RBD protein expression and purification

Recombinant SARS‐CoV‐2 RBD was prepared using the Bac‐to‐Bac

baculovirus expression system. In brief, the coding sequences for

SARS‐CoV‐2 RBD (spike residues 319−541) were cloned into the

pFastBac vector. The gp67 signal peptide sequence was added to the

protein N terminus for protein secretion, and a Hexa His tag was

added to the C terminus to facilitate protein purification.

Transfection, virus amplification, and recombinant protein produc-

tion were conducted with Sf9 cells. Cell supernatants were collected

and centrifuged after infection for 72 h. After removal of most

impurities, the recovered proteins were pooled and then purified on a

BeyoGoldTM His‐tag Purification Resin column (Beyotime; Cat#P2210).

Finally, each collected protein was prepared in a buffer consisting of

20mM Tris‐HCl (pH 7.2) and 150mM NaCl and concentrated to

approximately 2mg/ml using an ultrafiltration tube (Millipore; Cat#

UFC501096) for further use.

2.6 | Enzyme‐linked immunosorbent assay

High‐protein‐binding microtiter plates were coated overnight at 4°C

with the purified recombinant SARS‐CoV‐2 RBD at 2 μg/ml in

carbonate buffer. The plates were then washed with 1×PBS

containing 0.05% Tween 20 and blocked with 1×PBS containing

1% bovine serum albumin (Beyotime; Cat#ST2249) for 1 h at 37°C.

Serum samples were initially diluted 1:100 and RBD monoclonal

antibodies mAb#1 (ACRO; Cat#S1N‐M122) and mAb#2 (Gen-

Script; Cat#A02109) were initially diluted 1 μg/ml, followed by a

threefold serial dilution and incubated for 1 h at 37°C. Horseradish

peroxidase‐conjugated goat anti‐human IgG antibody diluted 1:5000

(Abbkine; Cat# A21050) was used to detect the binding of IgG, and

plates were subsequently developed with Tetramethylbenzidine

Substrate (Beyotime; Cat#P0209). Absorbance was measured at

450 nm on a microplate spectrophotometer (BioRad). To normalize

the assays, control antibodies with known binding characteristics

were included on each plate and the plates were developed when the

absorbance of the negative control was lower than 0.5 OD450 units.

All experiments were performed in duplicate two to three times.

2.7 | Pseudoviruses production and infection assay

Lentivirus (HIV‐1)‐based pseudoviral particles carrying luciferase

reporter and different SARS‐CoV‐2 S variants were prepared in this

study. Briefly, HEK293T cells (7 × 106 cells) were cotransfected with

10 μg of a backbone plasmid encoding an Env‐defective (pNL4‐

3.luc.R‐E‐) and 10 μg of plasmids expressing parental S or its mutants

using Lipofectamine 2000 (Thermo Fisher Scientific; Cat# 11668019)

according to the manufacturer's protocol. At 48−72 h posttransfec-

tion, the supernatants containing the pseudoviral particles were

harvested and centrifuged. The amount of pseudoviruses particle

prepared was quantified using the qPCR assay, and the measured

value was normalized to the level of HIV‐1 p24 gene. The prepared

pseudoviruses were stored at −80°C until use.

To prepare target cells for pseudoviruses infection assay, Hela‐

hACE2 cells (2 × 104 cells/100 μl) were seeded in 96‐well plates and

infected with 100 μl of the same amount of pseudoviruses. At 48 h

postinfection, the infected cells were lysed with a Luciferase Assay

System (Promega; Cat# E1501), and the luminescent signal was

measured using a GloMax®20/20 Luminometer (Promega). Each

infection experiment was carried out three times.

2.8 | Pseudoviruses neutralization assay

The 50% tissue culture infective dose (TCID50) of pseudoviruses was

evaluated using Hela‐hACE2 cells by threefold serial dilutions.
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Chemiluminescence signals were detected 48 h after the incubation

of cells and pseudoviruses from different S mutants. Then virus

neutralization assay was conducted as described previously.35

Briefly, 50 μl serial dilutions of human sera and RBD monoclonal

antibody preparations (positive control) were added into 96‐well

plates. After that, 50 μl pseudoviruses with concentration of

1300 TCID50/ml was added into the plates, followed by

incubation at 37°C for 2 h. Afterward, Hela‐hACE2 cells were

added to the plates (2 × 104 cells/100 μl cells per well), followed

by incubation at 37°C in a humidified atmosphere with 5% CO2.

Luminescence detection was performed after 48 h of incubation.

The 50% effective dilution (EC50) was defined as the dilution of

the antiserum that reduced the relative luminescence units by

50%, compared with the relative luminescence units in the virus

control wells containing no antiserum.

2.9 | Structural models

The hACE2/S complex was used as a template for homology

modeling.36 The mutations in the models were aligned, and the

interactions between the SARS‐CoV‐2 S and ACE2 proteins were

compared in PyMOL.

2.10 | Statistical analysis

GraphPad Prism 9 (GraphPad) was used for plotting and statistical

analysis; the values were expressed as mean ± SD. One‐way ANOVA

and Holm−Sidak's multiple comparison tests were used for statistical

analysis. A p value of less than 0.05 was considered to be significant

and the significance was labeled as *p < 0.05, **p < 0.01, and

***p < 0.005.

3 | RESULTS

3.1 | Screen of high‐frequency mutations
of SARS‐CoV‐2 S protein

To identify important mutations of SARS‐CoV‐2 S, we screened three

groups of natural mutants by bioinformatics analysis. As shown in

Figure 1, compared with the SARS‐CoV‐2 Wuhan‐1 strain (WT), we

defined a mutation with a frequency higher than 10 as a high‐

frequency mutation. Group A harbored high‐frequency single‐amino‐

acid mutants (20 strains). Group B contained all high‐frequency

combinations of D614G and mutations in the non‐RBD region

(62 strains), including L18F, T29I, H49Y, A222V, Q677H, and A829T

mutations which were also included in Group A. Group C included

high‐frequency combinations of D614G and mutations in the RBD

(42 strains). Based on these variants, we generated 124 pseudo-

viruses. (Figure 1, Supporting Information: Table S1).

3.2 | Vaccination induces RBD‐specific IgG
antibodies production

To evaluate whether specific RBD neutralizing antibodies could be

elicited after vaccination, we incubated serially diluted sera with RBD

protein and then calculated the RBD‐specific antibody titer of each

serum (Figure 2). The results showed that RBD‐specific IgG

antibodies were present in all SARS‐CoV‐2 vaccinated sera, although

antibody titer levels varied.

3.3 | Neutralizing efficiency of sera vaccinated by
CoronaVac vaccine against high‐frequency S mutants

To determine whether the vaccinated sera inhibited infection of

pseudoviruses carrying different S mutants. First, we verified the

protective effect of vaccinated sera against SARS‐CoV‐2 WT using

pseudoviruses neutralization assay (Supporting Information:

Figure S1). All vaccinated sera inhibited SARS CoV‐2 pseudoviruses

entry into HeLa‐hACE2 cells with varying degrees. In addition,

vaccinated sera against SARS‐CoV‐2 WT with neutralization titers

(EC50) less than 30, such as IAV07, SUV01, SUV02, and SUV07, were

eliminated (Supporting Information: Table S4). The remaining 23

highly reactive serum samples, including 16 CoronaVac vaccinated

sera and 7 ZF2001 vaccinated sera, were analyzed for their

neutralization efficacy against S mutants.

We next explored the sensitivity of the natural S mutant to the

16 CoronaVac vaccinated sera. All sera from CoronaVac recipients

suppressed infection with most SARS‐CoV‐2 variants, demonstrating

that the CoronaVac vaccine had good neutralizing efficacy

against these mutants (Figure 3). Notably, some changes in the

RBD region significantly altered sensitivity to sera vaccinated by

CoronaVac vaccine. When compared to the reference strain, the

neutralization sensitivity of the D614G + F486L mutant to 15 of 16

sera (except for IAV13) was found to be reduced by more than

10‐folds. While D614G + F486L + L452M, D614G + F486L + A262S,

and D614G +Q314K + A262S + F486L mutants were observed with

6‐fold, 2.7‐fold, and 3‐fold reduction in susceptibility to neutraliza-

tion, respectively. These results confirmed that F486 may be a key

immunogenic site on S that has a significant impact on antibody

binding efficiency. S477N and D614G + S447N mutants showed no

change in sensitivity to CoronaVac vaccinated sera compared to the

reference strain. However, the other 5 mutants (V320I, L455F,

S698L, T778I, and N1192T in combination with D614G + S477N)

showed higher resistance to vaccinated sera. Furthermore, the 5

mutants combined with D614G (D614G + V382L, D614G + K444R,

D614G + L455F, D614G + Y508H, and D614G + P521R) demon-

strated a significantly decreased sensitivity, with a reduction of over

4‐folds, to CoronaVac vaccinated sera.

In addition, mutations in non‐RBD region of the S protein also

significantly affected the neutralization efficiency. It is worth

mentioning that some mutants, including A829T, A846S, D614G +
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A344S, and D614G + A688V (Figure 3A), were even more sensitive

to 2 or 3 of the 16 tested sera than the reference strain, whereas

more mutants were found to be resistant to all CoronaVac

vaccinated sera. These mutants include double amino acid changes

such as D614G + H146Y, D614G + A262S, D614G + V622F,

D614G + A626S, D614G + T632N, D614G + A701V, and D614G +

E1144Q (Table 1).

3.4 | Neutralizing efficiency of sera vaccinated by
ZF2001 vaccine against high‐frequency S mutants

For ZF2001 vaccine, we found SUV03, SUV04, SUV05, SUV06,

SUV09, and SUV10 serum were unable to neutralize 6, 6, 1, 2, 3, and

1 SARS‐CoV‐2 mutants, respectively (Figure 4A). These mutants

included single‐amino‐acid substitutions such as L176F, Q613H, and

F IGURE 1 SARS‐CoV‐2 variants selected in this study. (A) Variants with high‐frequency single amino acid mutations across the entire S
gene. (B) Variants combined with D614G across the entire S gene excluding RBD region. (C) Variants combinations with D614G in the RBD.
RBD, receptor‐binding domain; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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A829T, as well as mutants combined with D614G, including D614G+

H146Y, D614G+T323I, D614G+K444R, D614G+V622F, D614G+

A701V, D614G+ L822F, D614G+E1144Q, D614G+S477N+S698L,

D614G+S477N+A903V, and D614G+S477N+N1192T.

Similar to CoronaVac vaccinated sera, the 7 ZF2001 vaccinated

sera showed a decreased neutralization efficiency to D614G +

V382L, D614G + F486L, D614G + Y508H, and D614G + P521R

mutants by more than 4 folds (Figure 4A). These results confirmed

that these 4 amino acid sites in RBD were important for receptor

binding. However, D614G +A829T and D614G + Y505W+Q506K

mutants were more sensitive to 2 or 3 ZF2001 vaccinated sera. As

shown in Figure 3B, when the data of individual vaccinated sera were

pooled together to analyze the sensitivity of all mutants, a marked

difference (>4‐fold) was observed. It is noteworthy that several non‐

RBD mutants significantly reduce the neutralizing ability of ZF2001

vaccinated sera compared to CoronaVac vaccine sera. These mutants

include D614G + V213L, D614G +D253G, D614G + S255F,

D614G +G261V, D614G + P521R, D614G + A688V, and D614G +

L822F (Figures 3B and 4B). In addition, more mutants combined with

D614G + S477N, including V320I, L455F, T632N, S698L, T778I,

Q926H, A930V, and V1122L, do have decreased sensitivity over

fourfold to the immune sera of ZF2001 vaccine.

To further investigate the differences in neutralizing resistance of

the SARS‐CoV‐2 variants, we analyzed the neutralization capacity of

10 highly reactive sera, including 5 CoronaVac and 5 ZF2001

vaccinated sera against SARS‐CoV‐2 WT and variants VOCs and

VOIs (Figure 5). D614G, Alpha, and Lambda variants were more

sensitive to the tested sera than SARS‐CoV‐2 WT, suggesting that the

vaccine was effective in preventing infection of these variants.

Meanwhile, the variant Gamma demonstrated a fourfold decrease in

susceptibility to ZF2001 vaccinated sera, however, there was no

significant difference with CoronaVac vaccinated sera (Figures 5B,C).

In addition, a 4‐fold difference in reactivity to grouped vaccine sera

was observed between two variants (Beta and Delta) and SARS‐CoV‐2

WT. In the case of Omicron variants, which are now rapidly evolving

around the world, the neutralization activity has been reduced by

F IGURE 2 RBD specific antibody titer of CoronaVac and ZF2001 vaccinated sera. (A) RBD‐specific total IgG levels in the CoronaVac
vaccinated sera. (B) RBD‐specific total IgG levels in the ZF2001 vaccinated sera. RBD mAb#1 and RBD mAb#2 served as positive controls. Error
bars indicate one standard deviation of mean values. RBD, receptor‐binding domain.
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more than 13‐fold. The variant Mu is also noteworthy, the mean

neutralization titer of Mu pseudoviruses was 44, which represented a

4‐fold reduction of neutralization compared to the SARS‐CoV‐2 WT.

These findings indicate that the two‐dose CoronaVac vaccine and

three‐dose ZF2001 vaccine is insufficient to provide full protection

against these newly emerging variants, particularly the Omicron and

Mu variants.

3.5 | Alteration of receptor utilization and virus
entry by S mutant

Having identified the S mutants with altered neutralization, we next

investigated the infectivity of different S mutants using pseudo-

viruses infection assays. We tested the entry efficiency of 124

pseudoviruses carrying distinct S mutants to Hela‐hACE2 cells,

where more than fourfold changes compared to the reference virus

were considered as significant. As shown in Figure 6, compared to

SARS‐CoV‐2 WT, 12 of the 20 S single mutants significantly

reduced viral infectivity, and the other 7 mutants had no significant

change in ACE2 utilization ability. Notably, the remaining 104

mutants combined with D614G exhibit different infectivity. Among

them, 14 mutants located in the RBD region (D614G + V341I，

D614G + N439K, D614G + T385I, D614G + A411S, D614G +

Q414R, D614G +N440K, D614G + L455F, D614G + P463S,

D614G + T470A, D614G + G476S, D614G + P384L, D614G +

Y508H, D614G + F486L, and D614G + P479S), led to more than

4‐fold increase in the utilizing efficiency of ACE2, which means that

these mutations are critical for viral receptor binding. Besides, 4

mutants located in the NTD region, including D614G + S98F,

D614G + V213L, D614G +D253G, D614G + G261V, and 4 mutants

adjacent to the S1/S2 cleavage site, including D614G + A626S,

F IGURE 3 Differential sensitivity of the natural mutants to a panel of CoronaVac vaccinated sera. (A) Serial dilutions of 16 CoronaVac
vaccinated sera samples were individually mixed with the pseudoviruses at 37°C for 2 h before adding HeLa‐hACE2 cells for incubation of 48 h
to determine the EC50. The experiments were repeated at least two times. Hem I software was used to analyze the data and draw the heatmap.
The red and blue boxes indicate the increase or decrease of the neutralization activity compared with SARS‐CoV‐2 WT strain, as shown in the
scale bar. RBD mAb#1 and RBD mAb#2 served as positive controls. (B) Summary of the data from 16 CoronaVac vaccinated sera, with the values
presented as mean ± SD. The horizontal dashed lines indicate the threshold of 4‐fold or 10‐fold difference. ACE2, angiotensin‐converting
enzyme 2; RBD, receptor‐binding domain; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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D614G + T632N, D614G + A688V, D614G + S698L, D614G +

T778I, significantly enhanced the ability of pseudoviruses to utilize

ACE2. It is worth noting that most mutants combined with

D614G + S477N did not enhance the utilization of ACE2, among

which 2 mutations (D614G + S477N + P1112L and D614G +

S477N + V1068F) were determined as low‐infectivity, with relative

luciferase units (RLU) decreasing over 10‐fold (Figure 6).

4 | DISCUSSION

Rapid mutations on SARS‐CoV‐2 S have been altering viral

antigenicity and infectivity, thus posing a risk of decreased vaccine

efficacy.37,38 Indeed, six epidemic peaks of SARS‐CoV‐2 variants,

namely D614G and Alpha, Beta, Gamma, Delta, and Omicron

variants defined by WHO as VOC, have occurred in just 2 years.39

Notably, Omicron, the most prevalent variant currently, has

further derived into multiple subtypes (BA.1, BA.2, BA.3, BA.4,

and BA.5), which carry more than 30 mutations, including 15 in the

RBD region, severely disrupting the immunogenicity of vaccine

sera.33,39

In this study, we employed pseudoviruses neutralization

assays to examine whether the currently administered CoronaVac

vaccine and ZF2001 vaccines efficiently protected HeLa‐ACE2

cells from the entry of wild‐type or mutated S pseudoviruses. Our

results show that pseudoviruses carrying the F486L mutation is

highly infectious and more resistant to vaccine sera (Supporting

Information: Figure S2). F486 is located at the RBD‐ACE2 binding

interface and forms van der Waals forces with M82 of human

ACE2 (Figure 7). Currently, six amino acid substitutions have

appeared in position 486 of the S protein, including leucine (L),

valine (V), isoleucine (I), cystine (C), tyrosine (Y), and serine (S), with

frequencies of 2,519, 1,733, 1,733, 399, 399, and 399, respec-

tively (Supporting Information: Table S2). The F486V mutation has

been identified in Omicron subtypes BA.4 and BA.5, which began

their outbreaks in South Africa in January 2022. BA.4 has spread

over at least 16 countries with more than 1,800 cumulative cases

as of today, while BA.5 has been detected in at least 17 countries

with over 1,300 cumulative cases.1 According to research, BA.4

and BA.5 have the highest degree of immune escape compared to

other Omicron subtypes.40 Second, SARS‐CoV‐2 F486 corre-

sponds to L472 in the SARS‐CoV RBD region, which may explain

why SARS‐CoV‐specific RBD antibodies and drugs are virtually

inactive against SARS‐CoV‐2.41 We speculated that both leucine

and valine are small side chain non‐polar amino acids with reduced

hydrophobic interactions, which results in significantly lower

binding activity of vaccine sera or therapeutic antibodies

(Figure 7). These results suggested that 486th residue could be a

potentially key site of SARS‐CoV‐2 immune escape, raising

concerns about the transmission of Omicron BA.4 and BA.5 and

variants carrying the F486L mutation. In addition, L452M + F486L

mutation markedly weakened the neutralizing effect of vaccinated

sera. L452M, L452Q, and L452R are typical mutations of Omicron

subtypes BA.2.13, BA.2.12.1, and BA.4/5 and Delta variants,

TABLE 1 Characteristics of SARS‐CoV‐2 S mutants

Group A Group B Group C

Number of variants 20 62 42

Increased sensitivity to
CoronaVac vaccine sera

D614G +N439K + A647S

Decreased sensitivity to

CoronaVac vaccine sera

D614G +H146Y、D614G + A262S、D614G + V622F、

D614G + A626S、D614G + T632N、

D614G + A701V、D614G + S477N + S698L、
D614G + E1144Q、D614G + S477N + T778I、
D614G + S477N +N1192T

D614G + V382L、D614G + K444R、

D614G + L455F、
D614G + S477N + V320I、
D614G + S477N + L455F、
D614G + Y508H、D614G + P521R、
D614G + L452M+ F486L、

D614G + F486L

Increased sensitivity to

ZF2001 vaccine sera

None D614G + A829T D614G + Y505W+Q506K

Decreased sensitivity to
ZF2001 vaccine sera

T29I、H49Y D614G +H146Y、D614G + V213L、D614G +D253G、
D614G + S255F、D614G +G261V、
D614G + A626S、D614G + A688V、
D614G + A701V、D614G + L822F、

D614G + E1144QD614G + S477N + T632N、

D614G + S477N + S698L、D614G + S477N + T778I、
D614G + S477N +Q926H、

D614G + S477N + A930V、
D614G + S477N + V1122L、

D614G + A262S + P272L + A222V

D614G + V382L、D614G + K444R、
D614G + S477N + V320I、
D614G + S477N + L455F、
D614G + P479S、D614G + Y508H、

D614G + P521R、D614G + A520S、
D614G + A522S、
D614G + L452M+ F486L、

D614G + F486L、

Abbreviation: SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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respectively (Supporting Information: Table S2). Despite L452M

and L452Q currently occurring less frequently, BA.2.12.1 is

potentially more infectious, with a 25% transmission advantage

over the previously prevalent Omicron BA.2.1

Notably, pseudoviruses carrying V382L, K444R, Y508H, P521R,

and S477N + L455F reduced the neutralizing activity of both

CoronaVac and ZF2001 vaccinated sera. As shown in Supporting

Information: Table S2, despite the low frequency of mutations in

these S variants (1490, 1580, 849, 262, and 2372, respectively),

Y508H mutations significantly increased ACE2 utilization efficiency,

indicating that continuous monitoring of mutations in the RBD region

of S is required. K440N is the most common feature of the Omicron

variant present in all subtypes. G446V/S is identified in Omicron

variants BA.1, BA.1.1, and BA.3 which are prevalent in England,

Denmark, and other European countries.24 Our results show that

pseudoviruses carrying the N440K or G446V mutations display a

decreasing trend, but less than 4‐fold reduction compared to SARS‐

CoV‐2 WT, in neutralization to vaccinated sera, indicating that both

CoronaVac and ZF2001 vaccines are well protected against the two

mutations. The G446V mutation significantly reduced the efficiency

of ACE2 utilization, suggesting that the mutation can alter the

S‐ACE2 binding interface and thus affect the efficiency of binding to

ACE2 protein.

Our findings also suggest that certain mutations in the non‐

RBD region of S protein, such as A626S, A701V, and E1144Q, may

reduce the binding efficiency of vaccinated sera and alter their

ability to use ACE2. Besides, mutations occurring in non‐RBD have

also been associated with immune escape. Previous studies have

reported that most evidence for immune escape associated with

NTD mutations are located in loop N3 (140−156) and loop N5

(246−260), which overlap with the epitope of antibody 4A8.42,43

Our findings show that the H146Y mutant reduces the neutralizing

effect of the two vaccines. The D253G mutation significantly

reduced the sensitivity of the ZF2001 vaccine compared to the

CoronaVac vaccine, with no more than a fourfold difference in

sensitivity. These results indicated that the 146th and the 253th

F IGURE 4 Differential sensitivity of the natural mutants to a panel of ZF2001 vaccinated sera. (A) Serial dilutions of 7 ZF2001 vaccinated
sera were individually mixed with the pseudoviruses at 37°C for 2 h before adding HeLa‐hACE2 cells for incubation of 48 h to determine the
EC50. The experiments were repeated at least two times. Hem I software was used to analyze the data and draw the heatmap. The red
and blue boxes indicate the increase or decrease of the neutralization activity compared with SARS‐CoV‐2 WT strain, as shown in the scale bar.
RBD mAb#1 and RBD mAb#2 served as positive controls. (B) Summary of the data from 7 ZF2001 vaccinated sera, with the values presented as
mean ± SD. The horizontal dashed lines indicate the threshold of 4‐fold or 10‐fold difference. ACE2, angiotensin‐converting enzyme 2;
RBD, receptor‐binding domain; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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amino acids were antigenic epitopes in the NTD region, and that

CoronaVac vaccinated could stimulate the body to produce NTD‐

terminal neutralizing antibodies. Interestingly, we also found that

T29I and H49Y, with occurrences of 11,168 and 8,407, were

significantly resistant to the vaccine sera. However, T29I + D614G

and H49Y + D614G were more sensitive, probably due to the

D614G mutation changing the conformation of S and interacting

better with the antibody, improving the vaccine sensitivity

(Table 1). In addition, we speculated that due to individual

mechanisms, the antigenic epitopes of antibodies produced after

vaccination were also different. Therefore, several sera (such as

IAV13, SUV06, and SUV10) were more sensitive to some S

mutants, ultimately resulting in increased neutralizing activity.

Another important finding is that both CoronaVac and ZF2001

vaccines elicited functional humoral immune responses, though with

differences in epitope recognition and antibody‐mediated functional

F IGURE 5 Differential sensitivity of the natural variants to a panel of vaccinated sera. (A) Serial dilutions of 10 serum samples with high RBD
antibody titers were individually mixed with pseudoviruses at 37°C for 2 h before adding HeLa‐hACE2 cells for incubation of 48 h to determine
the EC50. The experiments were repeated at least two times. Hem I software was used to analyze the data and draw the heatmap. The red and
blue boxes indicate the increase or decrease of the neutralization activity compared with SARS‐CoV‐2WT strain, as shown in the scale bar. RBD
mAb#1 and RBD mAb#2 served as positive controls. (B) Summary of the data from 5 CoronaVac vaccinated sera, with the values presented as
mean ± SD. (C) Summary of the data from 5 ZF2001 vaccinated sera, with the values presented as mean ± SD. ACE2, angiotensin‐converting
enzyme 2; RBD, receptor‐binding domain; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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properties. For some S mutations in non‐RBD regions, CoronaVac

vaccinated sera were more effective in protecting against infection

than ZF2001, implying that CoronaVac vaccine could induce a

broader range of neutralizing antibodies and potential differences in

the protective immunity provided by the two vaccines. In addition,

there are several limitations in our study. First, in vitro pseudoviruses

neutralization assays are based on Hela‐ACE2 cell lines as targets

that restrict pseudoviruses entry in an ACE2‐dependent manner,

lacking other cell surface proteins that may be involved in natural

infection, such as NRP1.44 Thus, further validation based on living

SARS‐CoV‐2 variants is needed to confirm these findings. Moreover,

the small sample size of the vaccine sera precludes a thorough

examination of immunological differences between populations.

Despite these limitations, the findings suggest that S mutations

may cause subtle differences in the quality of the humoral immune

response elicited by CoronaVac and ZF2001 vaccines.

F IGURE 6 Infectivity analysis of S mutants in Hela‐hACE2 cell. Infectivity of natural variants and experimental mutants conducted in
Hela‐ACE2, RLU values generated with the infection of the mutants, as measured by luminescence meter, were compared SARS‐CoV‐2 WT
strain. A difference of 4‐fold is considered significant; all experiments were conducted two times (mean ± SD) unless specified. ACE2,
angiotensin‐converting enzyme 2; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.

F IGURE 7 Molecular basis of human ACE2 recognition by the SARS‐CoV‐2 RBD. (A) Cartoon diagram of the crystal structure of RBD in
complex with the ACE2 ectodomain (PDB: 6M0J). (B and C) Zoomed‐in views of the RBD‐ACE2 interface with highlighting modulation of
interactions due to introduction of the F486L residue substitutions. ACE2, angiotensin‐converting enzyme 2; RBD, receptor‐binding domain;
SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.
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In summary, 124 pseudotyped SARS‐CoV‐2 carrying various S

mutants were analyzed for their infectivity and reactivity to a panel of

sera from the vaccinated population. 14S mutants markedly resistant

to the vaccinated sera among which 8 contained the mutations in

RBD, indicating reduced protective efficacy of the vaccines against

these SARS‐CoV‐2 variants. In addition, immune sera produced

with Sinovac CoronaVac vaccine showed better neutralization

efficiency against non‐RBD mutants than those of ZF2001

vaccine, probably due to the lack of non‐RBD epitopes on

ZF2001 vaccine. Notably, F486L and Y508H potentially enhance

viral infectivity to human cells. Overall, these findings highlight the

importance of closely monitoring S protein mutations and

developing new vaccines with a broader spectrum and higher

neutralizing potency against SARS‐CoV‐2 variants.
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