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ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continues to circulate worldwide and a
variety of variants have emerged. Variants of concern (VOC) designated by the World Health Organization
(WHO) have triggered epidemic waves due to their strong infectivity or pathogenicity and potential
immune escape, among other reasons. Although large-scale vaccination campaigns undertaken globally
have contributed to the improved control of SARS-CoV-2, the efficacies of current vaccines against VOCs
have declined to various degrees. In particular, the highly infectious Delta and Omicron variants have
caused recent epidemics and prompted concerns about control measures. This review summarizes
current VOCs, the protective efficacy of vaccines against VOCs, and the shortcomings in methods for
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evaluating vaccine efficacy. In addition, strategies for responding to variants are proposed for future
epidemic prevention and control as well as for vaccine research and development.

Introduction

Novel coronavirus disease 2019 (COVID-19) is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Expanding vaccination and building an immune
barrier are the best strategies to combat the SARS-CoV-2
epidemic. In the past year, the number and speed of
COVID-19 vaccine approvals have reached an unprece-
dented level. According to WHO statistics, there are 334
COVID-19 vaccine candidates worldwide as of 18 January
2022, of which 194 are in the preclinical stage and 140 are
in clinical trials." In the WHO guidance updated on
November, 2021, 24 vaccines were in the WHO EUL/PQ
evaluation process, and the Comirnaty vaccine is the first
and the only COVID-19 vaccine to receive official approval
for marketing.”

A number of SARS-CoV-2 variants have emerged and
spread worldwide.>* Some of the variants are characterized
by increased infectivity, pathogenicity, or immune escape,
resulting in a resurgence of the pandemic and possible
failure of the immune barrier established by first-
generation vaccines and previous infections.”” These var-
iants pose a global threat to health and safety and are listed
as variants of concern (VOCs) by the WHO. By the end of
2021, the major variants designated as VOCs include Alpha
(Pango lineages: B.1.1.7), Beta (Pango lineages: B.1.351),
Gamma (Pango lineages: P.1), Delta (Pango lineages:
B.1.617.2), and Omicron (Pango lineages: B.1.1.529).'°
Delta caused a resurgence of the pandemic in India and
neighboring countries beginning in mid-2021, leading to a
new wave of outbreaks worldwide, even in countries with
high vaccination rates, such as the United Kingdom (UK)
and Israel.'" In UK, effectiveness of two doses of BNT162b2

against infection with Delta was 88%, compared to 94% for
Alpha.'” Just a few months after Delta became the domi-
nant strain, the Omicron variant, which was added to the
VOC list on 26 November 2021, started to cause a new
wave of SARS-CoV-2 circulation.'?

The spread of VOCs has affected the actual protective effi-
cacy of current first-generation vaccines to various degrees.
The results of Phase III clinical trials of the Novartis (NVX-
CoV2373), Johnson & Johnson (Ad26.COV2.S), and Oxford-
AstraZeneca (ChAdOx1) vaccines in South Africa have shown
that the vaccine efficacy (VE) against the local Beta variant is
reduced to various degrees.'*'® For example, the protective
efficacy of the ChAdOx1 vaccine against mild to moderate
illness with Beta is only 10%."> Data from Qatar showed that
the Pfizer/BioNTech (BNT162b2) vaccine confers 87% protec-
tion against infection with Alpha and 72% against Beta.'® In
Israel, the overall efficacy against infection of vaccines fell from
95% to 39% with the emergence of the Delta variant, with
continued recent declines.'””'® During the period in which
Omicron was dominant, the effectiveness of two doses of the
BNT162b2 vaccine against hospitalization for Covid-19 was
significantly reduced from 93% in the previous non-Omicron
period to 70% in South Africa.'” This decrease in the efficacy of
emergency authorized vaccines against VOCs has raised con-
cerns about the efficacy of these vaccines and the possibility of
reinfection. Although approved COVID-19 vaccines are less
effective against infection of VOCs, they remain highly effec-
tive in preventing severe illness and death. In this review, the
properties of VOCs reported to date as well as the effects of the
major variants on the protective efficacy of vaccines are sum-
marized. Furthermore, strategies are proposed to deal with
these variants.
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Etiological basis of the effects of VOCs on VE

The spike (S) protein is the most critical SARS-CoV-2 surface
protein. Its N-terminal S1 domain contains a receptor-binding
domain (RBD, 319-541 aa), of which 17 amino acids are in
direct contact with human angiotensin I-converting enzyme 2
(hACE2) on the plasma membrane of target cells and mediates
receptor mcognition.20 Three loops (N1, N3, and N5) in the N-
terminal domain (NTD, 13-305 amino acids) constitute the
supersite, to which all known anti-NTD antibodies bind 2?2

Given its key role in SARS-CoV-2 infection and adaptive
immunity, the S protein is an important target site for neutra-
lizing antibodies and the key target for vaccine design. Most of
the vaccines listed by the WHO that are completed or under-
going clinical research are designed based on the genes encod-
ing the S/RBD protein.”> VOCs contain mutations at multiple
sites in the RBD of the S gene, raising concerns about the
protective efficacy of these vaccines. A crystal structure analysis
of the B.1.351 triple mutant (417N-484K-501Y) RBD com-
plexed with the monoclonal antibody P2C-1F11 by Zhang et
al.* demonstrated that the K417N, E484K, and N501Y muta-
tions in the RBD are the molecular determinants of antibody
neutralization and receptor interactions. The lysine residue at
position K417 forms a salt bridge with D30 in hACE2B;?° this
interaction is abolished in the K417T and K417N mutants.
These results suggest that mutations at this site result in a
decreased affinity for hACE2 in addition to escape from neu-
tralizing antibodies.”>*” The E484K mutation has received
widespread attention owing to its ability to prevent neutraliz-
ing antibody binding.*®* ! In vitro neutralization assays of
vaccine-induced immune sera and convalescent sera have con-
firmed that this mutation site is associated with immune
escape.””**>> Greaney et al.”* found that E484K reduces the
neutralizing potency of convalescent sera from some donors by
10-fold. After the coincubation of SARS-CoV-2 with convales-
cent plasma, the virus completely escapes neutralization on day
73 due to the E484 mutation.”® The L452 R mutation in the
RBD region is not only present in Delta but is also a key
mutation in Epsilon (B.1.427/B.1.429) variants. This mutation
decreases the neutralization potency of 14 of 34 RBD-specific
monoclonal antibodies.”® Computational and Cryo-EM struc-
tural analyses of the Omicron spike proteins have revealed that
Q493K, G496S, Q498 R, and N501Y mutations increase the
ACE2 binding affinity by forming new salt bridges and hydro-
gen bonds.”’*° Current research and the design of modified
vaccines for variants have focused on the mutation sites in the
RBD region. Further preclinical and clinical studies are needed
to determine the effects of modifications at these sites on the
immunogenicity and cross-protection of the new generation of
vaccines.

Introduction to VOCs designated by the WHO
Alpha variant

The Alpha variant was discovered in the UK in the fall of 2020
and became the dominant strain in the region in early 2021.%®
As of July, 2021, as many as 182 countries and regions reported
the detection of Alpha, and the earliest positive samples can be
traced back to September, 2020.'"*' Alpha contains 17 amino

acid mutations compared to the wild-type (WT) sequence, of
which eight are located in the spike protein.*” The N501Y
mutation in the receptor binding domain may strengthen
binding to the hACE2 receptor,”’43 whereas the deletion
within the NTDs (A69/70 HV) may increase infectivity.** The
transmission rate of Alpha is approximately 43-90% higher
than that of its predecessor lineage,”® and its effective repro-
ductive rate in the UK has increased by .4-.7.** Further analysis
of contact tracing data suggested that infection with Alpha
results in a 30-50% higher secondary attack rate than those
of other variants.*

Breakthrough infections with Alpha in vaccinated indivi-
duals have been reported, emphasizing the need for caution
regarding the protective efficacy of the authorized vaccines.
Immune responses to SARS-CoV-2 reach to peak levels within
1-4 weeks after infection or vaccination and persist within 3-8
months.*’>° Novazzi et al.”" reported that two patients natu-
rally infected with Alpha were reinfected with the same variant
after 45-90 days. Loconsole et al.” reported that medical work-
ers who received two doses of the BNT162b2 vaccine devel-
oped breakthrough infections, and their serum had high titers
of specific IgG against the Alpha variant at the time of diag-
nosis. Nonetheless, clinical studies have reported that high
vaccination rates with BNT162b2, ChAdOx1, NVX-CoV2373,
and other vaccines in many countries confer >70% protection
against symptomatic COVID-19 with Alpha.”»** During the
Alpha outbreak in Israel, the efficacy of vaccines against SARS-
CoV-2 infection in people aged 16 years and over was 95%
(95% CI; 95-96%), and the eflicacies against severe cases and
deaths were 98% (95% CI; 97-98%) and 97% (95% CI; 96—
97%), respectively.17 Another widely used vaccine, ChAdOx1,
reduces the in vitro neutralization activity against Alpha but
still exhibits good efficacy, with overall rates of protection
against symptomatic COVID-19 with Alpha and non-Alpha
variants of 62% (95% CI; 37-77%) and 77% (95% CI; 65-85%),
respectively.”

Beta variant

In December 2020, South Africa announced the detection of
the Beta variant. As of July, 2021, 131 countries and regions
have reported this variant, and the earliest samples can be
traced back to October, 2020.'"> The three RBD mutations
in Beta (K417N, E484K, and N501Y) may cause substantial
functional changes including changes associated with patho-
genicity. N501Y is also present in Alpha, whereas in vitro
studies have confirmed that K417N and E484K are associated
with immune escape of the Beta variant and can lead to the
partial loss of monoclonal antibody neutralizing activity and
decreased immune serum neutralizing activity.>>>*%?°
Similarly, Beta has resulted in the emergence of superinfections
and vaccine breakthrough infections. Staub et al.>® reported
four cases of Beta infection among healthcare workers who had
been infected with non-Beta variants, with serum antibody
titers of 25.2-131.0 U/mL before reinfection. Saha et al.”’
reported two cases of non-Beta infection among healthcare
workers in Bangladesh who were reinfected with Beta as well
as two cases of Beta infection after vaccinations with
ChAdOx1; all four cases were mild.



The Beta variant poses a more serious threat to VE than
Alpha, Gamma, and Delta.”® In a Phase III clinical trial of the
NVX-CoV2373 vaccine conducted in the UK, the effectiveness
against symptomatic COVID-19 with Alpha was 89%,”
whereas in a Phase 2a-b clinical trial conducted in South
Africa, the effectiveness was 60% in HIV-negative populations
and 49% in the general population.'” The efficacies of the
Ad26.COV2.S vaccine against moderate to severe COVID-19
are 72% in the United States and only 57% in South Africa.” In
South Africa, a phase 1b-2 trial reported that the ChAdOx1
vaccine confers a relatively poor protection rate of only 10%
against Beta, which is a significant decline from the previous
overall efficacy of 68% against the early epidemic strain in the
UK, Brazil, and South Africa.!*> In Qatar, individuals who
received two doses of the BNT162b2 vaccine have a 75% lower
probability of COVID-19 caused by Beta and an approximately
90% lower probability of COVID-19 caused by Alpha.'®
Although the actual efficacies of various vaccines against Beta
vary, most vaccines in the EUL can still provide good protec-
tion, especially against critical illness and death.®'

Gamma variant

Gamma is derived from the B.1.1.28 lineage and was first
discovered by researchers from the Japanese National
Institute of Infectious Disease in four travelers from
Brazil. This variant emerged in northern Brazil in
December 2020 and has been reported in 81 countries
and regions.'" The earliest sample can be traced back to
November, 2020.°> The RBD of Gamma contains the same
three mutations observed in Beta (E484K, K417N/T, and
N501Y), and its affinity for hACE2 is similarly increased.®’
Accordingly, Gamma has raised concerns worldwide owing
to its potential to escape natural and vaccine-induced
immunity. Faria et al.®* integrated genomic and mortality
data using a two-category dynamical model and estimated
that the transmissibility of Gamma may be 1.7 to 2.4 times
that of local non-Gamma strains.

As with other variants, the efficacy of vaccines against
Gamma is a concern. Early infection with non-Gamma strains
may only provide a protective efficacy of 54-79% against
Gamma.®* The neutralizing activity of Pfizer BNT162b2 and
ChAdOxlvaccine immune sera against Gamma is better than
that against Beta and similar to that against Alpha.”*> Chen et
al.% systematically analyzed 56 studies evaluating the cross-
neutralization ability of immune sera against VOCs and found
that the neutralizing ability of natural infection or vaccine
immune sera against Alpha, Beta, and Gamma decreased by
1.5, 8.7, and 5.0 times, respectively, compared to that of lineage
B. In a phase III clinical trial of the Sinovac inactivated vaccine
(CoronaVac) conducted in Turkey, the efficacy against symp-
tomatic COVID-19 was 84%.°” In a Phase III clinical trial
conducted in Brazil, the overall VE was only 50%, which may
be associated with the local Gamma variant. After the first
epidemic peak, Iquitos, Peru had one of the highest rates of
seroprevalence of anti-SARS-CoV-2 antibodies worldwide.
Nevertheless, the city experienced a second wave starting in
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January 2021, probably due to the emergence of Gamma,
which has shown higher transmissibility and reinfection
rates.®®

Delta variant

The Delta variant was first discovered in India in October 2020,
began to spread rapidly in early April 2021, resulting in a third
wave of outbreaks around the world.®*”° As of July 2022, Delta
has spread to at least 132 countries and regions.'' On 11 May
2021, Delta was designated by the WHO as the fourth global
novel coronavirus VOC after Alpha, Beta, and Gamma.'® The
mutation sites in Delta that have attracted the most attention are
L452 R and E484Q in the RBD region. In particular, L452 R in
the RBD of the Epsilon variant may improve the ability of the
virus to invade cells and escape the immune system.”' E484Q is
similar to E484K in the South African and Brazilian variants and
may enhance immune escape. Delta does not have a mutation at
the E484 position in the RBD; however, it contains the T478K
mutation, which may be associated with its strong infectivity.
The Delta Plus (AY.1) variant has an additional K417N muta-
tion, which lowers the affinity to hACE2 while conferring escape
from neutralizing antibodies.”>* Delta exhibits stronger infec-
tivity compared to those of Alpha, Beta, and Gamma. Allen et
al.”? conducted a matched case-control study and estimated that
the odds ratio for household transmission was 1.64 among Delta
variant cases (95% CI; 1.26-2.13, p <.001) compared to those of
Alpha cases. Campbell et al.” indicated that the estimated
increase in the transmissibility of Delta is 97% (95% CI; 76—
117) relative to that of non-VOC/VOI, which is significantly
higher than estimates of 29% (95% CI; 24-33%), 25% (95% CI;
20-30%), and 38% (95% CI; 29-48%) for Alpha, Beta, and
Gamma, respectively. By combining models for the first and
second pandemic waves in India, Yang et al.”* predicted that
Delta is 60% more infectious than the WT strain (95% CI; 46—
81%) and immune escape occurred in 46% (95% CI: 0-68%) of
individuals who were infected with the WT strain and developed
specific immunity.

Many vaccine breakthrough infections have also been
reported during the Delta pandemic. Sharma et al.”> conducted
a study of 325 healthcare workers in Delhi, India and found 37
cases of breakthrough infections (11%), most of which (94%)
were mild. The estimated protective efficacies of the BNT162b2,
mRNA-1273, and ChAdOxI1 vaccines against infection with
Delta are 56-88%, 72%, and 60-67%, respectively, which are
slightly lower than the protective efficacies against Alpha (66—
95%, 83%, and 66-64%, respectively).n’”’76 However, the pre-
vention of severe illness and death is a major parameter for
evaluating VE. With the spread of the epidemic and the emer-
gence of variants, the evaluation of COVID-19 VE may require
more emphasis on critical illness and mortality. The case fatality
rate for Delta is only 0.3% in the UK and is lower than the global
average in other countries with high vaccination rates.”” Public
Health England has reported that the efficacy of the BNT162b2
and the ChAdOx1 vaccines after two doses against Delta-related
hospitalization are 96% and 92%, respectively, which are very
similar to the VE against Alpha-related hospitalization.”®
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Omicron variant

On 24 November 2021, South Africa reported the SARS-Cov-2
B.1.1.529 lineage to the WHO for the first time, and the mutant
strain was assigned the name Omicron by the WHO 2 days
later.”” As of January, 2022, Omicron has spread to 171 coun-
tries and regions, causing the ongoing fourth wave of the
COVID-19 epidemic."® Omicron carries more than 30
amino acid substitutions in the S protein, including 15 amino
acid changes (G339D, S371 L, S373P, S375F, K417N, N440K,
G446S, S477N, T478K, E484A, Q493K, G496S, Q498R,
N501Y, and Y505 H) in the RBD, covering almost all of the
key mutations in the previous VOCs (Alpha, Beta, Gamma,
and Delta).>”** These mutations enhance humoral immune
evasion and have a huge impact on the effectiveness of vaccines
and monoclonal antibody drugs.*"** The first epidemiological
study of Omicron cases in Denmark provided insights into the
early indications of severity. Of the first 785 Omicron cases in
Denmark, 73% were symptomatic, 27% were asymptomatic,
and 1% were hospitalized, including one case requiring inten-
sive care and no deaths.®” In the UK, based on the rate of S gene
target failure (SGTF), the Omicron infection growth rate was
estimated to be 0.35 per day, consistent with a doubling time of
approximately 2 days.** Similarly, Omicron had an apparent
growth advantage of 0.24 per day (95% CI: 0.16-0.33) over
Delta, which is equivalent to a 5.4-fold (95% CI: 3.1-10.1)
weekly increase in South Africa.®> Consequently, Omicron
has been the dominant variant in South Africa, UK, USA,
and other countries. In terms of disease severity, Omicron-
infected individuals showed lower rates of hospitalization or
emergency care than those of patients infected with Delta
(adjusted odds ratio of 30-52%) in South Africa, UK, USA,
and Canada.®*"®* The upper and lower human respiratory tract
are mostly protected by IgG and secretory IgAl respectively.
Current intramuscular COVID-19 vaccination mainly pro-
duced serum IgG but not mucosal IgA1.*° Recently, compared
with previous VOCs, the replication of Omicron in the upper
respiratory tract is rapid but attenuated in the lung, which may
explain, in part, why Omicron evades immunity better and
causes milder disease symptoms.**?">

The threat posed by Omicron is closely related to its effect
on current vaccine effectiveness.'>”® A total of 87% of these
Omicron-infected individuals were fully vaccinated, boosted,
or previously infected with SARS-CoV-2.*> Andrews et al.

reported that there is limited protection against Omicron
after 15 weeks of vaccination with 2 doses of the ChAdOx1
vaccine. After 2 doses of the BNT162b2 vaccine, the protection
rate gradually decreased over time, from 88% at 2-9 weeks to
49% at 10-14 weeks and 34-37% at 15 weeks.*” In South
Africa, the effectiveness of BNT162B2 against infection with
Omicron was 70%, with a 20% reduction compared to that
against non-Omicron variants.'”” Two doses of the mRNA-
1273 vaccine showed an efficacy against infection with
Omicron of only 30% (95% CI, 5-49%) at 14-90 days and
declined quickly thereafter.”

Protective ability of COVID-19 vaccines against VOCs
In vitro cross-neutralization

Vaccine-induced clinical sera and SARS-CoV-2 convalescent
sera can be used for cross-neutralization assays to determine
the protective efficacy of existing vaccines against variants.
Cross-neutralization results for vaccine-induced immune and
convalescent sera against Alpha, Beta, Gamma, Delta, and
Omicron have been published (Table 1.).79:13:47:53,94-131
Compared to those for the WT strain or the D614 variant,
VOCs showed decreased antibody titers to different degrees.

When convalescent sera were tested using Alpha, Beta,
Gamma, Delta, and Omicron pseudoviruses, neutralizing anti-
body titers decreased by 1.6-4.5, 4.6-21.8, 3.4-6.5, 1.9-5.0, and
15-47.1 times, respectively. When mRNA/adenovirus vaccine-
induced immune sera were tested using Alpha, Beta, Gamma,
Delta, and Omicron pseudoviruses, neutralizing antibody titers
decreased by 0.6-3.9, 1.5-42.4, 2.2-6.7, 1.6-11.3, and 8.6-44
times, respectively. When convalescent sera were tested using
live viruses of Alpha, Beta, Gamma, Delta, and Omicron var-
iants, neutralizing antibody titers decreased by 1.0-2.9, 2.1-
13.3, 1.8-3.1, 2.7-6.8, and 20.7 times, respectively. When
mRNA/adenovirus vaccine-induced immune sera were tested
using live viruses of Alpha, Beta, Gamma, Delta, and Omicron
variants, neutralizing antibody titers decreased by 0.3-8.9, 3.0
16.0, 2.6-8.8, 1.4-9.0, and 17.9-39.9 times, respectively
(Table 1.).

The cross-neutralization assays based on the pseudovirus
and live virus both suggested that among the five variants, the
largest decrease in neutralizing antibody titers was obtained for
Omicron, followed by Beta/Delta, and the decrease with Alpha

Table 1. Cross-Neutralizing antibody titers of vaccine-induced immune sera and convalescent sera against VOCs in published studies.

Variant of concern (live virus)

Variant of concern (pseudoviruses)

B.1.1.7 B.1.351 P.1 B.1.617.2  B.1.1.529 B.1.1.7 B.1.351 P.1 B.1.617.2 B.1.1.529
Sample Alpha Beta Gamma Delta Omicron Alpha Beta Gamma Delta Omicron
Convalescent 1.0-29 2.1-133 1.8-3.1 2.7-6.8 20.7 1.6-45 46-218 3.4-65 1.9-5.0 15-47.1
mRNA vaccine mRNA-1273 1.8 3.5-3.8 / ~6.8 1.2-23 22-277 28-48 2.1-3.8 8.6-33
BNT162b2 0.3-5.8 3.0-16.0 2.6-88 1.4-8.4 17.9-39.9 13-39 49-424 22-67 28-113 21.4-44
Adenovirus vector vaccine ChAdOXx1 1.2-89 9.0-11.0 29 25-90 17.9-26.6 / 1.5-4.0 / 4.0-6.2 36
Ad26.COV2.S / / / / / 0.9 3.6 34 1.6-3.4 /
Sputnik V / / / / / 0.6 6.3 / / /
Inactivated vaccine BBIBP 0.7 1.6-2.5 / / / / 7.62 / 1.92 11.6
CoronaVac 2.0 3.3-44 / 2.1 43 1.6 3.9 3.1 25 /
BBV152 / 3.0 / 2.0-2.7 / / / / / /
Recombinant protein vaccine  ZF2001 / 1.6 / / / 1.0-1.8 2.8 / 1.4-3.1 /
NVX-CoV2373 / / / / / / 14.5 / / /

Neutralizing antibody fold reductions are based on comparisons with the WT or D614 G variant.



was relatively small. Consistent with these conclusions, the
protection afforded by vaccination or prior infection against
Alpha, Beta, or Delta is robust, while that against Omicron is
reduced 19,132,133

VE in clinical trials and real-world settings

The emerging SARS-CoV-2 VOCs have raised concerns
around potential immune evasion following vaccination.
Vaccines have different protective efficacies against VOCs.
Approved vaccines against Alpha provide relatively good pro-
tection. The effectiveness of ChAdOxl1, NVX-CoV2373,
BNT162b2, and mRNA-1273 vaccines against infection with
Alpha are 64-70%, 86%, 85%, and 83%, respectively.”>’>!%13
However, the corresponding rates against Beta are significantly
decreased, i.e., 10% for the ChAdOx1 vaccine, 49% for the
NVX-CoV2373 vaccine, and 57% for the Ad26.COV2.S
vaccine.””"?*!* The protective efficacy of the CoronaVac vac-
cine in Brazil is only 50%, which is far lower than its protective
efficacy in Turkey (92%) and the UAE (79%). The effectiveness
of the ChAdOx1 vaccine in Brazil is also lower than those in
other countries, and this may also be associated the high
frequency of the Gamma variant in the region."** The VEs of
the ChAdOx1, BNT162b2, and mRNA-1273 vaccines against
Delta declined to 60-67%, 56-88%, and 72%, respectively.'>”®
The VEs of the BNT162b2 and mRNA-1273 vaccines against
Omicron declined to 55-70% and 30-37%, respectively.'*>!>>
Clinical trial and real-world results for protective efficacy
(Table 2) suggest that existing vaccines confer better protection
against Alpha and Delta than against Beta and Omicron.
However, due to the strong infectivity of VOCs, specifically
Delta and Omicron variants, countries and populations in
which these variants are more widespread are expected to
show higher rates of breakthrough infections. This suggests
that epidemic prevention and control cannot rely solely on
vaccination, and public health measures, including mass test-
ing, active case finding, community management, travel
restrictions, and affected area lockdown, should also be taken
during the epidemic.

Methods for evaluating the protective efficacy of vaccines

Neutralizing antibody assays

Currently, the main indicator for evaluating the effect of serum
neutralizing antibodies on variants is the fold decrease of
neutralizing antibodies against variants compared to that
against the WT virus. The principal test method uses the actual
virus and pseudoviruses constructed from variants. However,
test results for live viruses and pseudoviruses are not compar-
able, and there are issues associated with standardization.

The main methods that use the actual virus to test for
neutralizing antibodies are plaque reduction neutralization
tests (PRNT) and cytopathogenic effect assays (CPE). For
both methods, there are differences among laboratories in the
testing of actual virus variants, making horizontal comparisons
of results difficult. For different laboratories using the CPE
method and actual viruses to test four candidate neutralizing
antibody standards (Samples 22, 44, 77, and 99), interlabora-
tory geometric coefficient of variations (GCVs) of 63%, 56%,
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172%, and 88% have been reported. Setting Sample 22 as the
standard with a titer of 1000 U/mL reduced the overall inter-
laboratory GCVs of Samples 44, 77, and 99 to 23%, 106%, and
48%, respectively. There were also substantial differences in
geometric mean titers obtained by CPE and PRNT.'*

Quantitative results from different laboratories using dif-
ferent pseudovirus vectors are not comparable. Balazs et al.'*!
used the pTwist-CMV-BetaGlobin-WPRE-Neo vector to con-
struct a B.1.351-v1-v3 pseudovirus for testing immune sera
induced by the BNT162b2 and mRNA-1273 vaccines and
found that neutralizing antibodies decreased by 34.5- to
42.4-fold and 19.2- to 27.7-fold relative to the WT virus. A
series of pseudoviruses constructed using this platform can be
used to evaluate the ability of sera to cross-neutralize different
variants and RBD mutation sites. However, Yu et al.*®
reported that the neutralizing antibody titer of immune sera
against the Beta variant decreased by an average of 8.7-fold.
This differs greatly from the results of Balazs et al., emphasiz-
ing the potential problems with the horizontal comparison of
results between laboratories. The recently established First
WHO International Standard of anti-SARS-CoV-2 immuno-
globulin (human) can be used for the calibration and harmo-
nization of serological testing of anti-SARS-CoV-2
neutralizing antibodies. This is expected to improve the stan-
dardization of neutralizing antibody titer assays and com-
parative analyses.'**

Additional determinants of vaccine efficacy

Variants differ substantially in resistance to immune sera
induced by vaccines produced through different technical
routes. Inactivated and recombinant vaccines have smaller
fold differences in geometric mean titers of neutralizing anti-
bodies against variants than those of mRNA and adenovirus
vaccines.'”> Other important factors beyond the testing
method may include differences in the antigen epitope
(whole virus/S or RBD).

In addition, neutralizing antibody titers in vaccine immune
sera may affect the fold reduction in the sera. When variants
are used in neutralizing antibody tests, the fold reduction of
neutralizing antibodies was higher in high-titer than in low-
titer samples (unpublished results from our laboratory).

Recent research suggests that mutation sites in VOCs, such
as the Delta and Gamma variants, have little impact on cellular
immune responses.'** In hamsters immunized with the
ChAdOx1 vaccine and challenged with the Alpha and Beta
variants, although the in vitro neutralizing potency of the
immune sera against Beta was 9.5-fold lower than that against
Alpha, the hamsters challenged with Alpha and Beta were still
fully protected; this may be the result of cellular immunity.'*’
Barouch et al.'*® analyzed the humoral and cellular immunity
of 20 individuals vaccinated with Ad26.COV2.S from the
COV1001 Phase I-IIa clinical trial (NCT04436276) and found
that Ad26.COV2. S-induced pseudovirus neutralizing antibody
titers against Beta and Gamma are 5.0-fold and 3.3-fold lower,
respectively, compared to that against WA1/2020 (a WT
strain). However, the functional non-neutralizing antibody
response and T-cell response against SARS-CoV-2 variants
remain to a large extent."*®
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In large-scale vaccination campaigns conducted in various
countries, accurate evaluations of the real-world cross-
protective efficacy of available vaccines against variants as
well as the immunogenicity of vaccines in clinical trials require
the standardization of neutralizing antibody assay methods. In
addition to these assays, studies focused on the standardization
of methods for cellular immunity assays for novel coronavirus
vaccines are necessary.

Strategies and measures for responding to variants

Rapid large-scale inoculation with available COVID-19
vaccines

Current widely distributed COVID-19 vaccines show some
protective efficacy against variants. The primary goal of epi-
demic prevention and control is to accelerate the vaccination of
susceptible individuals and establish an immune barrier as
soon as possible. Recently, the WHO has expressed that “we
are in a very dangerous period of this pandemic and [urge]
leaders across the world to work together to ensure that ...
people in every country are vaccinated”. Currently, all coun-
tries have accelerated COVID-19 vaccination. As of January,
2022, >10 billion doses of the COVID-19 vaccine have been
administered worldwide; China, India, and the United States
rank in the top three with >3 billion, >2 billion, and >0.6
million doses administered, respectively.” The most important
issue limiting the global vaccination rate is the availability of
vaccines in underdeveloped countries, especially in Africa and
other regions.

Improving the immunogenicity of available vaccines

It is currently believed that the immunogenicity of existing
vaccines can be improved primarily through booster doses
and sequential immunization. Johnson & Johnson has
launched a Phase III clinical trial to test the protective efficacy
of two doses of the Ad26.COV2.S vaccine. Moderna has con-
sidered adding a third dose of its vaccine to increase neutraliz-
ing antibody titers. On July, 2021, Pfizer issued a statement
indicating that it is considering adding a third dose of the
COVID-19 vaccine to be administered 6 months after the
second dose and plans to apply for emergency use authoriza-
tion by the U. S. Food and Drug Administration (FDA) in
August. However, the FDA and CDC immediately issued an
emergency joint statement in response confirming that current
evidence shows that individuals who have been fully vaccinated
with the COVID-19 vaccine and those who are in the process
of being vaccinated can avoid severe illness and death, even
with the currently circulating Delta variant.'*” On July 12 in
Geneva, WHO Director-General Tedros Adhanom
Ghebreyesus stated that wealthy countries should not admin-
ister a third booster dose to citizens before other countries are
able to begin COVID-19 vaccination programs. Owing to the
severe resurgence of the epidemic, the Ministry of Health of
Israel announced on July that it would provide a third dose of
BNT162b2 to immunocompromised adults starting immedi-
ately, and Israel became the first country to administer
COVID-19 third booster shots."*®
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Our laboratory reported for the first time that prime-boost
immunization in mice with different vaccines can effectively
improve immunogenicity.'"*” Miiller et al.'*® evaluated
ChAdOx1 nCoV-19 for the initial immunization and then a
BNT162b2 booster shot administered eight weeks later. The
serum neutralizing activity of the sequentially immunized
volunteers, as evaluated using Alpha pseudoviruses, increased
by 3.9-fold, whereas the neutralizing effect against Beta and
Delta variants decreased by about 2-fold compared to those of
volunteers vaccinated with two doses of BNT162b2. The
University of Oxford launched a preliminary clinical trial to
investigate the alternate use of different COVID-19 vaccines.
More than 800 volunteers in England were recruited to evalu-
ate the efficacy of four different combinations of Oxford-
AstraZeneca and Pfizer vaccines for initial vaccination and
booster doses. Data released on June 25 showed that the
mixed BNT162b2 and ChAdOx1 vaccination protocol pro-
duced a strong immune response against the SARS-CoV2
spike protein of the WT strain. The vaccination order influ-
enced the immune response, e.g., ChAdOx1/BNT162b2
induced a higher antibody titer and a stronger T-cell response
compared to those for BNT162b2/ChAdOx1.'%! Notably, in a
prior report, the frequency of mild-moderate adverse reactions
in these two mixed groups was also relatively high.'* In main-
land China, the Jiangsu Provincial Center for Disease Control
and Prevention launched the “Study on Sequential
Immunization of Recombinant COVID-19 Vaccine (Ad5
Vector) and RBD-based Protein Subunit Vaccine” trial
(NCT04833101) in May 2021.

The UK Public Health Service has updated their guidelines
for the use of COVID-19 vaccines, announcing that if the first
dose of a vaccine received by an individual is not effective, then
an alternative vaccine can be used. The US FDA has also
considered vaccine combinations. However, the implementa-
tion of sequential vaccination requires more safety-related
research.

Development of vaccines targeting variants

VOCs may escape vaccine-induced immunity and increase mor-
bidity and mortality. Furthermore, additional SARS-CoV-2 var-
iants are highly likely to arise. Accordingly, current vaccines
based on the original SARS-CoV-2 genomic sequence
(NC_045512) cannot provide adequate protection against var-
iant outbreaks and must be modified to address this problem.
The WHO, FDA, EMA, and UK have successively issued guide-
lines for the development and clinical trials of vaccines against
variants.">""*® As defined in the WHO guidelines, a “modified
COVID-19 vaccine” refers to a vaccine against a SARS-CoV-2
VOC for which the only alteration is in the virus variant, with-
out changes in the manufacturing process, controls, and facil-
ities for vaccine production. Non-clinical studies are encouraged
for the evaluation of emergent SARS-CoV-2 variants, and clin-
ical trials should be conducted as noninferiority trials in which
the immune response induced by the modified vaccine is com-
pared to the immune response induced by the original COVID-
19 vaccine. The primary analysis should compare the neutraliz-
ing antibodies against the VOC induced by the modified
COVID-19 vaccine and the original vaccine. In addition to the
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evaluation of neutralizing antibodies, the UK guidelines clearly
state that “in all subjects, the immune response should include
determination of binding antibodies, neutralizing antibodies
and T-cell response (at least an Elispot assay).”'>* In addition,
both the FDA and EMA indicate that the data requirements to
support the authorization of variant vaccines may differ due to
differences in vaccine platform technologies;lsi155 this should
be considered in preclinical and clinical studies.

There is substantial evidence that the VE of current vaccines
against Omicron is substantially reduced. Moderna, Johnson &
Johnson, Pfizer, and other pharmaceutical companies have
begun vaccine research and development for Omicron variants.
On November 26, Moderna announced that it will adjust the
direction of vaccine development for Omicron, including the
rapid development of a candidate (mRNA-1273.529) vaccine."”’
On November 30, Johnson & Johnson announced that it will
carefully test the effectiveness of existing vaccines against the
Omicron strain and, if necessary, will develop a vaccine against
this strain.!®® On December 2, Novavax announced that it
initiated the development of an Omicron-specific vaccine
construct.'® On December 8, Pfizer announced that a new
vaccine developed specifically for Omicron is expected to be
available within 100 days.'® On December 22, AstraZeneca and
Oxford University claimed to be collaborating on a new version
of a vaccine against Omicron.'"’

Summary

Currently, a variety of variants are prevalent and cause out-
breaks around the world. Since the Alpha and Delta epi-
demics in many countries or regions, Omicron has caused
another large-scale resurgence of the pandemic and has gra-
dually became the dominant strain worldwide. VOCs have
some ability to escape specific immunity induced by vaccines,
infections, and some monoclonal antibody treatments, which
can lead to breakthrough infections after vaccination. The
high transmissibility of Delta and Omicron has recently
forced many countries and regions to reimplement lockdown
measures. Accordingly, SARS-CoV-2 variants have become a
major public health issue worldwide. Emergency response
measures include accelerating COVID-19 vaccination cam-
paigns worldwide and adopting lockdown measures, depend-
ing on local conditions, while closely monitoring the
evolution of the SARS-CoV-2 virus. Vaccine developers
must respond rapidly to produce a new generation of variant-
specific or universal vaccines for epidemic prevention and
control. Standardized in vitro variant neutralizing antibody
titer assays and well-designed phase III clinical trials will
provide reliable data on the efficacy of these vaccines against
variants and contribute to the development and application of
variant-specific vaccines.
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