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ARTICLE INFO ABSTRACT

Keywords: Since its emergence at the end of 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
SARS-CoV-2 caused the infection of more than 600 million people worldwide and has significant damage to global medical,
Omicron economic, and political structures. Currently, a highly mutated variant of concern, SARS-CoV-2 Omicron, has
iﬁ?;?:ﬂ:vasmn evolved into many different subvariants mainly including BA.1, BA.2, BA.3, BA.4/5, and the recently emerging
Booster 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.

Bivalent mRNA vaccine

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
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coronaviruses, HCoV-229E and HCoV-NL63 are in the
Alpha-coronavirus, while SARS-CoV, SARS-CoV-2, HCoV-HKU1, HCo-
V-0C43, 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-0C43 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
(VOHCQ). 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].
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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, A69-70, G142D, A143-145,
N212I, A211, 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

The SARS-CoV-2 genome
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Fig. 2. Overview of the SARS-CoV-2 genome encoding nonstructural proteins, structural proteins, and accessory proteins. Nonstructural proteins include ORFla
(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.

15



L. Wang et al.

NTD

Cytokine and Growth Factor Reviews 70 (2023) 13-25

RBD SD s2

19 20 25 2 27 67 6 70 8 95 142 143 144 145 146 152 157 163 210 211 212 213 Ins24 208 252 257 339 346 368 371 73 375 376 405 408 417 440 444 445 446 452 460 477 478 484 486 490 493 496 498 SO1 505 547 614 655 653 679 681 704 764 796 856 954 969 981 1199

wr (7 e (Al A v Ve v v w e v v e felfe R (s s s ]
L PF

RKNKVGLNSTEFFQGQNYTDHNNPSNDNQNLD
N K S N K Y K H K

BA.L Vo ox x 1D x| x|x x {0 EPE D A RIS|RIYIH|KI|G Y| KIHIK|F
BA.LL V. ox x 1D x| x| x x EPE D K L{P|F N K S N K A RIS|RIY|HIKIG|Y K H K{Y|K|H[K|F
BA2Z | x x x § D G D ENRBANES FASRNARSHNNN RIS N K A R RARYARH G K H KY H K
BA2121 || x X x| § D G D FJRPARE | FATJENAFSHENN FK Q N K A R RURYA(RR G Y KONGRS N RYE I KS
BA213 | x x x § D G D ENREANES FAYANARSHINN RS M N K A R RARYARH G Y K H K'Y H K
BA27S | x x x § D R L Vv G SHH FIRPARE FAJENAFSHENN FK S} K N K A Q RERYA(RE G Y K H K'Y H K
BA2752 | | X x x| § D RIE Vv G SH RGN ENREANES FAYANARSHINN RS S KN [KI[AS Q RURYA(RE G Y K H K'Y H K N
BA276 | x x x § D G N DARTE FARPANE FATENARSHENN FK N K A R RERYA(NE G Y K H K'Y H K
BA3 V. ox x I D x x x x D E P E N N K 5] N K A R RIY[H G Y K H K'Y H K
BA4S | x x x § X x D G D FEIP|E[AIN|S|NI|K R N K AV Q RIY |H G| Y K H K'Y H K
BA46 | x x x § x % D G DT FIP|E[AIN|S|NI|K R N K AV RIY|H Gl Y|IS|K|H K'Y H K
BA47 || x x x § X x D G DIl S FIP|E[A|N|S|N|K R N K AV RIY[H Gl Y|IS|K|H K'Y H K
BAS9 || x x x § X x D G DI EIP|E[AIN|S|NI|K R N K AV RIY[H G Y K H K'Y H K
BRE7 | x x x § X x D G DT FEIP|E[AIN|S|NI|K R N K AV RIY[H G Y K H K'Y H K
BQI | x x x § x % D G D FIP|FIAIN|S|NI| KT R KN K AV R Y H G| Y K H K'Y H K
BQLIL | x x x § x % D G DT FIP|FIIAIN|S|NI|K|T R KN K AV RIY [H G Y K H K{Y H K
XBB | x x x S A D x Q E E HI T 1 FJP|E{A]IN|S|N|K ] K{N|K[A|S|S|Q RIY[H G|Y K H K'Y H K
XBB1 | x x x S A D x Q E E \Y HI T 1 EJP|E[AINES|N|K S K N KA S S RIY [H G| Y K H K'Y H K

BA.2

BQ.1

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. “x ” 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).

WT (D614G) Omicron
Spike (S)
Nucleocapsid (N)
Membrane (M)
Envelope (E)

RNA viral genome

ACE2

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.

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

16

Neutralizing antibodies

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).

shape between side chains [54, 59, 60] (Fig. 4).
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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
(FRNTs0)) 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 (ICsy) 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
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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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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 ICs¢ 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 (IDsg) 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 IDsg
against BA.1 of 172, a 9.4-fold decrease relative to D614G [66]. The ICsq
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 ICso 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 (PRNTso) 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
PRNTs5p 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.
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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¢1 — [44]
BA.2 8 Pseudovirus neutralization BA.1: 241 4.71 —
BA.2 and its subvariants BA.1 14 Pseudovirus neutralization BA.2: 142 1.0 — [771
BA.2.75: 177 1.11 —
BA.1 11 Pseudovirus neutralization BA.2: 104 2.61 4.8) [44]
BA.2.75: 52 1.31 9.6]
BA.2 8 Pseudovirus neutralization BA.2: 746 14.61 3.01
BA.2.75: 155 3.01 1.5]
BA.4/5 BA.1 24 FRNT BA.4: 36 — 7.6) [64]
BA.5: 37 — 7.41
BA.1 11 Pseudovirus neutralization BA.5: 18 2.1) 27.7) [44]
BA.2 Pseudovirus neutralization BA.5: 103 2.0t 23]

Notes: Live-virus focus reduction neutralization test (FRNT)
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
IDs5g for BA.2 of 939 and BA.2.12.1 of 791, which are not very far from
the IDs5g 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 (ICsq:
800), and BA.2.12.1 (ICs¢: 552) compared to BA.1 [69] (Table 2). Ac-
cording to Yunlong Cao et al., the ICsg 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
ICs5p 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
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of the CoronaVac vaccine and with BA.2 infection [30,65]. The ICsq 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% (EDsp) was 600 against BA.2.75.2, an 18-fold decrease
when compared with BA.1, and the EDs( 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 IDsq
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 ICs 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 IDsy for BA.2 was measured to less than 56 whereas the
IDs5q 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 IDs( against BA.2 less than 42,
a 2.5-fold reduction when compared to BA.1 [42]. Serum samples from
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Table 2
Neutralizing capacity of Omicron and its subvariants in vaccinated populations.
Classification Vaccine name and schedule Sample Experimental Neutralizing Fold Fold Refs.
size methods titer change to change to
D614G BA.1
BA.1 Without infection—>BNT162b2 x 2 24 Pseudovirus BA.1: 29 23.0} — [62]
neutralization
Without infection-mRNA-1273 x 2 12 Pseudovirus BA.1: < 848 > 8.5) — [63]
neutralization
BNT162b2/Ad26. COV2. Sx 1/2—-BA.1 15 FRNT BA.1: 507 4.0} — [64]
CoronaVacx 3—BA.1 50 Pseudovirus BA.1: 852 1.8) — [30,
neutralization 65]
CoronaVacx 3—BA.2 39 Pseudovirus BA.1: 282 4.4 — [30,
neutralization 65]
CoronaVacx 3—BA.5 36 Pseudovirus BA.1: 209 5.4] — [30]
neutralization
BNT162b2 x 2—BA.1/BA.2 19 Pseudovirus BA.1: 5080 2.6] — [44]
neutralization
BNT162b2 x 3—BA.1/BA.2 9 Pseudovirus BA.1: 8364 4.2] —
neutralization
AZD1222 x 3 41 FRNT BA.1: 57 12.6| — [61]
BNT162b2 x 3 20 FRNT BA.1: 649 14.2] —
BBIBP-CorVx 3 10 Pseudovirus BA.1: 84 6.8) — [66]
neutralization
CoronaVacx 3 40 Pseudovirus BA.1: 122 5.30 — [30,
neutralization 65]
mRNA-1273 x 3 20 Pseudovirus BA.1: 850 29| — [67]
neutralization
BBIBP-CorVx 2+ ZF2001 10 Pseudovirus BA.1: 172 9.4] — [66]
neutralization
CoronaVacx 2+ ZF2001 38 Pseudovirus BA.1: 246 3.4 — [40]
neutralization
BNT162b2 x 2+ mRNA-1273 20 Pseudovirus BA.1: 2852 6.5] — [44]
neutralization
CoronaVacx 2+ BNT162b2 (without infection) 75 FRNT — 6.7) — [68]
CoronaVacx 2+ BNT162b2 (previous infection) 26 FRNT — 8.1) —
BA.2 and its Without infection—BNT162b2 x 2 24 Pseudovirus BA.2: 24 27.0] 1.2) [62]
subvariants neutralization
Without Omicron infection-mRNA-1273/BNT162b2 x 1/2 22 Pseudovirus BA.2: 939 5.50 1.17 [34]
neutralization BA.2.12.1: 6.5] 1.0
791
BNT162b2/mRNA-1273 x 1/2/3—BA.1 13 Pseudovirus BA.2: 3126 3.3 — [78]
neutralization BA.2.12.1: 6.3]
1622
BA.2.75: 6.5]
1587
BNT162b2/mRNA-1273 x 3—BA.2 19 Pseudovirus BA.2: 800 1.2} 1.61 [69]
neutralization BA.2.12.1: 1.8) 1.17
552
BNT162b2 x 3/BNT162b2 x 1 + mRNA-1273 x 2—BA.2 10 FRNT BA.2: 801 2.5] — [79]
CoronaVacx 3—BA.1 50 Pseudovirus BA.2: 452 3.4] 1.8) [30,
neutralization BA.2.12.1: 6.3] 3.4) 65]
244
BA.2.75: 197 7.9] 4.3
BA.2.75.2: 34  45.7| 25.0)
CoronaVacx 3—BA.2 39 Pseudovirus BA.2: 696 1.7 2.41 [30,
neutralization BA.2.12.1: 4.2) 1.0 65]
290
BA.2.75: 217 5.7] 1.2}
BA.2.75.2:35  35.5| 8.00
CoronaVacx 3—BA.5 36 Pseudovirus BA.2: 729 1.5} 3.47 [30]
neutralization BA.2.75: 145 7.8) 1.4|
BA.2.75.2: 49  23.1} 4.2
BNT162b2 x 2—-BA.1/BA.2 19 Pseudovirus BA.2: 3372 4.0} 1.5 [44]
neutralization BA.2.75: 4.5] 1.7}
2976
BNT162b2 x 3—-BA.1/BA.2 9 Pseudovirus BA.2: 6470 5.4, 1.2
neutralization BA.2.75: 8.0} 1.9}
4393
BNT162b2/mRNA-1273 x 1/2/3/4—-BA.1 13 Pseudovirus BA.2: 2142 3.31 — [80]
neutralization
mRNA vaccinex 2/3—BA.2 11 Pseudovirus BA.2: 1715 2.5) —
neutralization
mRNA vaccinex 3—BA.4/5 8 Pseudovirus BA.2: 5435 1.9 —
neutralization
BNT162b2 x 3—BA.1/2 (after 3 months ) 18 Pseudovirus BA.2.75.2: — 18.00 [29]
neutralization 600

(continued on next page)
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Table 2 (continued)

Classification Vaccine name and schedule Sample Experimental Neutralizing Fold Fold Refs.
size methods titer change to change to
D614G BA.1
BNT162b2 x3—BA.1/2 (after 8 months ) 13 Pseudovirus BA.2.75.2: 40.0) 15.0)
neutralization 200
BNT162b2 x3 30 Pseudovirus BA.2: 1725 3.7 — [81]
neutralization BA.2.12.1: 6.1]
1052
BA.2.75: 5.3
1203
mRNA-1273 x3 20 Pseudovirus BA.2: 475 5.1] 1.8) [67]
neutralization BA.2.75: 583 4.2] 1.5)
mRNA-1273 x3/BNT162b2 x3 15 Pseudovirus BA.2: 759 3.4] — [31]
neutralization BA.2.75: 589 4.4
BA.2.75.2: 54  48.4|
CoronaVacx3 40 Pseudovirus BA.2: 130 5.00 1.0 [30,
neutralization BA.2.12.1: 6.2] 1.1} 65]
105
BA.2.75: 90 7.2) 1.3}
BA.2.75.2: 22 29.6| 5.5
BBIBP-CorVx3 20 Pseudovirus BA.2: <56 >4.0] >1.1) [42]
neutralization
BBIBP-CorVx2 + ZF2001 18 Pseudovirus BA.2: <42 >12.7|] >2.5]
neutralization
BNT162b2 x2 + mRNA-1273 20 Pseudovirus BA.2: 2288 8.2) 1.2} [44]
neutralization BA.2.75: 10.5) 1.6}
1779
CoronaVacx2 + ZF2001 38 Pseudovirus BA.2: 234 3.60 1.0 [40]
neutralization BA.2.12.1: 4.5 1.3)
187
BA.4/5 and its Without BA.1 infection—~BNT162b2 x1/2 18 FRNT BA.4: 211 19.5) 1.0 [64]
subvariants BA.5: 197 20.9] 1.0
CoronaVacx3—BA.1 50 Pseudovirus BA.4/5: 107 14.4| 7.9) [30,
neutralization BQ.1: 32 48.6| 26.6] 65]
BQ.1.1: 27 57.6] 31.5)
CoronaVacx3—BA.2 39 Pseudovirus BA.4/5: 175 7.1) 1.6 [30,
neutralization BQ.1: 45 27.6] 6.2] 65]
BQ.1.1: 40 31.1) 7.01
CoronaVacx3—BA.5 36 Pseudovirus BA.4/5: 508 2.2 2.41 [30]
neutralization BQ.1: 129 8.8) 1.6}
BQ.1.1: 77 14.7) 2.7)
CoronaVacx3—BA.1 50 Pseudovirus BA.4/5: 107 14.4] 7.91 [47]
neutralization BA.5.9: 71 21.7]) 12.0)
BA.4.6: 68 22.7] 12.5]
BA.4.7: 65 23.71 13.1}
CoronaVacx3—BA.2 39 Pseudovirus BA.4/5: 175 7.1) 1.6
neutralization BA.5.9: 103 12.0) 2.7]
BA.4.6: 99 12.5] 2.8]
BA.4.7: 94 13.2}) 3.00
CoronaVacx3—BA.5 8 Pseudovirus BA.4/5: 481 2.9 2.91
neutralization BA.5.9: 196 7.1} 1.2¢1
BA.4.6: 188 7.4] 1.11
BA.4.7: 185 7.50 1.17
BNT162b2/mRNA-1273 x3—BA.1 14 Pseudovirus BA.4/5: 263 5.4 4.2 [69]
neutralization
BNT162b2/mRNA-1273 x3—BA.2 19 Pseudovirus BA.4/5: 386 2.6] 1.2} [69]
neutralization
BNT162b2 x3/BNT162b2 x1 + mRNA-1273 x2—BA.2 10 FRNT BA.4.6: 204 9.8] — [79]
BA.5: 155 12.9]
BNT162b2/mRNA-1273 x1/2/3/4—BA.1 13 Pseudovirus BA.4/5: 647 11.2} — [80]
neutralization BA.4.6: 686 10.6)

BA.4.7: 655 11.1}
BA.5.9: 718 10.1)

BF.7: 555 13.1)
mRNA vaccinex2/3—BA.2 11 Pseudovirus BA.4/5: 884 5.04 — [80]
neutralization BA.4.6: 690 6.4]

BA.4.7: 815 5.4
BA.5.9: 687 6.4]

BF.7: 699 6.3]
mRNA vaccinex3—BA.4/5 8 Pseudovirus BA.4/5: 3395 3.1 — [80]
neutralization BA.4.6: 3140 3.3

BA.4.7: 3316 3.2
BA.5.9: 2959 3.5)

BF.7: 2953 3.50
BNT162b2 x3—BA.1/2 (after 3 months) 18 Pseudovirus BA.5: 1500 — 7.01 [29]
neutralization BA.4.6: 1800 7.0)
BQ.1.1: 700 18.0)

(continued on next page)
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Table 2 (continued)
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Classification Vaccine name and schedule Sample Experimental Neutralizing Fold Fold Refs.
size methods titer change to change to
D614G BA.1
BNT162b2 x 3—BA.1/2 (after 8 months) 13 Pseudovirus BA.5: 400 20.0) 7.5)
neutralization BA.4.6: 400 20.0} 7.5]
BQ.1.1: 200 40.0] 15.00
BNT162b2 x 2—BA.1/BA.2 19 Pseudovirus BA.5: 878 15.5) 57| [44]
neutralization
BNT162b2 x 3—-BA.1/BA.2 9 Pseudovirus BA.5: 1857 18.9] 45|
neutralization
CoronaVacx 3 40 Pseudovirus BA.4/5: 72 9.0 1.6) [47]
neutralization 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 x 3 27 Pseudovirus BA.4/5: 275 21.04 3.2) [43]
neutralization
BNT162b2 x 3 21 FRNT BA.4.6: 51 16.5] — [79]
BA.5: 47 17.7}
mRNA-1273 x 3 16 Pseudovirus BA.4/5: 449 35.6] — [46]
neutralization BA.4.6: 225 71.1}
mRNA-1273/BNT162b2 x 3 15 Pseudovirus BA.4/5: 300 8.7] — [31]
neutralization BA.4.6: 246 10.6|
BF.7: 238 10.9}
BQ.1: 140 18.6]
BQ.1.1: 114 22.9|
CoronaVacx 3 40 Pseudovirus BA.4/5: 72 9.0} 1.6 [30,
neutralization BQ.1: 27 24.1) 4.5] 65]
BQ.1.1: 24 27.1) 5.0)
BNT162b2 x 2 +mRNA-1273 20 Pseudovirus BA.5: 1057 17.71 2.6| [44]
neutralization
CoronaVacx 2+ ZF2001 38 Pseudovirus BA.4/5: 103 8.3) 2.3] [40]
neutralization

Notes: Live-virus focus reduction neutralization test (FRNT)

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 ICsy of 234 against BA.2, slightly less than that of
BA.1, and an ICsg 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.
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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 ICsq 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 ICsq 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
ICsp 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 ICsy 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 ICsq 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 ICsq 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 EDsg for BQ.1.1 was 700, an 18.0-fold
decrease relative to BA.1, 8 months after vaccination, the EDsq for
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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 ICsg
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 ICsg
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 (FFRNTso) 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,
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an increase of 3.0, 2.9, 2.3, 2.1, 1.8, and 1.5 times relative to the
FFRNTs5( measured with only three doses of the BNT162b2 vaccine [71].
Furthermore, the FFRNTS5 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 FFRNTS5q
measured with three shots of the BNT162b2 vaccine [71]. The FRNT5q
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 FRNTs( 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 FRNT5q 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
etal. [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, BE.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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