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Abstract: Emerging severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants have
reduced susceptibility to neutralization by vaccines. In response to the constantly updated variants, a
global vaccine booster vaccination program has been launched. In this study, we detected neutralizing
antibody levels against wild-type (WT), Delta (B1.617.2), and Omicron BA.1 viruses in serum after
each dose of CoronaVac vaccination. We found that booster vaccination significantly increased the
levels of neutralizing antibodies against WT, Delta, and Omicron BA.1. Compared with only one
vaccination, neutralizing antibody levels increased by 19.2-21.6-fold after a booster vaccination,
whilst two vaccinations only produced a 1.5-3.4-fold increase. Our results support the conclusion
that the CoronaVac vaccine booster can increase neutralizing antibody levels and cross-reactivity and
enhance the body’s ability to effectively resist the infection of new coronavirus variants, emphasizing
the need for booster vaccination.
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1. Introduction

Coronavirus disease 2019 (COVID-19) is a potentially severe acute respiratory infection
caused by SARS-CoV-2, which has resulted in more than 580 million confirmed cases and
more than 6 million confirmed deaths [1,2]. Two doses of COVID-19 vaccine were more
than 70% effective against variants including Alpha (B.1.1.7) and Delta (B.1.617.2) before
the Omicron (B.1.1.529) variant emerged globally in late 2021 [3-5]. Mutations (e.g., Q493R,
N501Y, S371L, S373P, S375F, Q498R, and T478K) in the Omicron receptor-binding domain
(RBD) region enhance virus binding to the angiotensin-converting enzyme 2 (ACE2),
making it more infectious [6]. A study on the prevention of reinfection showed that
the vaccine was 90.2% effective against Alpha, 85.7% against Beta, 92.0% against Delta,
and only 56.0% against Omicron BA.1 [7], indicating that Omicron has a strong immune
escape potential [8]. This also raised concerns about the efficacy of COVID-19 vaccines and
neutralizing antibodies (NAbs) against Omicron.

Emerging SARS-CoV-2 variants continue to drive the global pandemic; therefore, the
need for vaccines that provide efficacious and broad-spectrum protection has increased.
Globally, over 30 vaccines based on different technologies and effects have been approved,
10 of which are World Health Organization (WHO)-approved. Most of these vaccines
use the wild-type SARS-CoV-2 spike protein as the immunogen [9]. These vaccines have
been very successful in evoking neutralizing humoral and cellular immunity, especially
in decreasing COVID-19 infections, hospitalized cases, and deaths [10-12]. However, neu-
tralizing antibody responses and vaccine efficacy vary with vaccine dose, decline over
time after vaccination, and are adversely affected by new variants [13,14]. To counteract
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weakened antibody responses and new variant emergence, booster vaccine doses have been
approved which are highly effective at inducing high NAb titers in vaccinated individu-
als [13]. To date, over 1.8 billion additional /booster immunizations have been administered
globally [15].

CoronaVac is a 2-dose 3-propiolactone-inactivated COVID-19 vaccine approved by
WHO [16]. Many countries use two doses of CoronaVac as a priming immunization and
a large-scale vaccination program giving the third dose of homologous inactivation to
contain breakthrough infections of SARS-CoV-2 variants [17]. Therefore, it is important to
evaluate the immunization effect of the CoronaVac booster to improve and update immu-
nization strategies. However, considering the persistent mutations in COVID-19, sequential
vaccination with different vaccine types can improve the breadth, strength, durability, and
functionality of immune responses compared to boosting with the same type of vaccine.
Increasing vaccination coverage for the third dose, initiating a fourth vaccination, and
sequential immunization represent potential solutions to curb the COVID-19 pandemic.

2. Materials and Methods
2.1. Cell Culture

Vero cells (ATCC CCL-81, Sinovac Biotech, Beijing, China) were cultured in minimum
essential medium (Gibco, Grand Island, NY, USA). Vero E6 (ATCC CRL-1586) and BHK-
21-hACE?2 cells stably expressing human ACE2, supplied by Prof. Xiao-Feng Qin, were
cultured in high-glucose Dulbecco’s modified Eagle’s medium (Gibco). All media were
supplemented with 10% fetal bovine serum (FBS, Gibco, USA), 1% penicillin-streptomycin,
and 25 mM HEPES. The Vero cell medium was supplemented with 2 mM L-glutamine and
all cells were passaged every 2-3 days using trypsin-EDTA (0.25%, Gibco).

2.2. Virus Stocks

Experiments were performed using three SARS-CoV-2 strains isolated at our Biosafety
Level 3 virology laboratory (Zhejiang Provincial Center of Disease Control and Prevention,
Hangzhou, China) [18]. SARS-CoV-2/Vero/WGF/2020/WZ122 (WT strain/EPI_ISL_12040150)
and SARS-CoV-2/Vero/LXG/2021/Z]J28 (Delta/B.1.617.2/EPI_ISL._1911196) were isolated
from a throat swab and cultured in Vero cells. SARS-CoV-2/VeroE6/DSh/2021Z]25 (Omi-
cron/B.1.1/EPI_ISL_12040149) was grown in Vero E6 cells. WT passage 3, Delta pas-
sage 5, and Omicron passage 3 virus-containing supernatants were harvested at 80%
cytopathogenic efficiency (CPE), and viral titers were determined using a microdose CPE
assay. Virus stocks were sequenced using Illumina NextSeq (Illumina Inc., San Diego, CS,
USA) to verify that they contained the expected spike protein sequence, with no changes to
the furin cleavage sites.

2.3. Blood Samples

Zhejiang Provincial Center for Disease Control and Prevention recruited 43 volun-
teers who received a three-dose CoronaVac homologous vaccination regimen between
29 March 2020 and 27 July 2021. The place of inoculation was Changhe Street Commu-
nity Health Service Center, Temporary Vaccination Site for Fangcang in Binjiang District,
Hangzhou. The 43 participants provided 129 blood samples at 28 days after each dose
of the vaccine. Participants’ clinical information (age, gender, and physical fitness) was
recorded at sampling. Serum samples obtained after centrifugation at 2000 rpm for 15 min
were stored at —80 °C and inactivated at 56 °C for 30 min before use.

2.4. Ethical Approval

The study protocol was approved by the Ethics Committee of Zhejiang Provincial
Center of Disease Control and Prevention.
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2.5. Live Virus Neutralization Test

The neutralizing antibody titer test was carried out in July 2022. Post-vaccination
serum samples were serially diluted 2-fold with cell culture medium and mixed 1:1 with
100 TCIDs (median tissue culture infectious dose)/50 pL virus suspension in a 96-well
plate. After 2 h of incubation, 1-2 x 10* Vero-E6 cells were added to the serum-virus
mixture and incubated for 3 days at 37 °C in a 5% CO, incubator. The CPE in each well was
recorded under a microscope, and the neutralization titer was calculated by the dilution
number of 50% of the protective condition.

2.6. Statistical Analysis

Data are presented as the mean + SD. Statistical analyses were conducted using
GraphPad Prism 9.4.1 (GraphPad Inc., La Jolla, CA, USA). Differences between independent
samples and those between two related samples were evaluated using unpaired and two-
tailed t-tests, respectively. p < 0.05 was considered significant (* p < 0.05, ** p < 0.01,
***p < 0.005, **** p < 0.001).

3. Results
3.1. SARS-CoV-2 OmicronBA.1 Is a Novel and Highly Mutated Variant

The S protein of SARS-CoV-2 consists of S1 and S2 subunits and is the major viral
surface protein. The S protein can bind to human ACE2 and enters the host cell mediated
by the C-terminal RBD of the S1 subunit [19-21]. Subsequently, the S2 subunit mediates
the fusion of the viral envelope with the host cell membrane, resulting in the release of
the viral genome into the cytoplasm [22,23]. Compared with the Delta variant and WT,
Omicron BA.1 mutation sites are more abundant and widely distributed on the surface of
the NTD and RBD domains, spanning the ACE2 binding site and NAb epitopes. These
mutations offer a potential evolutionary advantage by enhancing viral RBD-ACE2-binding
or immune escape from NAbs [24,25]. The RBD, which interacts with the ACE2 receptor,
contains 15 of these mutations: G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N,
T478K, E484A, Q493R, G496S, Q498R, N501Y, and Y505H (Figure 1) [26].
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Figure 1. Schematic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein
structure showing the mutations of the variants used in this study (https://outbreak.info (accessed
on 10 August 2022)). The N-terminal domain (NTD) is shown in blue and red denotes the receptor-
binding domain (RBD). (A) Linear mutation diagram of Delta spike (S1 and S2) proteins. (B) Linear
mutation diagram of Omicron spike proteins. Mutations shared by Delta with Omicron are shown in
red. Different mutations of Omicron and Delta at the same site are shown in blue.

3.2. CoronaVac Vaccine Booster Is Effective in Increasing Neutralizing Antibody
Levels and Cross-Reactivity

To determine the susceptibility of WT, Delta, and Omicron viruses to CoronaVac-
induced neutralization, we examined antibody levels and neutralizing activity in serum
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after each vaccination with CoronaVac. Regardless of whether it was against the original
strain or the SARS-CoV-2 variant, the third dose of inoculation significantly increased serum
NAD titers. For the WT, NADb levels increased by 3.3-fold after two doses compared with one
dose (geometric mean titer, GMT 26), and by 19.4-fold after three doses (Figure 2A). There
were 21.6-fold and 19.2-fold increases in NAb titers against Delta (GMT 110) (Figure 2B)
and Omicron BA.1 (GMT 45) (Figure 2C) after the third dose, respectively. At the same
time, we also calculated the serum positivity for NAbs. CoronaVac is an inactivated vaccine
designed for the WT; therefore, the different vaccine doses did not affect the proportion
of serum antibodies in the WT, which were all 100% (Figure 2A). However, there were
obvious changes in the live virus neutralization experiments using the SARS-CoV-2 variant
strains Delta and Omicron BA.1. For Delta serum, positivity increased from 53.49% at one
injection to 95.35% after two injections, reaching 100% after three injections (Figure 2B).
For Omicron BA.1, serum positivity increased from 16.28% after the first dose to 93.02%
after the third dose (Figure 2C). Therefore, we believe that the third homologous booster
shot of the inactivated vaccine is immunogenic and can effectively improve the body’s
neutralizing immune response to a SARS-CoV-2 variant.
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Figure 2. Live virus neutralization test results from 129 serum samples obtained from 43 volunteers
vaccinated with three doses of CoronaVac homologously after each dose of CoronaVac. Neutralization
of authentic viruses was performed using a cytopathic effect (CPE)-based assay with a viral titer of
1010 TCIDs (median tissue culture infectious dose). The neutralization titer of the serum sample was
calculated as the reciprocal of the highest dilution that protected more than 50% of cells from CPE.
Pie charts show the proportion of vaccinees within each group that had detectable neutralization
against the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) live virus. Fold-increase
in the geometric mean neutralization titer of each dose relative to those vaccinated with one dose
within a group is shown as a number with the “x” symbol above the lines. (A-C) The results of

neutralizing antibodies against the wild-type (WT) (A), Delta (B), and Omicron BA.1 (C) viruses in
the serum indicated by dots.

3.3. Neutralizing Antibody Responses to SARS-CoV-2 Variants Indicate Massive
Escape of Omicron

Serum NAD results elicited by CoronaVac showed that the GMT for Omicron was
10.7-28.7-fold lower than that of the WT, and was significantly lower than that for the Delta
variant (Figure 3A—-C). Numerous site mutations in the RBD region confer the ability of
Omicron to evade immunity from vaccines or previous infection and, more broadly than
any other variant, impair the potency of NAbs, which also contributes to a significant
decrease in the protective efficacy of existing vaccines against Omicron infection.
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Figure 3. (A—C) The results of cross-neutralization of wild-type (WT), Delta, and Omicron BA.1
viruses by sera from each individual vaccinated with one (A), two (B), and three (C) doses of
CoronaVac are shown as bar graphs. The numbers on the graph represent the geometric mean
titers (GMT).

4. Discussion

This study collected blood samples from volunteers who received a three-dose Coro-
naVac homologous vaccination regimen and measured live virus cross-NAb levels after
each dose. The results showed that the CoronaVac booster could significantly increase the
level of NAbs against Delta and Omicron BA.1, enhance the serum positivity for antibodies,
and increase the body’s ability to effectively defend against new coronavirus variants. This
was consistent with previous research results showing that vaccination with homologous
or heterologous boosters can increase neutralizing titers by severalfold [24,27,28]. Stud-
ies have shown that nearly all individuals with anti-SARS-CoV-2 CD8+ T cell responses
recognize the Omicron variant, while established SARS-CoV-2 stimulatory CD4+ and
CD8+ T cell responses to Omicron remain largely unchanged, suggesting that this vari-
ant does not produce widespread T-cell immune evasion [29,30]. This also implies that
T-cell immunity, which is less susceptible to Omicron mutations, might still be the key to
preventing infection. Previous reports have suggested that Omicron infections are mild
in nature, with serious infections rarely occurring in fully vaccinated individuals [31,32].
Therefore, we believe that the third dose of inactivated vaccine should be administered to
stimulate the development of humoral responses and improve the immune barrier, thereby
enhancing neutralizing potency and breadth and reducing the severity and mortality in
the population.

The T478K mutation, coexisting with other complex mutations, might be associated
with direct enhancement of the interaction of the RBD region with the ACE2 receptor.
Residue R493, located in the RBD region, substitutes the hydrogen bond with ACE2 residue
E35 with a new salt bridge, while residue R498, in addition to keeping the hydrogen bond
interaction between residue 498 and ACE2 residue Q42, also interacts with ACE2 residue
D38 to form a new salt bridge [33]. RBD residue S496 added a new interaction by forming
a hydrogen bond with ACE2 residue K353, while compensating for the loss of affinity
for ACE2 caused by the K417N mutation [34,35]. N501Y will form an additional stacked
ring with Y41 [36]. D614G existed in multiple mutant strains in the early stage, which is
mainly related to membrane fusion and can promote fusion of the virus with the human
cell membrane [37]. These mutations resulted in increased affinity of Omicron for hACE2
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and a significant increase in infectivity, which was 10-fold and 2.8-fold higher than that of
the WT and Delta variants, respectively [31].

Research from Oxford University demonstrated that the antigenic distance of Omicron
BA.1is farther than that of Delta from the original SARS-CoV-2 vaccine strain [38], and most
current vaccines use the original wild-type SARS-CoV-2 spike protein as the sole immuno-
gen which has drawn attention to specific variant vaccines. Several recent studies have
generated and tested Omicron-specific vaccine candidates with different vaccine antigen
designs and components. However, the ability of these Omicron-specific vaccines to trigger
serum NADb production in the body shows that they have limited cross-protection ability
against different variants of SARS-CoV-2, and do not have broad spectrum activity [39-41].
In addition, new variants of SARS-CoV-2 emerge every 6 months on average, making it
unlikely that vaccines for new variants will be developed and completed promptly.

For SARS-CoV-2, the main goal of current vaccines is to prevent symptomatic COVID-19
and contain its rapid spread and worldwide epidemic. This study lacked evaluation of
the cross-protection effect of the currently popular variants, such as Omicron BA.4/5. In
the future, we will further study the protective efficiency of homologous vaccination with
CoronaVac, and heterologous vaccination, such as CoronaVac combined with other types
of vaccines (adenovirus vaccines, mRNA vaccines or recombinant protein vaccines) on
subsequent circulating mutants, to find the best immunization regimen for current or
potential future outbreaks.

Author Contributions: Conceptualization, Y.Z. and K.C.; methodology, J.L. (Jianhua Li) and X.L.;
validation, E'W. and ].Y.; formal analysis, J.L. (Jiaxuan Li) and C.H.; investigation, K.C. and J.L.
(Jianhua Li); resources, E.W. and J.Y.; writing—review and editing, J.L. (Jianhua Li), J.L. (Jiaxuan Li),
and K.C; supervision, Y.Z. and K.C.; project funding acquisition, Y.Z. and K.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by Key Research and Development Program of Zhejiang Province
(program number 2021C03044, Yanjun Zhang), Major Health Science and Technology Projects of
Zhejiang Province (project number WKJ-Z]J-2105, Yanjun Zhang), Science and Technology Program of
Zhejiang Province (grant no. 2022C03017, Yanjun Zhang), and National key R&D Program of China
(project number 2021YFC2301200, Jianhua Li).

Institutional Review Board Statement: The study was ethically approved by the Ethics Committee
of Zhejiang Provincial Center for Disease Control and Prevention.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: All authors declare no conflicts of interest in this study.

References

1. Wu, E; Zhao, S.; Yu, B.; Chen, YM.; Wang, W.; Song, Z.G.; Hu, Y.; Tao, ZW,; Tian, ].H.; Pei, Y.Y.; et al. A new coronavirus
associated with human respiratory disease in China. Nature 2020, 579, 265-269. [CrossRef] [PubMed]

2. Qu, L, Yi, Z; Shen, Y;; Lin, L.; Chen, F; Xu, Y,; Wu, Z,; Tang, H.; Zhang, X,; Tian, F; et al. Circular RNA vaccines against
SARS-CoV-2 and emerging variants. Cell 2022, 185, 1728-1744.e16. [CrossRef] [PubMed]

3. Gao,S]J.; Guo, H; Luo, G. Omicron variant (B.1.1.529) of SARS-CoV-2, a global urgent public health alert! ]. Med. Virol. 2022,
94, 1255-1256. [CrossRef]

4. Lopez Bernal, J.; Gower, C.; Andrews, N. Effectiveness of Covid-19 Vaccines against the B.1.617.2 (Delta) Variant. Reply. N. Engl.
J. Med. 2021, 385, €92. [CrossRef] [PubMed]

5. Emary, KR.W.,; Golubchik, T.; Aley, PK.; Ariani, C.V.; Angus, B.; Bibi, S.; Blane, B.; Bonsall, D.; Cicconi, P.; Charlton, S.; et al.
Efficacy of ChAdOx1 nCoV-19 (AZD1222) vaccine against SARS-CoV-2 variant of concern 202012/01 (B.1.1.7): An exploratory
analysis of a randomised controlled trial. Lancet 2021, 397, 1351-1362. [CrossRef]

6. Shrestha, L.B.; Foster, C.; Rawlinson, W.; Tedla, N.; Bull, R.A. Evolution of the SARS-CoV-2 omicron variants BA.1 to BA.5:

Implications for immune escape and transmission. Rev. Med. Virol. 2022, 32, €2381. [CrossRef]


http://doi.org/10.1038/s41586-020-2008-3
http://www.ncbi.nlm.nih.gov/pubmed/32015508
http://doi.org/10.1016/j.cell.2022.03.044
http://www.ncbi.nlm.nih.gov/pubmed/35460644
http://doi.org/10.1002/jmv.27491
http://doi.org/10.1056/NEJMoa2108891
http://www.ncbi.nlm.nih.gov/pubmed/34758250
http://doi.org/10.1016/S0140-6736(21)00628-0
http://doi.org/10.1002/rmv.2381

Vaccines 2022, 10, 2111 70f8

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Altarawneh, H.N.; Chemaitelly, H.; Hasan, M.R.; Ayoub, H.H.; Qassim, S.; AlMukdad, S.; Coyle, P,; Yassine, H.M.; Al-Khatib, H.A;
Benslimane, EM.; et al. Protection against the Omicron Variant from Previous SARS-CoV-2 Infection. N. Engl. J. Med. 2022,
386, 1288-1290. [CrossRef]

Petersen, E.; Ntoumi, F.; Hui, D.S.; Abubakar, A.; Kramer, L.D.; Obiero, C.; Tambyah, P.A.; Blumberg, L.; Yapi, R.; Al-Abri, S.; et al.
Emergence of new SARS-CoV-2 Variant of Concern Omicron (B.1.1.529)—Highlights Africa’s research capabilities, but exposes
major knowledge gaps, inequities of vaccine distribution, inadequacies in global COVID-19 response and control efforts. Int. J.
Infect. Dis. 2022, 114, 268-272. [CrossRef]

Zuo, F; Abolhassani, H.; Du, L.; Piralla, A.; Bertoglio, F.; de Campos-Mata, L.; Wan, H.; Schubert, M.; Cassaniti, I.; Wang, Y.; et al.
Heterologous immunization with inactivated vaccine followed by mRNA-booster elicits strong immunity against SARS-CoV-2
Omicron variant. Nat. Commun. 2022, 13, 2670. [CrossRef]

Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. ]. Med. 2021, 384, 403—416. [CrossRef]

Polack, FP,; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, ]J.L.; Pérez Marc, G.; Moreira, E.D.;
Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. ]. Med. 2020, 383, 2603-2615. [CrossRef]
[PubMed]

Sadoff, J.; Gray, G.; Vandebosch, A.; Cardenas, V.; Shukarev, G.; Grinsztejn, B.; Goepfert, P.A.; Truyers, C.; Fennema, H.;
Spiessens, B.; et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against Covid-19. N. Engl. ]. Med. 2021, 384,
2187-2201. [CrossRef] [PubMed]

Bar-On, YM.; Goldberg, Y.; Mandel, M.; Bodenheimer, O.; Freedman, L.; Kalkstein, N.; Mizrahi, B.; Alroy-Preis, S.; Ash, N.;
Milo, R.; et al. Protection of BNT162b2 Vaccine Booster against Covid-19 in Israel. N. Engl. ]. Med. 2021, 385, 1393-1400. [CrossRef]
[PubMed]

Cromer, D.; Steain, M.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K,; Juno, ].A.; Kent, S.J.; Triccas, ].A.; Khoury, D.S.; Davenport, M.P.
Neutralising antibody titres as predictors of protection against SARS-CoV-2 variants and the impact of boosting: A meta-analysis.
Lancet Microbe 2022, 3, e52—e61. [CrossRef] [PubMed]

Davis, C.; Logan, N.; Tyson, G.; Orton, R.; Harvey, W.T.; Perkins, J.S.; Mollett, G.; Blacow, R.M.; Peacock, T.P; Barclay, W.S.; et al.
Reduced neutralisation of the Delta (B.1.617.2) SARS-CoV-2 variant of concern following vaccination. PLoS Pathog. 2021, 17, e1010022.
[CrossRef]

Zeng, G.; Wu, Q.; Pan, H,; Li, M; Yang, J.; Wang, L.; Wu, Z,; Jiang, D.; Deng, X.; Chu, K; et al. Immunogenicity and safety
of a third dose of CoronaVac, and immune persistence of a two-dose schedule, in healthy adults: Interim results from two
single-centre, double-blind, randomised, placebo-controlled phase 2 clinical trials. Lancet Infect. Dis. 2022, 22, 483-495. [CrossRef]
Costa Clemens, S.A.; Weckx, L.; Clemens, R.; Almeida Mendes, A.V.; Ramos Souza, A.; Silveira, M.B.V.; da Guarda, S.N.F,;
de Nobrega, M.M.; de Moraes Pinto, M.I.; Gonzalez, 1.G.S.; et al. Heterologous versus homologous COVID-19 booster vaccination
in previous recipients of two doses of CoronaVac COVID-19 vaccine in Brazil (RHH-001): A phase 4, non-inferiority, single blind,
randomised study. Lancet 2022, 399, 521-529. [CrossRef]

Gao, Q.; Bao, L.; Mao, H.; Wang, L.; Xu, K,; Yang, M.; Li, Y.; Zhu, L.; Wang, N.; Lv, Z; et al. Development of an inactivated vaccine
candidate for SARS-CoV-2. Science 2020, 369, 77-81. [CrossRef]

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H,;
Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor. Cell 2020, 181, 271-280.e8. [CrossRef]

Letko, M.; Marzi, A.; Munster, V. Functional assessment of cell entry and receptor usage for SARS-CoV-2 and other lineage B
betacoronaviruses. Nat. Microbiol. 2020, 5, 562-569. [CrossRef]

Zhou, P; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y,; Li, B.; Huang, C.L.; et al. A pneumonia outbreak
associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273. [CrossRef] [PubMed]

Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of
the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260-1263. [CrossRef] [PubMed]

Yan, R,; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by full-length human ACE2.
Science 2020, 367, 1444-1448. [CrossRef] [PubMed]

Garcia-Beltran, W.E,; St Denis, K.J.; Hoelzemer, A.; Lam, E.C.; Nitido, A.D.; Sheehan, M.L.; Berrios, C.; Ofoman, O.; Chang, C.C,;
Hauser, B.M.; et al. mRNA-based COVID-19 vaccine boosters induce neutralizing immunity against SARS-CoV-2 Omicron
variant. Cell 2022, 185, 457—-466.e4. [CrossRef] [PubMed]

Liu, C.; Ginn, H.M.; Dejnirattisai, W.; Supasa, P.; Wang, B.; Tuekprakhon, A.; Nutalai, R.; Zhou, D.; Mentzer, A.].; Zhao, Y.; et al.
Reduced neutralization of SARS-CoV-2 B.1.617 by vaccine and convalescent serum. Cell 2021, 184, 4220-4236.e13. [CrossRef]
Cao, Y.; Wang, |.; Jian, E; Xiao, T.; Song, W.; Yisimayi, A.; Huang, W.; Li, Q.; Wang, P.; An, R; et al. Omicron escapes the majority
of existing SARS-CoV-2 neutralizing antibodies. Nature 2022, 602, 657-663. [CrossRef]

Wratil, PR.; Stern, M.; Priller, A.; Willmann, A.; Almanzar, G.; Vogel, E.; Feuerherd, M.; Cheng, C.C.; Yazici, S.; Christa, C.; et al.
Three exposures to the spike protein of SARS-CoV-2 by either infection or vaccination elicit superior neutralizing immunity to all
variants of concern. Nat. Med. 2022, 28, 496-503. [CrossRef]

Wang, K.; Cao, Y.; Zhou, Y.; Wu, J; Jia, Z.; Hu, Y,; Yisimayi, A.; Fu, W.; Wang, L.; Liu, P; et al. A third dose of inactivated vaccine
augments the potency, breadth, and duration of anamnestic responses against SARS-CoV-2. medRxiv 2021. [CrossRef]


http://doi.org/10.1056/NEJMc2200133
http://doi.org/10.1016/j.ijid.2021.11.040
http://doi.org/10.1038/s41467-022-30340-5
http://doi.org/10.1056/NEJMoa2035389
http://doi.org/10.1056/NEJMoa2034577
http://www.ncbi.nlm.nih.gov/pubmed/33301246
http://doi.org/10.1056/NEJMoa2101544
http://www.ncbi.nlm.nih.gov/pubmed/33882225
http://doi.org/10.1056/NEJMoa2114255
http://www.ncbi.nlm.nih.gov/pubmed/34525275
http://doi.org/10.1016/S2666-5247(21)00267-6
http://www.ncbi.nlm.nih.gov/pubmed/34806056
http://doi.org/10.1371/journal.ppat.1010022
http://doi.org/10.1016/S1473-3099(21)00681-2
http://doi.org/10.1016/S0140-6736(22)00094-0
http://doi.org/10.1126/science.abc1932
http://doi.org/10.1016/j.cell.2020.02.052
http://doi.org/10.1038/s41564-020-0688-y
http://doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
http://doi.org/10.1126/science.abb2507
http://www.ncbi.nlm.nih.gov/pubmed/32075877
http://doi.org/10.1126/science.abb2762
http://www.ncbi.nlm.nih.gov/pubmed/32132184
http://doi.org/10.1016/j.cell.2021.12.033
http://www.ncbi.nlm.nih.gov/pubmed/34995482
http://doi.org/10.1016/j.cell.2021.06.020
http://doi.org/10.1038/s41586-021-04385-3
http://doi.org/10.1038/s41591-022-01715-4
http://doi.org/10.1101/2021.09.02.21261735

Vaccines 2022, 10, 2111 8of8

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kurhade, C.; Zou, J.; Xia, H.; Cai, H.; Yang, Q.; Cutler, M.; Cooper, D.; Muik, A.; Jansen, K.U.; Xie, X,; et al. Neutralization of
Omicron BA.1, BA.2, and BA.3 SARS-CoV-2 by 3 doses of BNT162b2 vaccine. Nat. Commun. 2022, 13, 3602. [CrossRef]

Saxena, S.K.; Kumar, S.; Ansari, S.; Paweska, ].T.; Maurya, VK.; Tripathi, A.K.; Abdel-Moneim, A.S. Characterization of the novel
SARS-CoV-2 Omicron (B.1.1.529) variant of concern and its global perspective. J. Med. Virol. 2022, 94, 1738-1744. [CrossRef]
Chen, J.; Wang, R.; Gilby, N.B.; Wei, G.W. Omicron Variant (B.1.1.529): Infectivity, Vaccine Breakthrough, and Antibody Resistance.
J. Chem. Inf. Model. 2022, 62, 412—422. [CrossRef] [PubMed]

Tiecco, G.; Storti, S.; Degli Antoni, M.; Foca, E.; Castelli, F.; Quiros-Roldan, E. Omicron Genetic and Clinical Peculiarities That
May Overturn SARS-CoV-2 Pandemic: A Literature Review. Int. J. Mol. Sci. 2022, 23, 1987. [CrossRef]

Mannar, D.; Saville, ] W.; Zhu, X.; Srivastava, S.S.; Berezuk, A.M.; Tuttle, K.S.; Marquez, A.C.; Sekirov, I.; Subramaniam, S. SARS-CoV-2
Omicron variant: Antibody evasion and cryo-EM structure of spike protein-ACE2 complex. Science 2022, 375, 760-764. [CrossRef]
[PubMed]

Willett, B.].; Grove, J.; MacLean, O.A.; Wilkie, C.; De Lorenzo, G.; Furnon, W.; Cantoni, D.; Scott, S.; Logan, N.; Ashraf, S.; et al.
SARS-CoV-2 Omicron is an immune escape variant with an altered cell entry pathway. Nat. Microbiol. 2022, 7, 1161-1179.
[CrossRef]

Lan, J.; He, X;; Ren, Y.; Wang, Z.; Zhou, H.; Fan, S.; Zhu, C,; Liu, D.; Shao, B.; Liu, T.-Y,; et al. Structural insights into the
SARS-CoV-2 Omicron RBD-ACE2 interaction. Cell Res. 2022, 32, 593-595. [CrossRef]

Hoffmann, M.; Zhang, L.; Péhlmann, S. Omicron: Master of immune evasion maintains robust ACE2 binding. Signal Transduct.
Target. Ther. 2022, 7, 118. [CrossRef] [PubMed]

Plante, J.A.; Liu, Y,; Liu, ].; Xia, H.; Johnson, B.A.; Lokugamage, K.G.; Zhang, X.; Muruato, A.E.; Zou, ].; Fontes-Garfias, C.R.; et al.
Spike mutation D614G alters SARS-CoV-2 fitness. Nature 2021, 592, 116-121. [CrossRef] [PubMed]

Dejnirattisai, W.; Shaw, R H.; Supasa, P; Liu, C,; Stuart, A.S.; Pollard, A.J.; Liu, X.; Lambe, T.; Crook, D.; Stuart, D.I; et al. Reduced
neutralization of SARS-CoV-2 omicron B.1.1.529 variant by post-immunisation serum. Lancet 2022, 399, 234-236. [CrossRef]
Zang, J.; Zhang, C.; Yin, Y,; Xu, S.; Qiao, W.; Lavillette, D.; Wang, H.; Huang, Z. An mRNA vaccine candidate for the SARS-CoV-2
Omicron variant. bioRxiv 2022, 479348. [CrossRef]

Zhang, N.N.; Zhang, R.R.; Zhang, Y.F; Ji, K,; Xiong, X.C.; Qin, Q.S.; Gao, P,; Lu, X.S.; Zhou, H.Y.; Song, H.F; et al. Rapid
development of an updated mRNA vaccine against the SARS-CoV-2 Omicron variant. Cell Res 2022, 32, 401-403. [CrossRef]
Lee, I.-].; Sun, C.-P; Wu, P-Y,; Lan, Y.-H.; Wang, I.-H.; Liu, W.-C.; Tseng, S.-C.; Tsung, S.-I.; Chou, Y.-C.; Kumari, M.; et al.
Omicron-specific mRNA vaccine induced potent neutralizing antibody against Omicron but not other SARS-CoV-2 variants.
bioRxiv 2022, 478406. [CrossRef]


http://doi.org/10.1038/s41467-022-30681-1
http://doi.org/10.1002/jmv.27524
http://doi.org/10.1021/acs.jcim.1c01451
http://www.ncbi.nlm.nih.gov/pubmed/34989238
http://doi.org/10.3390/ijms23041987
http://doi.org/10.1126/science.abn7760
http://www.ncbi.nlm.nih.gov/pubmed/35050643
http://doi.org/10.1038/s41564-022-01143-7
http://doi.org/10.1038/s41422-022-00644-8
http://doi.org/10.1038/s41392-022-00965-5
http://www.ncbi.nlm.nih.gov/pubmed/35393393
http://doi.org/10.1038/s41586-020-2895-3
http://www.ncbi.nlm.nih.gov/pubmed/33106671
http://doi.org/10.1016/S0140-6736(21)02844-0
http://doi.org/10.1101/2022.02.07.479348
http://doi.org/10.1038/s41422-022-00626-w
http://doi.org/10.1101/2022.01.31.478406

	Introduction 
	Materials and Methods 
	Cell Culture 
	Virus Stocks 
	Blood Samples 
	Ethical Approval 
	Live Virus Neutralization Test 
	Statistical Analysis 

	Results 
	SARS-CoV-2 OmicronBA.1 Is a Novel and Highly Mutated Variant 
	CoronaVac Vaccine Booster Is Effective in Increasing Neutralizing Antibody Levels and Cross-Reactivity 
	Neutralizing Antibody Responses to SARS-CoV-2 Variants Indicate Massive Escape of Omicron 

	Discussion 
	References

