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A B S T R A C T   

Since its emergence at the end of 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has 
caused the infection of more than 600 million people worldwide and has significant damage to global medical, 
economic, and political structures. Currently, a highly mutated variant of concern, SARS-CoV-2 Omicron, has 
evolved into many different subvariants mainly including BA.1, BA.2, BA.3, BA.4/5, and the recently emerging 
BA.2.75.2, BA.2.76, BA.4.6, BA.4.7, BA.5.9, BF.7, BQ.1, BQ.1.1, XBB, XBB.1, etc. Mutations in the N-terminal 
domain (NTD) of the spike protein, such as A67V, G142D, and N212I, alter the antigenic structure of Omicron, 
while mutations in the spike receptor binding domain (RBD), such as R346K, Q493R, and N501Y, increase the 
affinity for angiotensin-converting enzyme 2 (ACE2). Both types of mutations greatly increase the capacity of 
Omicron to evade immunity from neutralizing antibodies, produced by natural infection and/or vaccination. In 
this review, we systematically assess the immune evasion capacity of SARS-CoV-2, with an emphasis on the 
neutralizing antibodies generated by different vaccination regimes. Understanding the host antibody response 
and the evasion strategies employed by SARS-CoV-2 variants will improve our capacity to combat newly 
emerging Omicron variants.   

1. Introduction 

1.1. Zoonotic coronaviruses and human pathogenic coronavirus 

Zoonotic coronaviruses (CoV) are a large group of pathogens that 
often infect humans or animals to cause severe diseases, which poten
tially threaten public health and social development [1,2]. In 1965, 
Tyrrell and Bynoe isolated the first human coronavirus, named B814, 
from the nasal wash of a cold patient using a human embryo tracheal 
culture [3]. Electron microscopy revealed that there are spinous pro
cesses shaped like coronas on their envelopes, hence the name “coro
navirus” was proposed [4]. Coronavirus can be classified into 4 different 
genera by the International Committee of Taxonomy of Viruses (ICTV), 
namely Alpha-, Beta-, Gamma-, and Delta-coronaviruses [5]. Alpha- and 
Beta-coronaviruses infect mammals only, whereas Gamma- and 
Delta-coronaviruses infect birds and occasionally also infect mammals 
[5]. Currently, 7 coronaviruses are known to be capable of infecting 
humans [6]. SARS-CoV-2 is the 7th coronavirus with a confirmed ability 
to infect humans and can cause mild to severe disease depending on 
pathogenicity, infectivity, and subvariants [5–10]. Of these 7 

coronaviruses, HCoV-229E and HCoV-NL63 are in the 
Alpha-coronavirus, while SARS-CoV, SARS-CoV-2, HCoV-HKU1, HCo
V-OC43, and MERS-CoV are all in the Beta-coronaviruses [5,11]. The 
genera of Beta-coronavirus can further be divided into subgroups based 
on their genomic structures and phylogenetic relationships [5]. 
HCoV-OC43 and HCoV-HKU1 belong to subgroup A, SARS-CoV, SAR
S-CoV-2 to subgroup B, and MERS-CoV to subgroup C [5,11] (Fig. 1). 
HCoV-229E, HCoV-NL63, HCoV-HKU1, and HCoV-OC43 cause humans 
to develop mild upper respiratory symptoms and are commonly referred 
to as “common cold” CoVs [5–10]. The human lower respiratory tract 
can be infected by SARS-CoV and MERS-CoV, leading to severe respi
ratory disease [5–10]. 

1.2. Genome structure, hosts, symptoms, and transmission routes of 
SARS-CoV-2 

SARS-CoV-2 is a single-stranded RNA virus with about 30 kb long 
genome [12]. Its genome encodes 4 structural proteins called membrane 
(M), envelope (E), nucleocapsid (N), and spike (S) plus 16 nonstructural 
proteins and 9 accessory proteins [12] (Fig. 2). SARS-CoV isolated from 
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Fig. 1. Classification of the Coronavir
idae. The Coronaviridae family has been 
divided into Orthocoronavirnae and 
Torovirinae subfamilies. The subfamily 
Orthocoronavirnae is divided into 4 
genera, Alpha-, Beta-, Gamma-, and 
Delta-coronavirus. Viruses in the Alpha- 
genus are represented in blue and the 
Beta-genus are represented in orange. 
Viruses in the Beta-genus are divided 
into 4 subgroups A, B, C, and D, with 
subgroup A, represented in light green, 
subgroup B in orange, subgroup C in 
lavender, and subgroup D in light yel
low. SARS-CoV-2 belongs to subgroup B 
in the genus Beta-coronavirus. The Var
iants of concerns of SARS-CoV-2 are 
represented in yellow, and Omicron 
subvariants are represented in purple.   
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the 2003 pandemic was found to spread from bats to an intermediate 
host, the civet, which subsequently infected humans [6]. MERS-CoV, 
which caused Middle East Respiratory Syndrome (MERS) in 2012, was 
transmitted from bats to dromedary camels before infecting humans [6]. 
Analogous to SARS-CoV and MERS-CoV, bats are regarded to be natural 
hosts for SARS-CoV-2 [13]. However, the intermediate host of 
SARS-CoV-2 remains undetermined [13]. When infected by 
SARS-CoV-2, the most common COVID-19 symptoms in humans are 
fever, cough, myalgia, and tiredness [6, 12, 14–16]. More than half of 
the patients developed dyspnoea [6, 12, 17, 18]. In addition to respi
ratory symptoms, some patients may also develop gastrointestinal 
symptoms including diarrhea, vomiting, and abdominal pain [14]. How 
SARS-CoV-2 transmits among individuals is a major concern. It can 
spread through respiratory droplets, aerosols, contact transmission, and 
fecal-oral routes [19–21]. There is even evidence that SARS-CoV-2 can 
be transmitted from mothers to their offspring in a vertical manner 
during pregnancy and childbirth [22–24]. 

1.3. Variants of concerns and the dominating Omicron variant 

Globally, as reported to The World Health Organization (WHO) on 
February 1st, 2023, there have been 753,651,712 confirmed cases of 
COVID-19, including 6,813,845 deaths. As of January 30th, 2023, a total 
of 13168935724 vaccine doses have been administered (https:// 
covid19.who.int/). SARS-CoV-2 has evolved and mutated into newer 
variants over time and based on the risk level of the strains, WHO 
classifies the strains as variants under monitoring (VUM), variants of 
interest (VOI), variants of concern (VOC), variants of high consequence 
(VOHC). The detected SARS-CoV-2 variants were classified as VUM, 
VOI, and VOC, and none have yet been classified as VOHC. The VOCs 
have been the main type of variant causing several waves of the COVID- 
19 pandemic worldwide [25]. The SARS-CoV-2 VOCs are Alpha 
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron 
(BA.1, etc.) [26]. This article focuses on Omicron, the major dominating 
and circulating variant worldwide at the moment. Omicron was initially 
detected in Botswana, Africa, on November 11th, 2021, and it was 
classified as a VOC by the WHO on November 26th, 2021 [27]. It rapidly 
caused the 4th wave of the SARS-CoV-2 epidemic in southern African 
countries [27]. Omicron swept the world in just a few weeks, causing a 
dramatic rise in infection numbers [27]. Over time, Omicron has 
evolved into several different subvariants, mainly including BA.1, 
BA.1.1, BA.2, BA.2.12.1, BA.2.13, BA.2.38, BA.2.75, BA.3, and BA.4/5 
[28]. Currently, the most widespread and influential is BA.4/5, but new 
Omicron subvariants have recently appeared, including BA.2.75.2, 
BA.4.6, BA.4.7, BA.5.9, BF.7, BQ.1, BQ.1.1, BN.1, XBB, and CH.1.1 
[29–31]. Over time, these new subvariants have contributed to the rise 
in the total number of COVID-19 infections, and BQ.1 is taking the lead 
now [32,33]. The Omicron continues to evolve, and successively pro
duces subvariants that are not only more transmissive but also more 
antibody-evasive [34]. 

1.4. The SARS-CoV-2 Omicron and neutralizing antibodies 

1.4.1. Mutations on the Omicron S protein 
Entry of coronavirus into host cells is mediated by the S protein [35] 

(Fig. 3). A furin cleavage site divides the S protein into S1 and S2 sub
units, where the S1 subunit is responsible for binding to the host cell 
receptor, and the S2 subunit is responsible for fusing the viral membrane 
to the cell membrane [1,36]. The S protein serves as a target for 
neutralizing antibodies, drug development, and vaccine design [35, 
37–39]. More than 30 mutations out of the over 50 mutations found in 
the Omicron variant are located on the S protein including about 20 
mutations in the receptor binding domain (RBD) [39,40]. BA.1 shares 
RBD mutations K417N, T478K, and N501Y with previous VOCs and 
contains many unique mutations including G339D, S371L, S373P, 
S375F, N440K, G446S, S477N, E484A, Q493R, Q496S, Q498R, Y505H 
[41] (Fig. 3). BA.1.1, in addition, possesses the mutation R346K [42]. 
BA.2 and BA.1 have multiple mutations in common, but BA.2 has some 
unique mutations in the RBD including S371F, T376A, D405N, and 
R408S [27,42] (Fig. 3). BA.2.12.1 adds the mutation L452Q in the RBD 
[43]. BA.2.75 has the following additional mutations: G339H, G446S, 
and N460K in the RBD compared to BA.2, and BA.2.75.2 has mutations: 
R346T, F486S in the RBD in addition to the BA.2.75 mutations [29, 31, 
44] (Fig. 3). BA.3 has fewer mutations compared to BA.2: T376A and 
R408S in the RBD are missing but has acquired one additional mutation: 
G446S [40]. BA.4/5 have acquired two missense mutations in the RBD: 
L452R and F486V, but the mutation Q493R is absent when compared to 
BA.2 [45]. BA.4.6 has two additional mutations (R346T, N658S) in the 
RBD than BA.4/5 [29, 31, 46, 47]. BA.4.7 has one more mutation 
(R346S) in the RBD compared to BA.4/5 [47] (Fig. 3). BA.5.9 contains 
an additional R346I mutation in the RBD [47] (Fig. 3). BF.7 has, like
wise, the R346T mutation in the RBD [31]. BQ.1 has also acquired 
additional mutations compared to BA.4/5: K444T and N460K in the RBD 
[31]. BQ.1.1 harbors further one additional mutation (R346T) 
compared to BQ.1 [29, 31, 48] (Fig. 3). In contrast to the previously 
emerged SARS-CoV-2 variant, the large number of mutations in the S 
protein of the Omicron variant results in extensive antibody escape and 
creates a challenge to the effectiveness of existing vaccines and antibody 
therapies [49,50] (Fig. 3). Firstly, A67V, Δ69–70, G142D, Δ143–145, 
N212I, Δ211, and ins214EPE on N-terminal Domain (NTD) lead to 
conformational changes and altered antigen structures in the N2, N3, 
N4, and N5 rings, thereby giving Omicron powerful immune evasion 
capabilities [28, 37, 39, 51, 52]. Secondly, although several point mu
tations reduce the binding of RBD to angiotensin-converting enzyme 2 
(ACE2), the presence of compensatory mutations can restore the higher 
affinity of RBD to ACE2 [49] (Fig. 4). For example, the R346K mutation 
affects the interaction network in the BA.1.1 RBD/hACE2 interface 
primarily through long-range modifications resulting in a higher affinity 
between the BA.1.1 RBD and hACE2 than BA.1 [53] (Fig. 4). T478K and 
Q498R establish hydrogen bonds or salt bridges with Q24, and D38 
respectively, which increases the affinity between the RBD and ACE2 
[51] (Fig. 5). The Q493R mutation introduces a new salt bridge that 

Fig. 2. Overview of the SARS-CoV-2 genome encoding nonstructural proteins, structural proteins, and accessory proteins. Nonstructural proteins include ORF1a 
(NSP 1–11) and ORF1b (NSP 12–16). Structural proteins include membrane (M), envelope (E), nucleocapsid (N), and spike (S). Accessory proteins include ORF3a, 
ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c, and ORF10. 
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replaces the hydrogen bond formed by the SARS-CoV-2 Wuhan-Hu-1 
strain RBD, thereby reshaping the electrostatic interaction with ACE2 
[49,54] (Fig. 5). Mutations K417N, E484A, and G496S reduced RBD 
binding to ACE2, but mutation N501Y significantly enhanced RBD 
binding to ACE2 [51, 53, 55–58] (Fig. 4). The N501Y mutation increases 
the binding of ACE2 to the RBD by 6-fold compared to the SARS-CoV-2 
original Wuhan-Hu-1 strain RBD due to increased complementarity of 

shape between side chains [54, 59, 60] (Fig. 4). 

Fig. 3. Comprehensive comparison of mutations between diverse Omicron subvariants. Mutations in the spike protein in Omicron subvariants wild type (WT), BA.1, 
BA.1.1, BA.2, BA.2.12.1, BA.2.13, BA.2.75, BA.2.75.2, BA.2.76, BA.3, BA.4/5, BA.4.6, BA.4.7, BF.7, BA.5.9, BQ.1, BQ.1.1, XBB, and XBB.1. All identical and different 
mutations on the receptor binding domain (RBD) between different Omicron subvariants are shown. “× ” represents a deletion. The spatial positions of mutations in 
BA.1, BA.2, BA.4/5, and BQ.1 are highlighted in structure models. The helix, loop, and sheet of S protein are colored in teal, grey, and yellow, respectively. Mutations 
are shown as red spheres (PDB 7EB4). 

Fig. 4. The mechanisms of viral attachment to host cells. The S protein enters 
the human body by binding to the angiotensin-converting enzyme 2 (ACE2) in 
human cells. In the left picture, the neutralizing antibody binds the S protein so 
the S protein cannot bind ACE2, thus preventing SARS-CoV-2 from entering the 
cell. In the right picture, the neutralizing antibody is unable to bind effectively 
to the S protein, thus allowing the S protein to bind ACE2 and SARS-CoV-2 can 
enter the cell. The increase of mutations in the Omicron S protein causes a 
conformational change in the S protein, which allows the S protein to bind the 
RBD better and prevents most neutralizing antibodies from being effective 
against Omicron. 

Fig. 5. Interaction of S protein with neutralizing antibodies. Mutations K417N, 
Q493R, G496S, and N501Y are indicated by cyan, red, blue, and yellow, 
respectively. Hydrogen bonds are indicated in violet. The interaction residues 
between mutations K417N, Q493R, G496S, and N501Y on the S protein of 
Omicron and neutralizing antibodies are colored orange (PDB 7ZFD). 
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1.5. Omicron variants evade the humoral immune response induced by 
SARS-CoV-2 natural infection or vaccination 

1.5.1. BA.1 

1.5.1.1. Neutralization against BA.1 by sera from people with previous 
SARS-CoV-2 infection but not vaccinated. The neutralizing antibody titers 
of convalescent-phase sera against BA.1 are significantly reduced 
(1.7–33.8 times) compared to the D614G. In subjects previously infected 
with early pandemic virus (n = 32), Alpha (n = 18), Beta (n = 14), 
Gamma (n = 16), or Delta (n = 19), the relative sera dilution required to 
neutralize 50% of the live virus (focus reduction neutralization test 
(FRNT50)) against BA.1 were 28, 39, 28, 25, and 27, respectively, with 
decreases of 16.9-, 33.8-, 11.8-, 3.1-, and 1.7-fold for D614G, respec
tively [61] (Fig. 6). Sera specimens from unvaccinated people infected 
with BA.1 (n = 11) or BA.2 (n = 8) demonstrated neutralizing antibody 
titers against BA.1 at 500 and 241, a 12.8- and 4.7-fold increase, 
respectively, in comparison to D614G [44] (Table 1). These results show 
that BA.1 has the potential to escape the neutralization effect of anti
bodies raised against the previous SARS-CoV-2 VOCs, whereas anti
bodies raised against the BA.1 or BA.2 infection possess a much higher 
neutralization potential. 

1.5.1.2. Neutralization of BA.1 by sera from vaccine-only populations. 
Compared with D614G, serum neutralization of BA.1 is greatly reduced 
(8.5–23 times) in people previously not infected with SARS-CoV-2 but 
have been vaccinated. After two doses of the BNT162b2 vaccination 
(n = 24), the half maximal inhibitory concentration (IC50) by pseudo
virus neutralization assay for BA.1 was 29, approximately 23 times 
lower than for D614G [62] (Fig. 6). Similarly, the average titer of BA.1 
was less than 848, a decrease of more than 8.5-fold when compared to 
D614G in patients (n = 12) who received two shots of the mRNA-1273 
vaccine [63] (Table 2). Similarly, to the results from sera of infected but 
unvaccinated, sera from vaccinated-only correspondingly show a 

reduced neutralization capacity towards BA.1 compared to D614G. 

1.5.1.3. Neutralization of BA.1 by sera from people with Omicron break
through infection after vaccination. Compared to D614G, serum neutral
ization of BA.1 was slightly reduced (1.8–5.4 times) in people who 
developed Omicron breakthrough infection after vaccination. Samples 
(n = 15) were collected from South Africans infected with BA.1 after one 
or two doses of BNT162b2/Ad26. COV2. S vaccine showed that the 
FRNT50 was 507, a 4.0-fold decline relative to D614G [64] (Fig. 6). 
According to Yunlong Cao et al., the IC50 for BA.1 was 852, 282, and 
209, a 1.8-, 4.4-, and 5.4-fold decrease when compared to D614G in 
serum samples infected with BA.1 (n = 50), BA.2 (n = 39), and BA.5 
(n = 36) after three doses of CoronaVac vaccine [30,65] (Table 2). Sera 
from people affected by BA.1 or BA.2 after two or three doses of the 
BNT162b2 vaccine was demonstrated to possess neutralizing antibody 
titers for BA.1 at 5080 and 8364, which are a decreased of 2.6- and 4.2- 
fold, when being compared to the D614G [44] (Fig. 6). Following a 
breakthrough infection of Omicron, the neutralization capacity of sera 
towards the BA.1 is still diminished compared to D614G, although the 
reduction seems less compared to sera from vaccinated-only or previous 
SARS-CoV-2 infected. This implies a higher immune evasion capacity of 
BA.1 compared to D614G. 

1.5.1.4. Neutralization of BA.1 by sera from people who have received the 
first booster 

1.5.1.4.1. A homologous first booster vaccine. The first dose of ho
mologous booster increases the neutralizing activity against BA.1 to 
some extent but is still lower (2.9–14.2 times) than D614G. The three 
doses of AZD1222 or the BNT162b2 produced neutralizing antibodies 
against BA.1 with mean titers of 57 and 649, respectively, about 12.6- 
and 14.2-fold lower than those against the D614G [61] (Table 2). An 
infectious dose of 50% of exposed individuals (ID50) of 84 (6.8 times 
reduced compared to D614G) for BA.1 was found in sera specimens from 
healthy adults inoculated with three doses of the BBIBP-CorV vaccine 
[66] (Fig. 6). Vaccination with the three shots of the CoronaVac elicited 
neutralizing antibody with a mean titer of 122 against BA.1, a 5.3-fold 
decrease relative to D614G [30,65]. Sera samples from adults inocu
lated with three shots of the mRNA-1273 vaccine were measured to 
possess a neutralizing antibody titer of 850 against BA.1, a 2.9-fold 
reduction compared to the D614G [67] (Table 2). 

1.5.1.4.2. A heterologous first booster vaccine. The first dose of het
erologous booster increases the neutralizing activity against BA.1 to 
some extent but is still lower (3.4–9.4 times) than D614G. Serum spec
imens from healthy adults who had received two shots of the BBIBP- 
CorV vaccine and one shot of the ZF2001 booster achieved an ID50 
against BA.1 of 172, a 9.4-fold decrease relative to D614G [66]. The IC50 
against BA.1 was 246, a 3.4-fold decrease relative to D614G in samples 
from a population inoculated with two CoronaVac shots and one ZF2001 
shot [40] (Table 2). The IC50 against BA.1 was 2852, a 6.5-fold decrease 
relative to D614G in specimens from people inoculated with 2 
BNT162b2 shots and 1 mRNA-1273 shot [44]. In subjects vaccinated 
with two shots of the CoronaVac vaccine and a BNT162b2 booster, the 
half-maximum plaque reduction neutralizing assays (PRNT50) against 
BA.1 decreased 6.7-fold relative to D614G in the group without a history 
of SARS-CoV-2 infection, and in the group with infection history, the 
PRNT50 against BA.1 decreased 8.1-fold relative to D614G [68] 
(Table 2). 

The booster vaccine similar to the initial vaccination regime shows a 
reduced neutralization capacity when comparing BA.1 with D614G. 
However, the neutralization capacity against BA.1 still increases after 
the first booster dose, indicating a better immune response and lower 
immune evasion of BA.1 regardless of whether the booster vaccine is 
homologous or heterologous compared to the initial vaccine. 

Fig. 6. Neutralization ability of sera against Omicron by different vaccination 
and infection routines. Comparison of the neutralizing effect of respective sera 
from different groups. The number of antibodies represents the level of serum 
neutralization. A: SARS-CoV-2 infected but unvaccinated individuals, B: 
Vaccinated individuals without a history of SARS-CoV-2 infection, C: In
dividuals with SARS-CoV-2 breakthrough infection after vaccination, D: In
dividuals infected with SARS-CoV-2 before vaccination against Omicron. 
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1.5.2. BA.2 

1.5.2.1. Neutralization against BA.2 by sera from people with previous 
SARS-CoV-2 infection but not vaccinated. The neutralization levels 
against BA.1 and BA.2 range from 3.0 to 4.8-fold in the sera of conva
lescent individuals. The neutralizing antibody titers for BA.2 and 
BA.2.75 in serum samples from unvaccinated but infected BA.1 patients 
were 104 and 52, respectively, 4.8- and 9.6-fold lower than those for 
BA.1 [44]. Compared with BA.1, BA.2 had a neutralizing antibody titer 
of 746, a 3.0-fold increase, and BA.2.75 had a neutralizing antibody titer 
of 155, a 1.5-fold reduction in serum samples from unvaccinated but 
infected BA.2 [44] (Table 1). The neutralization capacity against BA.2 
and BA.2.75 is very similar to BA.1 in infected but unvaccinated. 

1.5.2.2. Neutralization against BA.2 by sera from vaccine-only pop
ulations. Neutralizing antibody titers against BA.1 and BA.2 by sera 
from vaccine-only populations (1.1–1.2 times difference) were not 
significantly different. Both were lower compared to D614G among 
vaccinated people with no history of Omicron infection. Vaccination 
with the two shots of the BNT162b2 elicited neutralizing antibody with 
a mean titer of 24 against BA.2, a 1.2-fold decrease when in contrast to 
BA.1 [62] (Fig. 6). Sera from people, who had received the mRNA 
vaccine but had no history of Omicron infection were found to have an 
ID50 for BA.2 of 939 and BA.2.12.1 of 791, which are not very far from 
the ID50 for BA.1 [34] (Table 2). As observed for BA.1 when comparing 
infected but unvaccinated and vaccinated-only, the neutralization ca
pacity against BA.2 is similar in the two groups. Additionally, the 
neutralization capacity against BA.2 is comparable to that against BA.1. 

1.5.2.3. Neutralization against BA.2 by sera from people with Omicron 
breakthrough infection after vaccination. Among the subvariants of BA.2, 
the neutralizing titers against BA.2.12.1 and BA.2.75 differed slightly, 
and BA.2.75.2 (4.2–25.0 times reduced in comparison with BA.1) having 
the lowest neutralizing antibody titers among vaccinated people with 
Omicron infection. Sera from recovering patients with BA.2 infection 
after three doses of the homologous or heterologous mRNA vaccine 
showed a 1.6- and 1.1-fold rise in neutralization titer against BA.2 (IC50: 
800), and BA.2.12.1 (IC50: 552) compared to BA.1 [69] (Table 2). Ac
cording to Yunlong Cao et al., the IC50 of BA.2, BA.2.12.1, BA.2.75, and 
BA.2.75.2 were 452, 244, 197, and 34, respectively, representing 1.8-, 
3.4-, 4.3-, and 25.0-fold declines from BA.1, respectively [30,65]. The 
IC50 for BA.2, BA.2.12.1, BA.2.75, and BA.2.75.2 were 696 (2.4 times 
higher than BA.1), 290 (similar to BA.1), 217 (1.2 times lower compared 
to BA,1), 35 (8.0 times lower compared to BA.1), respectively, according 
to the data of plasma samples from individuals, who received three shots 

of the CoronaVac vaccine and with BA.2 infection [30,65]. The IC50 for 
BA.2, BA.2.75, and BA.2.75.2 were 729 (3.4 times higher than BA.1), 
145 (1.4 times lower compared to BA.1), and 49 (4.2 times lower in 
comparison with BA.1), respectively, in plasma specimens from people 
with BA.5 infection after three shots of the CoronaVac vaccine [30,65]. 
Sera from a population with breakthrough infection of BA.1 or BA.2 
after two or three doses of the BNT162b2 vaccine were found to have 
neutralizing antibody titers for BA.2 of 3372 and 6470, respectively, a 
1.5- and 1.2-fold decrease in contrast to BA.1 [44]. The titers for BA.2.75 
were 2976 and 4393, a 1.7- and 1.9-fold decrease in comparison to BA.1, 
respectively [44] (Fig. 6). 3 months after the vaccination an effective 
dose of 50% (ED50) was 600 against BA.2.75.2, an 18-fold decrease 
when compared with BA.1, and the ED50 of BA.2.75.2 dropped sharply 
to 200, a 15.0-fold decline relative to BA.1, 8 months after vaccination in 
sera samples from healthcare workers (HCWs), who have received three 
injections of the BNT162b2 vaccine and experienced either BA.1 or BA.2 
breakthrough infection [29] (Table 2). Following a breakthrough 
infection of Omicron, there is little difference in the neutralizing ca
pacity of sera for BA.1 and BA.2. This demonstrates that the difference in 
immune evasion ability between BA.1 and BA.2 is minimal, and both are 
higher than D614G. 

1.5.2.4. Neutralization of BA.2 by sera from people who have received the 
first booster 

1.5.2.4.1. A homologous booster. There were minor differences in 
the neutralizing antibody titers between BA.1 and BA.2 (1.1–1.8 times 
lower than BA.1) of sera from patients inoculated with one dose of a 
homologous booster vaccine. Serum samples from adults inoculated 
with three shots of the mRNA-1273 vaccine were found to have an ID50 
of 475 for BA.2 (1.8 times lower than BA.1), and 583 for BA.2.75 (1.5 
times lower in comparison with BA.1) [67]. The IC50 against BA.2 was 
130, approximately equal to that of BA.1, and those against BA.2.12.1, 
BA.2.75, and BA.2.75.2 were 105, 90, and 22, respectively, which is a 
decrease of 1.1, 1.3, and 5.5 compared to BA.1 in the plasma specimens 
from people receiving three doses of the CoronaVac vaccine [30,65] 
(Table 2). In subjects inoculated with three doses of the BBIBP-CorV 
vaccine, the ID50 for BA.2 was measured to less than 56 whereas the 
ID50 for BA.1 was 1.1 times higher than this [42] (Fig. 6). 

1.5.2.4.2. A heterologous booster. There were minor differences in 
the neutralizing antibody titers between BA.1 and BA.2 (1.2–2.5 times 
reduced compared to BA.1) of sera from patients inoculated with one 
dose of booster heterologous vaccine. Serum samples from people 
receiving two injections of the BBIBP-CorV vaccine and a ZF2001 het
erologous booster were found to have an ID50 against BA.2 less than 42, 
a 2.5-fold reduction when compared to BA.1 [42]. Serum samples from 

Table 1 
Neutralizing capacity of Omicron and its subvariants in unvaccinated people previously infected with SARS-CoV-2.  

Classification Variants of infection Samples size Experimental methods Neutralizing titer Fold change to D614G Fold change to BA.1 Refs. 

BA.1 Early pandemic virus  32 FRNT BA.1: 28 16.9↓ — [61]  
Alpha 18 FRNT BA.1: 39 33.8↓ —  

Beta 14 FRNT BA.1: 28 11.8↓ —  
Gamma 16 FRNT BA.1: 25 3.1↓ —  

Delta 19 FRNT BA.1: 27 1.7↓ — 
BA.1  11 Pseudovirus neutralization BA.1: 500 12.8↑ — [44]  

BA.2 8 Pseudovirus neutralization BA.1: 241 4.7↑ — 
BA.2 and its subvariants BA.1  14 Pseudovirus neutralization BA.2: 142 1.0 — [77] 

BA.2.75: 177 1.1↑ — 
BA.1  11 Pseudovirus neutralization BA.2: 104 2.6↑ 4.8↓ [44] 

BA.2.75: 52 1.3↑ 9.6↓  
BA.2 8 Pseudovirus neutralization BA.2: 746 14.6↑ 3.0↑ 

BA.2.75: 155 3.0↑ 1.5↓ 
BA.4/5 BA.1  24 FRNT BA.4: 36 — 7.6↓ [64] 

BA.5: 37 — 7.4↓ 
BA.1  11 Pseudovirus neutralization BA.5: 18 2.1↓ 27.7↓ [44]  

BA.2 8 Pseudovirus neutralization BA.5: 103 2.0↑ 2.3↓ 

Notes: Live-virus focus reduction neutralization test (FRNT) 
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Table 2 
Neutralizing capacity of Omicron and its subvariants in vaccinated populations.  

Classification Vaccine name and schedule Sample 
size 

Experimental 
methods 

Neutralizing 
titer 

Fold 
change to 
D614G 

Fold 
change to 
BA.1 

Refs. 

BA.1 Without infection→BNT162b2 × 2  24 Pseudovirus 
neutralization 

BA.1: 29 23.0↓ — [62] 

Without infection→mRNA-1273 × 2  12 Pseudovirus 
neutralization 

BA.1: < 848 > 8.5↓ — [63] 

BNT162b2/Ad26. COV2. S× 1/2→BA.1  15 FRNT BA.1: 507 4.0↓ — [64] 
CoronaVac× 3→BA.1  50 Pseudovirus 

neutralization 
BA.1: 852 1.8↓ — [30, 

65] 
CoronaVac× 3→BA.2  39 Pseudovirus 

neutralization 
BA.1: 282 4.4↓ — [30, 

65] 
CoronaVac× 3→BA.5  36 Pseudovirus 

neutralization 
BA.1: 209 5.4↓ — [30] 

BNT162b2 × 2→BA.1/BA.2  19 Pseudovirus 
neutralization 

BA.1: 5080 2.6↓ — [44]  

BNT162b2 × 3→BA.1/BA.2 9 Pseudovirus 
neutralization 

BA.1: 8364 4.2↓ — 

AZD1222 × 3  41 FRNT BA.1: 57 12.6↓ — [61]  
BNT162b2 × 3 20 FRNT BA.1: 649 14.2↓ — 

BBIBP-CorV× 3  10 Pseudovirus 
neutralization 

BA.1: 84 6.8↓ — [66] 

CoronaVac× 3  40 Pseudovirus 
neutralization 

BA.1: 122 5.3↓ — [30, 
65] 

mRNA-1273 × 3  20 Pseudovirus 
neutralization 

BA.1: 850 2.9↓ — [67] 

BBIBP-CorV× 2＋ZF2001  10 Pseudovirus 
neutralization 

BA.1: 172 9.4↓ — [66] 

CoronaVac× 2＋ZF2001  38 Pseudovirus 
neutralization 

BA.1: 246 3.4↓ — [40] 

BNT162b2 × 2＋mRNA-1273  20 Pseudovirus 
neutralization 

BA.1: 2852 6.5↓ — [44] 

CoronaVac× 2＋BNT162b2 (without infection)  75 FRNT — 6.7↓ — [68]  
CoronaVac× 2＋BNT162b2 (previous infection) 26 FRNT — 8.1↓ — 

BA.2 and its 
subvariants 

Without infection→BNT162b2 × 2  24 Pseudovirus 
neutralization 

BA.2: 24 27.0↓ 1.2↓ [62] 

Without Omicron infection→mRNA-1273/BNT162b2 × 1/2  22 Pseudovirus 
neutralization 

BA.2: 939 5.5↓ 1.1↑ [34] 
BA.2.12.1: 
791 

6.5↓ 1.0 

BNT162b2/mRNA-1273 × 1/2/3→BA.1  13 Pseudovirus 
neutralization 

BA.2: 3126 3.3↓ — [78] 
BA.2.12.1: 
1622 

6.3↓ 

BA.2.75: 
1587 

6.5↓ 

BNT162b2/mRNA-1273 × 3→BA.2  19 Pseudovirus 
neutralization 

BA.2: 800 1.2↓ 1.6↑ [69] 
BA.2.12.1: 
552 

1.8↓ 1.1↑ 

BNT162b2 × 3/BNT162b2 × 1＋mRNA-1273 × 2→BA.2  10 FRNT BA.2: 801 2.5↓ — [79] 
CoronaVac× 3→BA.1  50 Pseudovirus 

neutralization 
BA.2: 452 3.4↓ 1.8↓ [30, 

65] BA.2.12.1: 
244 

6.3↓ 3.4↓ 

BA.2.75: 197 7.9↓ 4.3↓ 
BA.2.75.2: 34 45.7↓ 25.0↓ 

CoronaVac× 3→BA.2  39 Pseudovirus 
neutralization 

BA.2: 696 1.7↓ 2.4↑ [30, 
65] BA.2.12.1: 

290 
4.2↓ 1.0 

BA.2.75: 217 5.7↓ 1.2↓ 
BA.2.75.2: 35 35.5↓ 8.0↓ 

CoronaVac× 3→BA.5  36 Pseudovirus 
neutralization 

BA.2: 729 1.5↓ 3.4↑ [30] 
BA.2.75: 145 7.8↓ 1.4↓ 
BA.2.75.2: 49 23.1↓ 4.2↓ 

BNT162b2 × 2→BA.1/BA.2  19 Pseudovirus 
neutralization 

BA.2: 3372 4.0↓ 1.5↓ [44] 
BA.2.75: 
2976 

4.5↓ 1.7↓  

BNT162b2 × 3→BA.1/BA.2 9 Pseudovirus 
neutralization 

BA.2: 6470 5.4↓ 1.2↓ 
BA.2.75: 
4393 

8.0↓ 1.9↓ 

BNT162b2/mRNA-1273 × 1/2/3/4→BA.1  13 Pseudovirus 
neutralization 

BA.2: 2142 3.3↓ — [80]  

mRNA vaccine× 2/3→BA.2 11 Pseudovirus 
neutralization 

BA.2: 1715 2.5↓ —  

mRNA vaccine× 3→BA.4/5 8 Pseudovirus 
neutralization 

BA.2: 5435 1.9↓ — 

BNT162b2 × 3→BA.1/2 (after 3 months）  18 Pseudovirus 
neutralization 

BA.2.75.2: 
600 

— 18.0↓ [29] 

(continued on next page) 
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Table 2 (continued ) 

Classification Vaccine name and schedule Sample 
size 

Experimental 
methods 

Neutralizing 
titer 

Fold 
change to 
D614G 

Fold 
change to 
BA.1 

Refs.  

BNT162b2 ×3→BA.1/2 (after 8 months） 13 Pseudovirus 
neutralization 

BA.2.75.2: 
200 

40.0↓ 15.0↓ 

BNT162b2 ×3  30 Pseudovirus 
neutralization 

BA.2: 1725 3.7↓ — [81] 
BA.2.12.1: 
1052 

6.1↓ 

BA.2.75: 
1203 

5.3↓ 

mRNA-1273 ×3  20 Pseudovirus 
neutralization 

BA.2: 475 5.1↓ 1.8↓ [67] 
BA.2.75: 583 4.2↓ 1.5↓ 

mRNA-1273 ×3/BNT162b2 ×3  15 Pseudovirus 
neutralization 

BA.2: 759 3.4↓ — [31] 
BA.2.75: 589 4.4↓ 
BA.2.75.2: 54 48.4↓ 

CoronaVac×3  40 Pseudovirus 
neutralization 

BA.2: 130 5.0↓ 1.0 [30, 
65] BA.2.12.1: 

105 
6.2↓ 1.1↓ 

BA.2.75: 90 7.2↓ 1.3↓ 
BA.2.75.2: 22 29.6↓ 5.5↓ 

BBIBP-CorV×3  20 Pseudovirus 
neutralization 

BA.2: <56 >4.0↓ >1.1↓ [42]  

BBIBP-CorV×2＋ZF2001 18 Pseudovirus 
neutralization 

BA.2: <42 >12.7↓ >2.5↓ 

BNT162b2 ×2＋mRNA-1273  20 Pseudovirus 
neutralization 

BA.2: 2288 8.2↓ 1.2↓ [44] 
BA.2.75: 
1779 

10.5↓ 1.6↓ 

CoronaVac×2＋ZF2001  38 Pseudovirus 
neutralization 

BA.2: 234 3.6↓ 1.0 [40] 
BA.2.12.1: 
187 

4.5↓ 1.3↓ 

BA.4/5 and its 
subvariants 

Without BA.1 infection→BNT162b2 ×1/2  18 FRNT BA.4: 211 19.5↓ 1.0 [64] 
BA.5: 197 20.9↓ 1.0 

CoronaVac×3→BA.1  50 Pseudovirus 
neutralization 

BA.4/5: 107 14.4↓ 7.9↓ [30, 
65] BQ.1: 32 48.6↓ 26.6↓ 

BQ.1.1: 27 57.6↓ 31.5↓ 
CoronaVac×3→BA.2  39 Pseudovirus 

neutralization 
BA.4/5: 175 7.1↓ 1.6↓ [30, 

65] BQ.1: 45 27.6↓ 6.2↓ 
BQ.1.1: 40 31.1↓ 7.0↓ 

CoronaVac×3→BA.5  36 Pseudovirus 
neutralization 

BA.4/5: 508 2.2↓ 2.4↑ [30] 
BQ.1: 129 8.8↓ 1.6↓ 
BQ.1.1: 77 14.7↓ 2.7↓ 

CoronaVac×3→BA.1  50 Pseudovirus 
neutralization 

BA.4/5: 107 14.4↓ 7.9↓ [47] 
BA.5.9: 71 21.7↓ 12.0↓ 
BA.4.6: 68 22.7↓ 12.5↓ 
BA.4.7: 65 23.7↓ 13.1↓  

CoronaVac×3→BA.2 39 Pseudovirus 
neutralization 

BA.4/5: 175 7.1↓ 1.6↓ 
BA.5.9: 103 12.0↓ 2.7↓ 
BA.4.6: 99 12.5↓ 2.8↓ 
BA.4.7: 94 13.2↓ 3.0↓  

CoronaVac×3→BA.5 8 Pseudovirus 
neutralization 

BA.4/5: 481 2.9↓ 2.9↑ 
BA.5.9: 196 7.1↓ 1.2↑ 
BA.4.6: 188 7.4↓ 1.1↑ 
BA.4.7: 185 7.5↓ 1.1↑ 

BNT162b2/mRNA-1273 ×3→BA.1  14 Pseudovirus 
neutralization 

BA.4/5: 263 5.4↓ 4.2↓ [69] 

BNT162b2/mRNA-1273 ×3→BA.2  19 Pseudovirus 
neutralization 

BA.4/5: 386 2.6↓ 1.2↓ [69] 

BNT162b2 ×3/BNT162b2 ×1＋mRNA-1273 ×2→BA.2  10 FRNT BA.4.6: 204 9.8↓ — [79] 
BA.5: 155 12.9↓ 

BNT162b2/mRNA-1273 ×1/2/3/4→BA.1  13 Pseudovirus 
neutralization 

BA.4/5: 647 11.2↓ — [80] 
BA.4.6: 686 10.6↓ 
BA.4.7: 655 11.1↓ 
BA.5.9: 718 10.1↓ 
BF.7: 555 13.1↓ 

mRNA vaccine×2/3→BA.2  11 Pseudovirus 
neutralization 

BA.4/5: 884 5.0↓ — [80] 
BA.4.6: 690 6.4↓ 
BA.4.7: 815 5.4↓ 
BA.5.9: 687 6.4↓ 
BF.7: 699 6.3↓ 

mRNA vaccine×3→BA.4/5  8 Pseudovirus 
neutralization 

BA.4/5: 3395 3.1↓ — [80] 
BA.4.6: 3140 3.3↓ 
BA.4.7: 3316 3.2↓ 
BA.5.9: 2959 3.5↓ 
BF.7: 2953 3.5↓ 

BNT162b2 ×3→BA.1/2 (after 3 months)  18 Pseudovirus 
neutralization 

BA.5: 1500 — 7.0↓ [29] 
BA.4.6: 1800 7.0↓ 
BQ.1.1: 700 18.0↓ 

(continued on next page) 
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patients receiving two injections of the BNT162b2 vaccine and one in
jection of the mRNA-1273 vaccine were found the neutralizing antibody 
titers for BA.2 and BA.2.75 to be 2288 (1.2 times lower in comparison 
with BA.1) and 1779 (1.6 times lower than BA.1), respectively [44]. 
Vaccination with the two shots of the CoronaVac and one dose of 
ZF2001 elicited an IC50 of 234 against BA.2, slightly less than that of 
BA.1, and an IC50 of 187 against BA.2.12.1, 1.3 times lower than BA.1 
[40] (Table 2). These data show that there is no major difference in the 
immune evasion ability of BA.1 and BA.2 from neutralizing antibodies 
elicited by the first homologous or heterologous booster vaccine. 

1.5.3. BA.4/5 

1.5.3.1. Neutralization of BA.4/5 by sera from people with previous SARS- 
CoV-2 infection but not vaccinated. Compared with BA.1, serum 
neutralization of BA.4/5 is reduced (2.3–27.7 times compared to BA.1) 
in people not previously infected with SARS-CoV-2 but vaccinated. The 
neutralizing antibody titers for BA.5 in sera from unvaccinated in
dividuals infected with either BA.1 or BA.2 were 18 and 103, respec
tively, a 27.7- and 2.3-fold decline in comparison to BA.1 [44]. The 
neutralizing antibody potencies of BA.4 and BA.5 in sera samples from 
unvaccinated but Omicron-infected South Africans were 36 and 37 
respectively, a reduction of approximately 7.6 and 7.4 times compared 
to BA.1 [64] (Table 1). These data show that BA.4/5 has a higher im
mune evasion capacity than BA.1 from neutralizing antibodies elicited 
by serum in convalescent patients. 

1.5.3.2. Neutralization of BA.4/5 by sera from vaccine-only individuals. 
The neutralizing antibody potency against BA.4 and BA.5 were 211 and 
197, respectively, which were approximately equal to those of BA.1 in 
serum samples from a population, who received one or two doses of the 
BNT162b2 vaccine [64] (Table 2). The immune evasion capacity of 
BA.4/5 was higher than that of BA.1 from neutralizing antibodies eli
cited by serum from vaccination-only individuals. 

1.5.3.3. Neutralization of BA.4/5 by sera from people with Omicron 
breakthrough infection after vaccination. Sera from patients recovered 
from BA.5 breakthrough infection showed high neutralization of BA.5- 
derived variants such as BQ.1 (1.6–26.6 times reduced compared to 
BA.1) and BQ.1.1 (2.7–31.5 times reduced compared to BA.1) [30] 
(Table 2). According to Yunlong Cao et al., the IC50 in plasma from a 
population injected with three injections of the CoronaVac vaccine but 
with BA.1 breakthrough infection against BA.4/5, BQ.1, and BQ.1.1 
were 107, 32, and 27, respectively, a 7.9-, 26.6-, and 31.5-fold decline 
when compared to BA.1 [30,65]. In individuals vaccinated with three 
doses of CoronaVac and infected with BA.2, the IC50 for BA.4/5, BQ.1, 
and BQ.1.1 were 175, 45, and 40, respectively, a reduction of 1.6, 6.2, 
and 7.0 times compared to BA.1 [30,65]. Whereas in individuals 
vaccinated with three doses of CoronaVac and infected with BA.5, the 
IC50 for BA.4/5, BQ.1, and BQ.1.1 were 508 (2.4 times higher), 129 (1.6 
times lower), and 77 (2.7 times lower), when compared to those of BA.1 
[30] (Table 2). Similarly, plasma samples from people infected with 
Omicron after three doses of the CoronaVac vaccine and BA.1 break
through infection were demonstrated to have IC50 values for BA.4/5, 
BA.5.9, BA.4.6, and BA.4.7 of 107, 71, 68, and 65, with respective 7.9-, 
12.0-, 12.5-, 13.1-fold decrease when compared to those of BA.1 [47]. In 
the group with BA.2 breakthrough infection, the IC50 values were 175, 
103, 99, and 94, respectively, with 1.6-, 2.7-, 2.8-, and 3.0-fold lower 
than those of BA.1 [47]. Lastly, in the group with BA.5 breakthrough 
infection, the IC50 for BA.4/5, BA.5.9, BA.4.6, and BA.4.7 were 481 (2.9 
times increased than BA.1), 196 (1.2 times higher compared to BA.1), 
188 (1.1 times increased in comparison with BA.1), and 185 (1.1 times 
higher in comparison with BA.1), respectively [47] (Fig. 6). Sera spec
imens from patients affected by BA.1 or BA.2 after three injections of 
mRNA COVID-19 vaccine were found to have a neutralizing antibody 
potency against BA.4/5 of 263 and 386, respectively, a 4.2- and 1.2- fold 
decrease when comparing to BA.1 [69] (Fig. 6). In sera from HCWs with 
BA.1 or BA.2 infection after three shots of the BNT162b2 vaccine, 3 
months after vaccination, the ED50 for BQ.1.1 was 700, an 18.0-fold 
decrease relative to BA.1, 8 months after vaccination, the ED50 for 

Table 2 (continued ) 

Classification Vaccine name and schedule Sample 
size 

Experimental 
methods 

Neutralizing 
titer 

Fold 
change to 
D614G 

Fold 
change to 
BA.1 

Refs.  

BNT162b2 × 3→BA.1/2 (after 8 months) 13 Pseudovirus 
neutralization 

BA.5: 400 20.0↓ 7.5↓ 
BA.4.6: 400 20.0↓ 7.5↓ 
BQ.1.1: 200 40.0↓ 15.0↓ 

BNT162b2 × 2→BA.1/BA.2  19 Pseudovirus 
neutralization 

BA.5: 878 15.5↓ 5.7↓ [44]  

BNT162b2 × 3→BA.1/BA.2 9 Pseudovirus 
neutralization 

BA.5: 1857 18.9↓ 4.5↓ 

CoronaVac× 3  40 Pseudovirus 
neutralization 

BA.4/5: 72 9.0↓ 1.6↓ [47] 
BA.5.9: 48 13.5↓ 2.5↓ 
BA.4.6: 46 14.1↓ 2.6↓ 
BA.4.7: 43 15.1↓ 2.8↓ 

BNT162b2 × 3  27 Pseudovirus 
neutralization 

BA.4/5: 275 21.0↓ 3.2↓ [43] 

BNT162b2 × 3  21 FRNT BA.4.6: 51 16.5↓ — [79] 
BA.5: 47 17.7↓ 

mRNA-1273 × 3  16 Pseudovirus 
neutralization 

BA.4/5: 449 35.6↓ — [46] 
BA.4.6: 225 71.1↓ 

mRNA-1273/BNT162b2 × 3  15 Pseudovirus 
neutralization 

BA.4/5: 300 8.7↓ — [31] 
BA.4.6: 246 10.6↓ 
BF.7: 238 10.9↓ 
BQ.1: 140 18.6↓ 
BQ.1.1: 114 22.9↓ 

CoronaVac× 3  40 Pseudovirus 
neutralization 

BA.4/5: 72 9.0↓ 1.6↓ [30, 
65] BQ.1: 27 24.1↓ 4.5↓ 

BQ.1.1: 24 27.1↓ 5.0↓ 
BNT162b2 × 2＋mRNA-1273  20 Pseudovirus 

neutralization 
BA.5: 1057 17.7↓ 2.6↓ [44] 

CoronaVac× 2＋ZF2001  38 Pseudovirus 
neutralization 

BA.4/5: 103 8.3↓ 2.3↓ [40] 

Notes: Live-virus focus reduction neutralization test (FRNT) 
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BQ.1.1 was 200, a 15.0-fold decline compared to BA.1 [29]. According 
to CheeWah Tan et al., the neutralizing antibody potency was measured 
to be 878 for BA.5, a 5.7-fold decrease relative to BA.1 in sera from 
people with breakthrough BA.1 or BA.2 infection after two doses of 
BNT162b2 vaccine [44] (Table 2). The above data suggest that following 
a breakthrough infection of Omicron, the neutralizing capacity of serum 
for BA.4/5 is reduced compared to BA.1. 

1.5.3.4. Neutralization of BA.4/5 by sera from people who have received 
the first booster 

1.5.3.4.1. A homologous booster. BA.4/5 (1.6–3.2 times reduced) 
had a slightly lower neutralizing power than BA.1 in serum specimens 
from individuals inoculated with the first dose of the homologous 
booster. In serum from individuals vaccinated with the first dose of 
homologous booster vaccination (three shots of the CoronaVac) elicited 
neutralizing antibodies with a mean titer of 72, 48, 46, and 43 against 
BA.4/5, BA.5.9, BA.4.6, BA.4.7 with 1.6-, 2.5-, 2.6-, and 2.8-fold 
reduction when compared to those of BA.1 [47] (Fig. 6). Sera from 
people injected with three doses of the BNT162b2 vaccine were found to 
have a neutralizing antibody titer against BA.4/5 of 275, a 3.2-fold 
decrease when comparing with BA.1 [43]. Plasma from people given 
three shots of the CoronaVac vaccine was demonstrated to have an IC50 
against BA.4/5, BQ.1, and BQ.1.1 of 72, 27, and 24, respectively, a 1.6-, 
4.5-, and 5.0-fold decline compared to BA.1 [30,65] (Table 2). 

1.5.3.4.2. A heterologous booster. The neutralizing capacity of BA.4/ 
5 (2.3–2.6 times reduced) was slightly higher than that of BA.1 in serum 
specimens from individuals inoculated with the first dose of the heter
ologous booster. In plasma samples from people inoculated with two 
shots of the CoronaVac vaccine and one ZF2001 booster shot, the IC50 
was 103 against BA.4/5, a 2.3-fold decrease relative to BA.1 [40] 
(Table 2). In subjects vaccinated with two doses of the BNT162b2 vac
cine and one shot of the mRNA-1273 vaccine, the neutralizing antibody 
titer against BA.5 was 1057, a 2.6-fold decrease compared to BA.1 [44] 
(Fig. 6). These data show that BA.4/5 has a higher immune evasion 
capacity than BA.1 from neutralizing antibodies elicited by people who 
received their first dose of a homologous or heterologous booster vac
cine. Furthermore, the emerging subvariants BA.4.6, BA.4.7, BA.5.9, 
BF.7, BQ.1, and BQ.1.1 derived from BA.4/5 also possess substantial 
immune evasion capabilities from a homologous or heterologous 
vaccine-elicited neutralizing antibodies (Table 2). 

1.6. Neutralization of newly emerging Omicron subvariants by sera from 
people receiving the second monovalent or bivalent booster 

As Omicron continues to evolve and more and more subvariants 
emerge, for example, BA.2.75.2 have evolved from BA.2.75, BA.2.75 
have evolved from BA.2, and BA.4.6, BF.7, BQ.1, and BQ.1.1 subvariants 
are descended from BA.4/5 [31, 46, 48, 70]. These newly emerged 
subvariants have stronger immune evasion ability than BA.1, BA. 2, and 
BA.4/5 [31]. According to Delphine Planas et al., in HCWs vaccinated 
with three doses of BNT162b2, the neutralizing activity for BA.2.75.2, 
BA.4.6, and BQ.1.1 was undetectable or hardly detectable 4 months 
after vaccination [29]. 

The second booster (including monovalent and bivalent vaccine) was 
developed to combat the newly emerged Omicron variant [71]. 
Compared to three doses of vaccine, the neutralizing effect against 
Omicron of four doses of the vaccine was significantly improved [71]. 
The 4th dose of the bivalent vaccine has a higher neutralization capacity 
than the 4th dose of the monovalent vaccine [71]. Sera from partici
pants, who received the 4th shot of the bivalent vaccine and partici
pants, who received the 4th shot of the monovalent vaccine were 
separately evaluated and found to have a 50% fluorescence focal 
reduction neutralization titer (FFRNT50) after the 4th dose of mono
valent the BNT162b2 vaccine of 2605, 236, 232, 99, 58, and 41 for wild 
type (WT), BA.4/5, BA.4.6, BA.2.75.2, BQ.1.1, and XBB.1, respectively, 

an increase of 3.0, 2.9, 2.3, 2.1, 1.8, and 1.5 times relative to the 
FFRNT50 measured with only three doses of the BNT162b2 vaccine [71]. 
Furthermore, the FFRNT50 after the 4th dose of bivalent the BNT162b2 
vaccine were 3328, 856, 905, 196, 252, and 84 for WT, BA.4/5, BA.4.6, 
BA.2.75.2, BQ.1.1, and XBB.1, respectively, an increase of 5.8, 13.0, 
11.1, 6.7, 8.7, and 4.8 times when compared with the FFRNT50 
measured with three shots of the BNT162b2 vaccine [71]. The FRNT50 
against BA.1, BA.5, BA.2.75.2, and BQ.1.1 in groups inoculated with a 
monovalent booster was 60, 50, 23, and 19, respectively, a 14.3-, 17.1-, 
37.3-, and 45.1-fold decrease compared with those of D614G [72]. In the 
group vaccinated with two monovalent boosters, the FRNT50 for BA.1, 
BA.5, BA.2.75.2, and BQ.1.1 was 408, 250, 98, and 73, respectively, a 
reduction of 5.8-, 9.4-, 24.0-, and 32.2-fold compared with corre
sponding values of D614G, while in the group vaccinated with the 
bivalent booster, the FRNT50 for BA.1, BA.5, BA.2.75.2, and BQ.1.1 was 
618, 576, 201, and 112, respectively, a decline of 4.0, 4.3, 12.3, and 22.2 
times compared with titers against D614G [72]. Neutralizing antibody 
titers against BA.5 were increased from 184 to 2829 (15-fold higher) 
after the monovalent mRNA booster and were increased from 212 to 
3693 (17-fold higher) after the bivalent mRNA booster [73]. Hence, 
these findings prove that the bivalent mRNA vaccine can enhance hu
moral immunity against the newly emerged Omicron subvariants such 
as BA.5, BQ.1.1. 

Those who have been vaccinated or infected with SARS-CoV-2 at a 
previous time are still likely to be affected by Omicron as their sera have 
low neutralizing potency against Omicron [26,63]. Two shots of the 
vaccine may not be adequate to protect the vaccine from Omicron 
infection, therefore boosters are recommended [26, 42, 63, 74]. A 
bivalent mRNA vaccine, as a booster vaccine encoding two Omicron S 
proteins (WT and BA.4/5), can induce protective immunity against both 
previous and current SARS-CoV-2 Omicron variants [75]. Simulta
neously, another study also showed that a bivalent vaccine produces a 
greater breadth and strength of neutralizing antibodies than a mono
valent vaccine [75]. Clinical trials have shown the safety and effec
tiveness of bivalent mRNA vaccine as demonstrated by Spyros Chalkias 
et al. [75,76]. Furthermore, the second and even annual booster will be a 
powerful tool in fighting against new Omicron subvariants such as 
BA.4.6, BQ.1, and BQ.1.1 or other emerging variants during the global 
vaccination campaign. 

2. Summary 

BA.4/5 has the highest immune evasion capacity, followed by 
BA.2.75 and BA.2.12, and finally BA.1 and BA.2, and they all have a 
higher capacity for immune evasion than D614G. The recently emerged 
Omicron subvariants BA.4.6, BF.7, BQ.1, and BQ.1.1 have a greatly 
enhanced immune evasion capacity. Neutralizing antibodies induced by 
the current available COVID-19 vaccine continue to wane over time 
after vaccination. As new SARS-CoV-2 Omicron variants emerge, 
possibly not exclusively, BA.1, BA.1.1, BA.2, BA. 2.75, BA.2.75.2, BA.3, 
BA.4/5, BA.4.6, BA.5.9, BF.7, BQ.1, etc. Infection by such Omicron 
subvariants with a high capacity for immune invasion might make the 
scenario more complicated when vaccine options are relatively limited 
in the general population. Even though vaccine-induced neutralizing 
antibodies are observed to have a reduced ability against almost all 
Omicron variants, scheduled or annual boosters, especially bivalent 
vaccines, are still encouraged to strengthen the immune system in the 
future to protect the human population from severe diseases and death. 
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Omicron subvariants BA.2.75.2, BA.4.6, and BQ.1.1 to neutralizing antibodies, 
Nat. Commun. 14 (1) (2023) 824. 

[30] Y. Cao, F. Jian, J. Wang, Y. Yu, W. Song, A. Yisimayi, J. Wang, R. An, X. Chen, 
N. Zhang, Y. Wang, P. Wang, L. Zhao, H. Sun, L. Yu, S. Yang, X. Niu, T. Xiao, Q. Gu, 
F. Shao, X. Hao, Y. Xu, R. Jin, Z. Shen, Y. Wang, X.S. Xie, Imprinted SARS-CoV-2 
humoral immunity induces convergent Omicron RBD evolution, Nature 614 (7948) 
(2023) 521–529. 

[31] P. Qu, J.P. Evans, J.N. Faraone, Y.M. Zheng, C. Carlin, M. Anghelina, P. Stevens, 
S. Fernandez, D. Jones, G. Lozanski, A. Panchal, L.J. Saif, E.M. Oltz, K. Xu, R. 
J. Gumina, S.L. Liu, Enhanced neutralization resistance of SARS-CoV-2 Omicron 
subvariants BQ.1, BQ.1.1, BA.4.6, BF.7, and BA.2.75.2, Cell Host Microbe 31 (1) 
(2023) 9–17.e3. 

[32] G. Iacobucci, Covid-19: Hospital admissions rise in England as some trusts reinstate 
mask requirements, Bmj 379 (2022) o2440. 

[33] E. Mahase, Covid-19: Cases rise in England and Wales as hospital admissions 
remain steady, Bmj 378 (2022) o2307. 

[34] Q. Wang, Y. Guo, S. Iketani, M.S. Nair, Z. Li, H. Mohri, M. Wang, J. Yu, A. 
D. Bowen, J.Y. Chang, J.G. Shah, N. Nguyen, Z. Chen, K. Meyers, M.T. Yin, M. 
E. Sobieszczyk, Z. Sheng, Y. Huang, L. Liu, D.D. Ho, Antibody evasion by SARS- 
CoV-2 Omicron subvariants BA.2.12.1, BA.4 and BA.5, Nature 608 (7923) (2022) 
603–608. 

[35] M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Krüger, T. Herrler, S. Erichsen, T. 
S. Schiergens, G. Herrler, N.H. Wu, A. Nitsche, M.A. Müller, C. Drosten, 
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A. Franzetti-Pellanda, C. Garzoni, P.J. Halfmann, Y. Kawaoka, C. Hebner, L. 
A. Purcell, L. Piccoli, M.S. Pizzuto, A.C. Walls, M.S. Diamond, A. Telenti, H. 
W. Virgin, A. Lanzavecchia, G. Snell, D. Veesler, D. Corti, Broadly neutralizing 
antibodies overcome SARS-CoV-2 Omicron antigenic shift, Nature 602 (7898) 
(2022) 664–670. 

[53] L. Li, H. Liao, Y. Meng, W. Li, P. Han, K. Liu, Q. Wang, D. Li, Y. Zhang, L. Wang, 
Z. Fan, Y. Zhang, Q. Wang, X. Zhao, Y. Sun, N. Huang, J. Qi, G.F. Gao, Structural 
basis of human ACE2 higher binding affinity to currently circulating Omicron 
SARS-CoV-2 sub-variants BA.2 and BA.1.1, Cell 185 (16) (2022) 2952–2960, e10. 

[54] M. McCallum, N. Czudnochowski, L.E. Rosen, S.K. Zepeda, J.E. Bowen, A.C. Walls, 
K. Hauser, A. Joshi, C. Stewart, J.R. Dillen, A.E. Powell, T.I. Croll, J. Nix, H. 
W. Virgin, D. Corti, G. Snell, D. Veesler, Structural basis of SARS-CoV-2 Omicron 
immune evasion and receptor engagement, Science 375 (6583) (2022) 864–868. 

[55] M. McCallum, A.C. Walls, K.R. Sprouse, J.E. Bowen, L.E. Rosen, H.V. Dang, A. De 
Marco, N. Franko, S.W. Tilles, J. Logue, M.C. Miranda, M. Ahlrichs, L. Carter, 
G. Snell, M.S. Pizzuto, H.Y. Chu, W.C. Van Voorhis, D. Corti, D. Veesler, Molecular 
basis of immune evasion by the Delta and Kappa SARS-CoV-2 variants, Science 374 
(6575) (2021) 1621–1626. 

[56] D.A. Collier, A. De Marco, I. Ferreira, B. Meng, R.P. Datir, A.C. Walls, S.A. Kemp, 
J. Bassi, D. Pinto, C. Silacci-Fregni, S. Bianchi, M.A. Tortorici, J. Bowen, K. Culap, 
S. Jaconi, E. Cameroni, G. Snell, M.S. Pizzuto, A.F. Pellanda, C. Garzoni, A. Riva, 
A. Elmer, N. Kingston, B. Graves, L.E. McCoy, K.G.C. Smith, J.R. Bradley, 
N. Temperton, L. Ceron-Gutierrez, G. Barcenas-Morales, W. Harvey, H.W. Virgin, 
A. Lanzavecchia, L. Piccoli, R. Doffinger, M. Wills, D. Veesler, D. Corti, R.K. Gupta, 
Sensitivity of SARS-CoV-2 B.1.1.7 to mRNA vaccine-elicited antibodies, Nature 593 
(7857) (2021) 136–141. 

[57] M. Yuan, D. Huang, C.D. Lee, N.C. Wu, A.M. Jackson, X. Zhu, H. Liu, L. Peng, M. 
J. van Gils, R.W. Sanders, D.R. Burton, S.M. Reincke, H. Prüss, J. Kreye, 
D. Nemazee, A.B. Ward, I.A. Wilson, Structural and functional ramifications of 
antigenic drift in recent SARS-CoV-2 variants, Science 373 (6556) (2021) 818–823. 

[58] E.C. Thomson, L.E. Rosen, J.G. Shepherd, R. Spreafico, A. da Silva Filipe, J. 
A. Wojcechowskyj, C. Davis, L. Piccoli, D.J. Pascall, J. Dillen, S. Lytras, 
N. Czudnochowski, R. Shah, M. Meury, N. Jesudason, A. De Marco, K. Li, J. Bassi, 
A. O’Toole, D. Pinto, R.M. Colquhoun, K. Culap, B. Jackson, F. Zatta, A. Rambaut, 
S. Jaconi, V.B. Sreenu, J. Nix, I. Zhang, R.F. Jarrett, W.G. Glass, M. Beltramello, 
K. Nomikou, M. Pizzuto, L. Tong, E. Cameroni, T.I. Croll, N. Johnson, J. Di Iulio, 
A. Wickenhagen, A. Ceschi, A.M. Harbison, D. Mair, P. Ferrari, K. Smollett, 
F. Sallusto, S. Carmichael, C. Garzoni, J. Nichols, M. Galli, J. Hughes, A. Riva, 
A. Ho, M. Schiuma, M.G. Semple, P.J.M. Openshaw, E. Fadda, J.K. Baillie, J. 
D. Chodera, S.J. Rihn, S.J. Lycett, H.W. Virgin, A. Telenti, D. Corti, D.L. Robertson, 
G. Snell, Circulating SARS-CoV-2 spike N439K variants maintain fitness while 
evading antibody-mediated immunity, Cell 184 (5) (2021) 1171–1187, e20. 

[59] X. Zhu, D. Mannar, S.S. Srivastava, A.M. Berezuk, J.P. Demers, J.W. Saville, 
K. Leopold, W. Li, D.S. Dimitrov, K.S. Tuttle, S. Zhou, S. Chittori, S. Subramaniam, 
Cryo-electron microscopy structures of the N501Y SARS-CoV-2 spike protein in 
complex with ACE2 and 2 potent neutralizing antibodies, PLoS Biol. 19 (4) (2021), 
e3001237. 

[60] T.N. Starr, A.J. Greaney, S.K. Hilton, D. Ellis, K.H.D. Crawford, A.S. Dingens, M. 
J. Navarro, J.E. Bowen, M.A. Tortorici, A.C. Walls, N.P. King, D. Veesler, J. 
D. Bloom, Deep mutational scanning of SARS-CoV-2 receptor binding domain 
reveals constraints on folding and ACE2 Binding, Cell 182 (5) (2020) 1295–1310, 
e20. 

[61] W. Dejnirattisai, J. Huo, D. Zhou, J. Zahradník, P. Supasa, C. Liu, H.M. 
E. Duyvesteyn, H.M. Ginn, A.J. Mentzer, A. Tuekprakhon, R. Nutalai, B. Wang, 
A. Dijokaite, S. Khan, O. Avinoam, M. Bahar, D. Skelly, S. Adele, S.A. Johnson, 
A. Amini, T.G. Ritter, C. Mason, C. Dold, D. Pan, S. Assadi, A. Bellass, N. Omo-Dare, 
D. Koeckerling, A. Flaxman, D. Jenkin, P.K. Aley, M. Voysey, S.A. Costa Clemens, F. 
G. Naveca, V. Nascimento, F. Nascimento, C. Fernandes da Costa, P.C. Resende, 
A. Pauvolid-Correa, M.M. Siqueira, V. Baillie, N. Serafin, G. Kwatra, K. Da Silva, S. 
A. Madhi, M.C. Nunes, T. Malik, P.J.M. Openshaw, J.K. Baillie, M.G. Semple, A. 
R. Townsend, K.A. Huang, T.K. Tan, M.W. Carroll, P. Klenerman, E. Barnes, S. 
J. Dunachie, B. Constantinides, H. Webster, D. Crook, A.J. Pollard, T. Lambe, N. 
G. Paterson, M.A. Williams, D.R. Hall, E.E. Fry, J. Mongkolsapaya, J. Ren, 
G. Schreiber, D.I. Stuart, G.R. Screaton, SARS-CoV-2 Omicron-B.1.1.529 leads to 
widespread escape from neutralizing antibody responses, Cell 185 (3) (2022) 
467–484, e15. 

[62] J. Yu, A.Y. Collier, M. Rowe, F. Mardas, J.D. Ventura, H. Wan, J. Miller, O. Powers, 
B. Chung, M. Siamatu, N.P. Hachmann, N. Surve, F. Nampanya, A. Chandrashekar, 
D.H. Barouch, Neutralization of the SARS-CoV-2 Omicron BA.1 and BA.2 Variants, 
N. Engl. J. Med 386 (16) (2022) 1579–1580. 

[63] L. Liu, S. Iketani, Y. Guo, J.F. Chan, M. Wang, L. Liu, Y. Luo, H. Chu, Y. Huang, M. 
S. Nair, J. Yu, K.K. Chik, T.T. Yuen, C. Yoon, K.K. To, H. Chen, M.T. Yin, M. 
E. Sobieszczyk, Y. Huang, H.H. Wang, Z. Sheng, K.Y. Yuen, D.D. Ho, Striking 
antibody evasion manifested by the Omicron variant of SARS-CoV-2, Nature 602 
(7898) (2022) 676–681. 

[64] K. Khan, F. Karim, Y. Ganga, M. Bernstein, Z. Jule, K. Reedoy, S. Cele, G. Lustig, 
D. Amoako, N. Wolter, N. Samsunder, A. Sivro, J.E. San, J. Giandhari, H. Tegally, 
S. Pillay, Y. Naidoo, M. Mazibuko, Y. Miya, N. Ngcobo, N. Manickchund, 
N. Magula, Q.A. Karim, A. von Gottberg, S.S. Abdool Karim, W. Hanekom, B. 
I. Gosnell, R.J. Lessells, T. de Oliveira, M.S. Moosa, A. Sigal, Omicron BA.4/BA.5 
escape neutralizing immunity elicited by BA.1 infection, Nat. Commun. 13 (1) 
(2022) 4686. 

[65] Y. Cao, W. Song, L. Wang, P. Liu, C. Yue, F. Jian, Y. Yu, A. Yisimayi, P. Wang, 
Y. Wang, Q. Zhu, J. Deng, W. Fu, L. Yu, N. Zhang, J. Wang, T. Xiao, R. An, J. Wang, 
L. Liu, S. Yang, X. Niu, Q. Gu, F. Shao, X. Hao, B. Meng, R.K. Gupta, R. Jin, 
Y. Wang, X.S. Xie, X. Wang, Characterization of the enhanced infectivity and 
antibody evasion of Omicron BA.2.75, Cell Host Microbe 30 (11) (2022) 
1527–1539.e5. 

[66] X. Wang, X. Zhao, J. Song, J. Wu, Y. Zhu, M. Li, Y. Cui, Y. Chen, L. Yang, J. Liu, 
H. Zhu, S. Jiang, P. Wang, Homologous or heterologous booster of inactivated 
vaccine reduces SARS-CoV-2 Omicron variant escape from neutralizing antibodies, 
Emerg. Microbes Infect. 11 (1) (2022) 477–481. 

[67] X. Shen, S. Chalkias, J. Feng, X. Chen, H. Zhou, J.C. Marshall, B. Girard, J. 
E. Tomassini, A. Aunins, R. Das, D.C. Montefiori, Neutralization of SARS-CoV-2 
Omicron BA.2.75 after mRNA-1273 Vaccination, N. Engl. J. Med 387 (13) (2022) 
1234–1236. 
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