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ABSTRACT

Introduction: As the global severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic
continues to spread, several variants have emerged. Variants B.1.1.7 and B.1.351 have attracted
significant attention owing to their widespread transmission and possible immune evasion. A total of
19 SARS-CoV-2 vaccines based on original strains have entered clinical studies, including nine vaccines
that have obtained emergency use or conditional marketing authorizations. However, newly emerging
variants may affect their protective efficacy. Decreased efficacy of the Novartis, Johnson & Johnson, and
AstraZeneca vaccines against B.1.351 has been reported. The spread of variants creates a tremendous
challenge for the prevention and control of the SARS-CoV-2 pandemic via vaccination. Several response
strategies, including accelerating massive rollouts of current vaccines, increasing vaccine immunogeni-
city by increasing vaccination doses, and accelerating next-generation vaccines against variants, have
been suggested.

Areas covered: SARS-CoV-2 vaccine efficacy against variants and response strategies for emerging
variants.

Expert opinion: Current SARS-CoV-2 vaccines authorized for emergency use or under clinical trials have
shown certain advantages in providing adequate protection against new variants. We analyzed the
effects of reported variants on neutralizing antibodies and the protective efficacy of different vaccines
and propose strategies for applying current vaccines against variants and developing next-generation
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vaccines.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has caused substantial morbidity and mortality worldwide
[1-3]. As the global SARS-CoV-2 pandemic continues, more
than 4,000 variants have been reported. The D614G variant
first appeared in the United States and began to sweep the
world in mid-2020 [4,5]. Since the second half of 2020, more
SARS-CoV-2 variants have emerged, including B.1.1.7 (501Y.V1
variant of concern [VOC] 202,012/01) first reported in the UK,
B.1.351 first reported in South Africa (501Y.V2), and P.1 (501Y.
V3) first reported in Brazil, causing widespread concern world-
wide [6-8]. To date, 82 countries have reported cases caused
by the B.1.1.7 variant [9]. The B.1.1.7 variant has a substantial
transmission advantage, with the estimated difference in
reproduction numbers between B.1.1.7 and non-B.1.1.7 var-
iants ranging from 0.4 to 0.7, and the ratio of reproduction
numbers varying between 1.4 and 1.8 [10]. B.1.351 has been
reported in more than 40 countries [11], whereas P.1 has been
detected in 20 countries [12]; however, the transmission char-
acteristics and mortality of these two variants remain unclear.
Since December 2020, B.1.1.7 and B.1.351 variants have been
reported in Shanghai and Guangdong, China [13,14]. With an
increasing number of cases reported, variants with mutation
sites occurring in the receptor-binding domain (RBD) region of

the viral spike protein have attracted extensive attention
worldwide. As the RBD is the main target of neutralizing
antibodies elicited by SARS-CoV-2 infection [15-17], these
mutations could interact directly with the human angiotensin-
converting enzyme 2 (hACE2) receptor and form part of the
epitopes for hACE2-blocking neutralizing antibodies [18],
which might lead to the ineffectiveness of immune protection
provided by previous infections and vaccines [19]. In vitro
studies have shown that the B.1.351 variant is refractory to
neutralization by a number of monoclonal antibodies directed
to the top of the RBD, including several that have received
emergency use authorization [20,21]. In the present study, we
reviewed the major variants and the effects of existing variants
on neutralizing antibodies and vaccine protection and pro-
pose new ideas for applying current vaccines against variants
and developing next-generation vaccines.

2. Major SARS-CoV-2 variants
2.1. D614G variant

In January 2020, all the original SARS-CoV-2 virus isolates were
reported to have aspartic acid at amino acid position 614 of
the spike protein (D614), which was gradually replaced by
glycine (G614) in the epidemic strains reported later. Before
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Article highlights

e SARS-CoV-2 is prone to mutations. Close monitoring of the preva-
lence of different variants is a key aspect in preventing and control-
ling the SARS-CoV-2 epidemic.

e The B.1.1.7 variant has become widespread worldwide. There is no
evidence suggesting that it affects the neutralizing ability of conva-
lescent sera and vaccine-elicited sera, as well as the protective
efficacy of vaccines.

o The results of studies based on pseudovirus and infectious ¢cDNA
clones with B.1.351-related mutations in the receptor-binding
domain region showed that the neutralizing activity of both the
convalescent sera and vaccine-elicited sera decreased, and the pro-
tective efficacy of some vaccines was also found to decline in clinical
trials.

o Current vaccines still have certain effects against the B.1.351 variant.
Therefore, rapid and mass immunization with current SARS-CoV-2
vaccines would help control the spread of variants. Consideration
should also be given to the balance of vaccination rates in different
regions worldwide.

e For current vaccines, increasing the number of doses to boost
immune response or alternating vaccines could further enhance the
immunogenicity and protective efficacy against variants.

e The R&D of next generation vaccines against the B.1.351 variant
should be conducted to improve vaccine protection.

March 2020, the D614G substitution frequency was less than
10% in global sequencing reports of SARS-CoV-2; however, it
increased to more than 75% after June 2020 [5]. Studies on
human respiratory cells and animal models have found that
the D614G variant has higher infectivity and transmissibility
than the original virus strain [22-24]. Clinical data indicated
that disease severity was not related to D614G substitution.
However, the effects of D614G in enhancing virus replication
have been demonstrated in both in vitro studies based on
human cells and respiratory ex vivo organ cultures of cattle
and sheep, and in vivo studies using hamsters [25,26]. A higher
viral load was also detected in the nasopharynx of patients
infected with the G614 virus than in those infected with the
D614 virus [27], which suggests that the D614G substitution
might increase the adaptability of the virus to humans without
causing a more serious disease response. In terms of vaccine
protection, when the G614 pseudovirus was used to test the
D614 or G614 virus-immune animal/human sera, the neutrali-
zation titer was 1.7 - to 2.0-fold higher than that of the D614
pseudovirus [28,29], indicating that the D614G mutation did
not increase disease severity or affect the neutralizing activity
of vaccine antibodies, which suggests that this variant would
not present a threat to vaccine efficacy.

2.2. N439K variant

The N439K mutant was first discovered in Scotland in
March 2020 and is the second most common mutation in
the RBD region. By the end of 2020, N439K strains were
detected in 34 countries [30]. Although the binding affinity
to the hACE2 receptor of the spike protein was enhanced, the
N439K viruses had similar in vitro replication fitness and
caused infections with similar clinical outcomes compared to
those by the wild-type. The N439K mutation confers resistance
against several neutralizing monoclonal antibodies, including
one authorized for emergency use by the US Food and Drug

Administration, and reduces the activity of polyclonal sera
from individuals recovered from infection [30]. Immune eva-
sion mutations that maintain virulence and fitness, such as
N439K, can emerge within the SARS-CoV-2 spike; however, the
effect on the immune protection of the vaccines remains
unknown.

2.3. B.1.1.7 variant

In December 2020, the UK reported a SARS-CoV-2 VOC, line-
age B.1.1.7, also referred to as VOC 202,012/01 or 201/501Y.V1
[6,31]. The emergence of B.1.1.7 is concerning given its
increased transmissibility. As of 15 February 2021, B.1.1.7
comprises approximately 95% of new SARS-CoV-2 infections
in England and has now been identified in at least 82 coun-
tries [32]. B.1.1.7 contains eight spike mutations and D614G
(Figure 1), including two deletions (69-70del and 144del) in
the N-terminal domain (NTD), one mutation (N501Y) in the
RBD, and one mutation (P681H) near the furin cleavage site
[33]. This mutation can increase the binding affinity of SARS-
CoV-2 to ACE2 and enhance its ability to enter human cells,
thereby accelerating the spread of the virus [10,34]. Early
investigations from the UK suggested increased transmissibil-
ity of up to 71% over and above the previous circulating
strains of SARS-CoV-2, which might contribute 0.39-0.93 to
the R, value estimates of the virus [35]. However, to date,
there is no evidence that the B.1.1.7 variant demonstrates
increased clinical severity of illness or immune escape cap-
ability [3,33,36-38].

2.4. B.1.351 variant

In December 2020, South Africa announced the detection of
a new B.1.351 variant of SARS-CoV-2. B.1.351 emerged in
South Africa after the first epidemic wave in a severely
affected metropolitan area, Nelson Mandela Bay [7]. B.1.351
contains nine spike mutations and D614G (Figure 1), including
a cluster of mutations (e.g. 242-244del and R246l) in the NTD,
three mutations (K417N, E484K, and N501Y) in the RBD, and
one mutation (A701V) near the furin cleavage site [33]. There
is a growing concern that the B.1.351 variant could impair the
efficacy of current mAb therapies or vaccines because many of
the mutations reside in the antigenic supersite in the NTD
[16,39] or in the ACE2-binding site, which is a major target
of potent virus-neutralizing antibodies [7,33]. For the three
mutations (K417N, E484K, and N501Y) in the RBD, the N501Y
mutation is also present in the UK B.1.1.7 variant [3], whereas
the E484K mutation has been reported to be related to the
escape of the B.1.351 variant from neutralizing antibodies [40].
In vitro studies have demonstrated that this mutation plays
a crucial role in the loss of neutralizing activity of some
monoclonal antibodies [41-44]. When the B.1.351 pseudovirus
was used to detect the neutralization titers of convalescent
sera and various vaccine-elicited immune sera, the results
showed different degrees of reduction [33,45]. Furthermore,
it has been found in clinical trials that the protective efficacy
of the Novartis, Johnson & Johnson, and AstraZeneca-Oxford
vaccines has decreased significantly in South Africa where this
variant was prevalent [46-48]. Therefore, there is widespread
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Figure 1. Schematic diagram of mutation sites for the B.1.1.7, B.1.351 and P.1 variants.

* The mutation present in all three variants. # The mutation present in the B.1.351 and P.1 variants; notably, the mutation at site 417 is asparagine (N) in the B.1.351 variant and threonine
(T) in the P.1 variant. NTD, N-terminal domain; RBD, receptor binding domain; RBM, receptor binding motif; FP, fusion peptide; HR, 7-peptide repeat; TM, transmembrane domain.

concern regarding the protection provided by vaccines in the
market and clinical trials against the B.1.351 variant.

2.5. P.1 variant

P.1 is a branch of the B.1.1.28 lineage, which was first discov-
ered by the National Institute of Infectious Diseases in Japan in
four travelers from Brazil. This variant was prevalent in north-
ern Brazil in December 2020 [12]. P.1 contains a unique con-
stellation of lineage-defining mutations, including several
known biologically important mutations in the RBD, such as
E484K, K417T, and N501Y (Figure 1) [8]. Similar to B.1.351, the
P.1 variant was suspected to evade immunity in people who
were vaccinated or previously infected [49]. To date, no study
has shown that this variant affects vaccine protection.

2.6. Other variants

More variants continue to emerge worldwide, including the
newly reported B.1.525 and A.23.1 [50,51]. For B.1.525, there
are Q52R, E484K, Q677H, and F888L mutations in the spike,
and a suite of deletions similar to B.1.1.7. The A.23.1 variant is
the major virus lineage now observed in Kampala, Uganda.
The mutations in the spike of the A.23.1 variant are F157L,
V367F, Q613H, and P681R. Among them, Q613H is predicted
to be functionally equivalent to the D614G mutation that was
observed in the B.1 lineage found predominantly in Europe
and the US [52]. Another lineage, B.1.429 (a.k.a. 20 C/CAL.20 Q),
containing the L452 R mutation, has risen to a high frequency
in southern California [53]. The L452R mutation has been

Table 1. Results of convalescent plasma against SARS-CoV-2 variants.

confirmed to escape LY-CoV555, a leading antibody that
shows promise in humans and animal models [54]. As the
effects of the B.1.525, A.23.1, and B.1.429 variants on the
clinical severity and vaccine efficacy are not yet clear, it is
essential that further studies are conducted on the new emer-
ging variants.

3. Impact of major variants on vaccine efficacy
3.1. Neutralization of convalescent sera against variants

An important question for vaccine application is whether the
authentic virus, under the selective pressure of the polyclonal
immune response in convalescent or vaccinated people, can
evolve to escape herd immunity and antibody treatment [55].
The convalescent serum of SARS-CoV-2 patients has been
used in neutralization tests to investigate whether new var-
iants exhibit immune evasion. The results not only indicate
whether the variants cause reinfection, but also provide data
on whether current vaccines remain effective. The studies
listed in Table 1 illustrate that the neutralization titers against
B.1.1.7 showed a slight decline, whereas the results for the
B.1.531 variant were more worrisome. Notably, in two studies
conducted by Gavin et al, the B.1.1.7 and B.1.531 variants
used to test convalescent serum were both wild isolates, and
the reduction ratios were 2.9 - and 13.3-fold, respectively
[56,57]. Wibmer et al. assessed 44 plasma samples from indi-
viduals previously infected with SARS-CoV-2 using different
pseudoviruses, including D614G (original), K417N, E484K,
N501Y, and D614G (RBD only) or L18F, D80A, D215G, A242-
244, K417N, E484K, N501Y, D614G, and A701V (501Y.V2).

Reduction fold

Virus type Variant Control strains No. of sample (control/variant) Reference
pseudovirus B.1.1.7 D614G 15 1.55 Shen et al. [36]
pseudovirus B.1.1.7 WT 20 2.7-3.8 Wang et al. [33]
B.1.351 11.0-33.1
infectious cDNA clone E484K mutation WT 30 24-4.2 Jangra et al. [58]
live virus B.1.1.7 WT 34 39 Gavin R. et al. [56]
live virus B.1.351 WT 34 13.3 Gavin R. et al. [57]
mouse-adapted virus N501Y MA-SARS-CoV-2 WT 30 * Rathnasinghe et al. [59]

Annotation: WT = Wuhan reference strain; * No fold reduction in neutralization titers was mentioned in this study, although the results showed that N501Y did not

mediate antibody escape.
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Nearly half (21 of 44, 48%) of the samples had no detectable
neutralization activity, with only three samples (7%) retaining
titers of inhibitory dilutions giving 50% neutralization (IDsg) >
400 against the 501Y.V2 virus [45]. Wang et al. and Jangra
et al. indicated that the E484K mutation (present in both
B.1.351 and P.1 variants) significantly affected the neutraliza-
tion activity [33,58], whereas Rathnasinghe et al. found that
the N501Y substitution in the RBD spike did not mediate
antibody evasion [59].

3.2. Neutralization of vaccine-elicited sera against
variants

3.2.1. Pfizer/BioNTech mRNA vaccine

Pseudoviruses and infectious cDNA clones have been
employed more commonly to assess the neutralization ability
of sera from vaccinated individuals against different variants
(Table 2). Muik et al. tested serum samples from 40 partici-
pants who were vaccinated with the Pfizer/BioNTech mRNA
vaccine (BNT162b2) in the previously reported German Phase
1/2 trial with pseudoviruses of B.1.1.7 and Wuhan reference
strain (WT). Even though there was a slight reduction, the
immune sera overall preserved neutralizing titers against
B.1.1.7, which indicated that B.1.1.7 will not escape Pfizer/

Table 2. Results of vaccine-elicited sera against SARS-CoV-2 variants.

BioNTech vaccine-mediated protection [38]. Collier et al. also
demonstrated that a pseudovirus with spike mutations in the
B.1.1.7 variant (del69/70, del 144/145, N501Y, A570D, P681H,
T716l, S982A, and D1118H) resulted in reduced sensitivity to
sera from vaccines. Their results showed that 10 of the 23 sera
from participants who received one dose of Pfizer/BioNTech
vaccine showed reduced neutralization against the B.1.1.7
variant (fold change >3), and the highest fold change was
approximately 6 with a median fold change of 3.85.
However, when the sera were tested using pseudoviruses
with N501Y, A570D, and 69/70 deletion mutations, no reduc-
tion in ability was observed [37]. Notably, as the sera were
collected after 1 dose of a 2-dose regimen, the results only
represent partial immunity.

The neutralization ability of Pfizer/BioNTech vaccine
immune sera against the B.1.351 variant declined significantly
in comparison to that against the B.1.1.7 variant. Results from
the study by Gavin R. et al. based on live viruses showed that
there was a 7.6 fold reduction in the neutralization titers
against the B.1.351 variant, whereas the fold decline was 3.3
against the B.1.1.7 strain [56,57]. In the study by Wang et al.,
10 sera from clinical subjects who received the Pfizer/
BioNTech vaccine at the clinical dose on days 0 and 21 were
also assayed for neutralization against the major variants. The

Sample Control Reduction fold
Vaccine Type of vaccine Gene No. Type of virus strain Variant (control/variant) Reference
Moderna vaccine RNA vaccine S / pseudovirus D614G K417N-E484K-N501Y- 2.7 Wu et al. [62]
D614G
B.1.351 6.4
Moderna vaccine RNA vaccine S 12 pseudovirus WT B.1.1.7 1.8 Wang et al. [33]
B.1.351 8.6
Pfizer/BioNTech RNA vaccine S 10 B.1.1.7 2
vaccine
B.1.351 6.5
Moderna vaccine RNA vaccine S 40 pseudovirus D614G B.1.1.7 2.11 Shen et al. [36]
NVX-CoV2373 protein S 28 2.25
nanoparticle
Pfizer/BioNTech RNA vaccine S 40 pseudovirus WT B.1.1.7 1.25 Muik et al. [38]
vaccine
Pfizer/BioNTech RNA vaccine S 23 pseudovirus WT B.1.1.7 3.85 Collier et al. [37]
vaccine
Pfizer/BioNTech RNA vaccine S 20 infectious cDNA WT Mutant N501Y 0.68 Xie et al. [60]
vaccine clone
Mutant A69/70 0.71
+ N501Y+D614G
Mutant E484K+N501Y  1.23
+D614G
Pfizer/BioNTech RNA vaccine S 5 infectious cONA  WT E484K mutation 34 Jangra et al. [58]
vaccine clone
Pfizer/BioNTech RNA vaccine S 20 infectious cDNA N501 Y501 1.46 Shi et al. [61]
vaccine clone
Pfizer/BioNTech RNA vaccine S 25 live virus WT B.1.1.7 33 Gavin R. et al.
vaccine [56]
AstraZeneca-Oxford Adenovirus vector S 25 live virus WT B.1.1.7 21 ~25
vaccine vaccine
Pfizer/BioNTech RNA vaccine S 25 live virus WT B.1.351 7.6 Gavin R. et al.
vaccine [57]
AstraZeneca-Oxford Adenovirus vector S 25 live virus WT B.1.351 9
vaccine vaccine
BBIBP vaccine Inactive vaccine full 12 live virus WT & B.1.351 1.6 Gao et al. [63]
length D614G
Zhifei vaccine protein subunit RBD 12 live virus WT & B.1.351 1.6
vaccine D614G
Pfizer/BioNTech RNA vaccine S 6 mouse-adapted WT N501Y MA-SARS-CoV-2 * Rathnasinghe
vaccine virus et al. [59]

Annotation: S = spike; RBD = receptor binding domain; WT = Wuhan reference strain; * No fold reduction in geometric mean titers (GMT) was mentioned in this
study, although the results showed that N501Y did not mediate antibody escape.



mean loss in neutralizing activity against the B.1.1.7 and
B.1.351 variants was 2 — and 6.5-fold, respectively. The vaccine
serum was also tested against each single-mutation pseudo-
virus. Similar to the convalescent plasma result, no single
mutation could predictably account for the small loss in
serum neutralizing activity against B.1.1.7, whereas there was
loss in neutralizing activity against B.1.351 in the vaccine sera,
which could be principally attributed to E484K [33].

Studies based on infectious cDNA clones have focused on
the effect of the E484 mutation. Xie et al. engineered three
SARS-CoV-2 viruses containing key spike mutations from
B.1.1.7 and B.1.351 variants: N501Y from B.1.1.7 and B.1.351,
69/70-deletion+N501Y+D614G from B.1.1.7, and E484K+N501Y
+D614G from B.1.351 using an infectious cDNA clone of SARS-
CoV-2. A total of 20 BTN162b2 vaccine-elicited human sera
were tested with the wild-type and mutant viruses, and the
neutralizing antibody geometric mean titers (GMTs) of the sera
against virus with E484K mutation declined to 1.23 fold, which
was higher than that of other mutant viruses [60]. Jangra et al.
reported a 3.4-fold reduction when the E484K rSARS CoV-2
virus was used in neutralization assays for sera samples from
five individuals who received two doses of the Pfizer/BioNTech
vaccine [58]. All these studies indicated that E484K, which
existed not only in B.1.351 but also in the P.1 variant, is crucial
for immunity.

Other studies have focused on the function of the N501Y
mutation. In the study by Rathnasinghe et al., the sera from six
individuals who had received two doses of the Pfizer/
BioNTech vaccine had neutralizing antibody titers similar to
the highest neutralization titers observed in convalescent sera
against the mouse-adapted virus MA-SARS-CoV-2 with the
N501Y mutation [59]. Shi et al. prepared an isogenic pair of
SARS-CoV-2 containing the N501 or Y501 spike protein to
detect serum neutralization in 20 participants immunized
with two doses of Pfizer/BioNTech vaccine. The ratio of the
50% neutralization GMT against the Y501 virus to that against
the N501 virus was 1.46 [61]. Both results suggested that the
N501Y mutation did not compromise post-vaccination neutra-
lization potential. Compared with the N501Y mutation com-
mon in the B.1.1.7, B.1.351, and P.1 variants, the strains with
the E484K mutation would pose a serious threat to the pro-
tection efficacy of SARS-CoV-2 vaccines.

3.2.2. Moderna mRNA vaccine

The neutralization capacity of the Moderna SARS-Co-2
Moderna mRNA vaccine (mRNA-1273) vaccine against variants
was similar to that of the Pfizer/BioNTech vaccine. In the study
by Wang et al., sera obtained from 12 participants in a Phase 1
clinical trial of the Moderna vaccine were also assayed for
neutralization against B.1.1.7, B.1.351, and WT pseudoviruses,
and the results revealed no significant differences between
the Moderna vaccine — and Pfizer/BioNTech vaccine-elicited
sera against the B.1.1.7 and B.1.351 variants [33].

Shen et al. employed a lentivirus-based pseudovirus assay
to show neutralization against the variant B.1.1.7 in 40 recipi-
ents of the Moderna vaccine and found that the B.1.1.7 variant
was neutralized by the vaccine sera, although with modestly
diminished susceptibility compared to the D614G variant. The
median IDsq and IDg, titers of immune sera were, on average,
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2.1-fold and 1.7-fold lower, respectively, against B.1.1.7 than
that against D614G [36]. Wu et al. used two orthogonal vesi-
cular stomatitis virus (VSV) and lentivirus pseudovirus neutra-
lization (PsVN) assays that expressed spike variants of 20E
(EU1), 20A.EU2, D614G-N439, mink cluster 5, B.1.1.7, and
B.1.351 variants to assess the neutralizing capacity of sera
from humans immune to the Moderna vaccine. No significant
impact was found on the neutralization of Moderna vaccine-
immune sera against the B.1.1.7 variant, whereas reduced
neutralization was measured against the mutations present
in B.1.351. VSV pseudoviruses with spikes containing K417N-
E484K-N501Y-D614G and full B.1.351 mutations showed
a 2.7 - and 6.4-fold reduction in GMT, respectively, compared
to the D614G VSV pseudovirus [62].

3.2.3. AstraZeneca-Oxford vaccine

As one of the most widely used SARS-CoV-2 vaccines, the
cross-neutralization ability of the AstraZeneca-Oxford vaccine
(ChAdOx1) against these variants has attracted great atten-
tion. Gavin et al. reported that in participants who were vacci-
nated with the AstraZeneca-Oxford vaccine, the neutralization
titers of sera at 14 and 28 days following the second dose
showed a 2.5-fold (geometric mean, n = 15, p < 0.0001) and
2.1-fold (geometric mean, n = 10, p < 0.002) reduction against
B.1.1.7 strain, respectively [56]. They then measured neutrali-
zation of the B.1.351 variant using the AstraZeneca-Oxford
vaccine-elicited serum obtained 14 or 28 days following
the second vaccine dose, and found that GMTs against the
B.1.351 variant were 9-fold lower than against the Victoria
strain (p < 0.0001) [57]. The results indicated that the
AstraZeneca-Oxford vaccine offers a more limited protection
against the B.1.351 variant than to the B.1.1.7 variant.

3.2.4. Beijing Institute of Biological Products inactivated
vaccine (BBIBP-CorV) and Zhifei Longcom recombinant
protein vaccine (ZF2001)

When the wild B.1.351 variant was used by Gao et al. to
test the immune sera of the BBIBP and Zhifei vaccines
developed by Chinese companies, the results showed
some differences from those of the mRNA vaccines based
on pseudoviruses [63]. The wild B.1.351 variant was iso-
lated in Guangdong, China, from a 55-year-old South
African pilot who entered Guangzhou from Singapore
[13]. A total of 24 samples were detected, and the result
showed that the neutralization ability of both vaccines
against the B.1.351 variant was reduced by 1.6-fold, the
GMTs of immune serum elicited by the BBIBP vaccine
decreased from 110.9 (95% Cl: 76.7-160.2) to 70.9 (95%
Cl: 50.8-98.8), and those of the Zhifei vaccine decreased
from 106.1 (95% Cl: 75.0-150.1) to 66.6 (95% Cl: 51.0-86.9)
[63]. The authors considered that the protective effects of
these two vaccines were not affected by the B.1.351
variant.

3.3. Effect of variants on vaccine protective efficacy

Recent results from the Phase 3 clinical trials of three vaccines
from Novartis, Johnson & Johnson, and AstraZeneca-Oxford in
South Africa showed that the locally circulating variants had
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affected the protective efficacy of the vaccines to varying
degrees.

The UK Phase 3 clinical trials of NVX-CoV2373 developed by
Novavax Inc. resulted in a point estimate of vaccine efficacy of
89.3% (95% ClI: 75.2-95.4). Based on polymerase chain reaction
performed on strains from 56 of the 62 cases, efficacy by strain
was calculated to be 95.6% against the original SARS-CoV-2
strain and 85.6% against the UK variant. The South Africa
Phase 2b clinical trial achieved its primary efficacy endpoint
with an efficacy of 49.4% (95% Cl: 6.172.8). Preliminary sequen-
cing data were available for 27 of 44 SARS-CoV-2 events; of
these, 92.6% (25 out of 27 cases) were the B.1.351 variant [48].
This result has raised concerns regarding the effectiveness of
vaccines and the possibility of secondary infections in infected
individuals.

During the Phase 3 ENSEMBLE clinical trial of Janssen’s
SARS-CoV-2 vaccine candidate, for all participants from differ-
ent geographies and those infected with an emerging viral
variant, Janssen’s vaccine was 66% effective overall in prevent-
ing moderate to severe SARS-CoV-2. The level of protection
against moderate to severe SARS-CoV-2 infection was 72% in
the US, 66% in Latin America, and 57% in South Africa, and
nearly all cases of SARS-CoV-2 (95%) in South Africa were
caused by infection with a SARS-CoV-2 variant from the
B.1.351 lineage [46].

Clinical trials of the AstraZeneca-Oxford vaccine in the UK
indicated that the vaccine not only protected against the
original pandemic virus, but also protected against the
novel variant, B.1.1.7 [64]. However, the trial results in
South Africa showed that the neutralization of the immune
sera induced by the AstraZeneca-Oxford vaccine against the
B.1.351 coronavirus variant was substantially reduced com-
pared with that against the original strain, although it still
had high efficacy against the original coronavirus non-
B.1.351 variants. A two-dose regimen of the AstraZeneca-
Oxford vaccine provided minimal protection against mild-
moderate SARS-CoV-2 infection from the B.1.351 corona-
virus variant [47,65].

4. Development and implementation strategies for
vaccines targeting SARS-CoV-2 variants

The marked loss of neutralization ability and decline in the
protective efficacy of current vaccines indicates the potential
immune escape of B.1.351 variants. Nonetheless, in the study
by Penny et al., most of the convalescent serum suffered less
than a 4-fold reduction in total binding activity, suggesting
that a considerable non-neutralizing antibody component is
still able to bind the B.1.351 spike, which indicates the pro-
spect of reinfection with antigenically distinct variants [45].
The immune escape SARS-CoV-2 variants could pose an
unpredictable threat to the entire world, and global vaccine
development and implementation strategies are urgently
required. Recently, the US Food and Drug Administration
stated that it is formulating rules for the accelerated review
of updated vaccines against virus variants to fast-track the
development and application of vaccines for SARS-CoV-2
mutants [66].

4.1. Rapid and massive vaccine rollouts using current
SARS-CoV-2 vaccines

The clinical protection findings of the Johnson & Johnson and
Novartis vaccines against the South African variant indicate
that even though the protection efficacy of these vaccines is
lower than those against previous epidemic strains, they are
still higher than or close to the protection level criterion of at
least 50% as defined by the World Health Organization (i.e.
57% and 49.4%, respectively) [46,48]. In other words, the
vaccines retain a certain level of effectiveness against the
variant. Hence, the urgent rollouts of current vaccines to
immunize a large proportion of the population is currently
the best option to manage the threat of emerging variants.

4.2. Improving the immunogenicity of current vaccines

Based on the protective efficacy of the current vaccines
against the variants, raising the vaccine-induced immune
response level would help prevent further transmission of
variants. Different options should be considered, including
increasing the number of doses and alternating vaccines to
boost the immune response. For the one-shot adenovirus
vaccine, two doses might further improve its protection
against circulating strains and variants. Johnson & Johnson
has launched a Phase 3 clinical trial to test the protective
efficacy offered by two doses of the Ad26.COV2.spike vaccine.
Moderna has considered adding a third Moderna vaccine dose
after the first two doses to increase the neutralizing antibody
titer, thus ensuring protective efficacy against SARS-CoV-2
variants, even if the titers declined [67].

Furthermore, the alternating vaccine immunization strategy
may also be an effective measure to improve the immuno-
genicity of emergency vaccines. The Russian Direct Investment
Fund announced plans to conduct a combined clinical trial in
Ukraine, using the Sputnik V and AstraZeneca vaccines [68].
The University of Oxford has begun the first clinical trial to
explore alternating between different SARS-COV-2 vaccines, in
which over 800 volunteers will be recruited in England to
evaluate four different combinations of prime and booster
vaccinations of the Oxford-AstraZeneca and Pfizer vaccines
[69]. Public Health England updated their guidance for SARS-
CoV-2 vaccines, and announced that if the vaccine received as
the first dose by an individual is not available, then an alter-
native vaccine may be used [70]. The US Food and Drug
Administration is also taking notice of mixing and matching
vaccines [71].

4.3. Developing next generation vaccines against
variants

The next generation vaccines, such as multivalent vaccines,
would be effective tools to control the spread of SARS-CoV-2
variants. Johnson & Johnson is now developing vaccines
against variants and plans to add the original vaccine to
form a bivalent vaccine. Moderna has developed a booster
vaccine (MRNA-1273.351) against the newly emerging B.1.351
variant [72]. GlaxoSmithKline plc and CureVac N.V. jointly plan
to develop next-generation mRNA multivalent vaccines [73].



The next generation of vaccines might usher in a new dawn in
the prevention and control of SARS-CoV-2 worldwide.

5. Expert opinion

The SARS-CoV-2 pandemic is the most serious infectious
disease that has afflicted humanity in the past 100 years
and bringing it under control is a top priority. The main
challenge against SARS-CoV-2 is the lack of understanding
of the etiology and pathogenic mechanisms of the new
emerging pathogen, the protection mechanism, immune
endpoint, and immunized persistence of vaccines. A total
of 19 SARS-CoV-2 vaccines have entered clinical trials within
one year, including nine vaccines that have obtained author-
izations for emergency use or conditional marketing. For the
first time, the mRNA vaccine was used as a preventive vac-
cine and an adenovirus carrier vaccine was applied in
a large-scale vaccination. Additionally, the success of other
vaccines developed using different technologies also pro-
vides experience for the development and application of
preventive vaccines in the future.

However, SARS-CoV-2 variants pose a tremendous chal-
lenge to the control of this epidemic. The B.1.351 and P.1
variants, which might lead to reinfections and immune
escape, have raised questions regarding the effectiveness of
vaccines that are currently being used in the massive vaccine
rollouts. Most of the studies that reported a significant decline
in neutralization titers against SARS-CoV-2 variants were
based on pseudoviruses, whereas the study by Gao et al.
that used the wild B.1.351 strain to detect the BBIBP and
Zhifei vaccine-elicited sera showed a slight reduction. When
using different methods/strains to detect the neutralizing
activity of the variants, the comparability of the results is
very important. In follow-up studies, the standardization of
test methods is urgently needed, and it is extremely valuable
to evaluate the neutralization ability of wild viruses or infec-
tious cDNA clones, and to confirm the protective efficacy in
clinical research. Additionally, sequencing and isolation of
strains vary enormously from country to country, and the
data currently available may not be truly representative of
the existing global situation. Research on the monitoring of
genetic variation should be strengthened, as well as basic
research on pathogenic mechanisms and immune protection
mechanisms.

This paper summarizes the major SARS-CoV-2 variants and
their impact on the neutralization activity of convalescent
serum and vaccine-elicited serum. Notably, given that certain
vaccines continue to have protective effects against the
B.1.351 variants, it is necessary to continue the rapid and
massive vaccine rollouts against SARS-CoV-2 along with close
monitoring of its genetic mutations. Other response strategies
have been proposed, including improving the immunogeni-
city of current vaccines by increasing the number of doses and
alternating vaccines and developing monovalent or multiva-
lent vaccines against variants. These strategies provide a basis
for the policy decisions of regulatory authorities, application
agencies, and research and development manufacturers. It
would be helpful to develop and apply vaccines against var-
iants effectively.

EXPERT REVIEW OF VACCINES e 7

The worldwide research and development and application of
SARS-CoV-2 vaccines is an iconic event in the history of human
vaccines. Further research on SARS-CoV-2 variants and next-
generation vaccines would help to understand the law of virus
mutation and develop an effective general vaccine against
SARS-CoV-2. By responding to SARS-CoV-2 outbreaks, both the
response abilities and strategies for new emerging infectious
diseases, and the rapid and efficient vaccine research technol-
ogy and application mode would be further improved.
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