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The WHO emergency use-listed (EUL) COVID-19 vaccines were developed against early strains
of SARS-CoV-2. With the emergence of SARS-CoV-2 variants of concern (VOCs) - Alpha, Beta,
Gamma, Delta and Omicron, it is necessary to assess the neutralizing activity of these vaccines against
the VOCs. PubMed and preprint platforms were searched for literature on neutralizing activity
of serum from WHO EUL vaccine recipients, against the VOCs, using appropriate search terms
till November 30, 2021. Our search yielded 91 studies meeting the inclusion criteria. The analysis
revealed a drop of 0-8.9-fold against Alpha variant, 0.3-42.4-fold against Beta variant, 0-13.8-fold
against Gamma variant and 1.35-20-fold against Delta variant in neutralization titres of serum from
the WHO EUL COVID-19 vaccine recipients, as compared to early SARS-CoV-2 isolates. The wide
range of variability was due to differences in the choice of virus strains selected for neutralization
assays (pseudovirus or live virus), timing of serum sample collection after the final dose of vaccine
(day 0 to 8 months) and sample size (ranging from 5 to 470 vaccinees). The reasons for this variation
have been discussed and the possible way forward to have uniformity across neutralization assays
in different laboratories have been described, which will generate reliable data. Though in vitro
neutralization studies are a valuable tool to estimate the performance of vaccines against the
backdrop of emerging variants, the results must be interpreted with caution and corroborated with
field-effectiveness studies.
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Accelerated efforts to develop safe and effective
COVID-19 vaccines were initiated globally as soon
as the sequences of viral genome were released in
January 2020'. Known platforms such as mRNA,
DNA, viral vector, recombinant protein subunit, whole
virion-inactivated and virus-like particles were used

for expedited vaccine development?®. This led to global
availability of at least 10 WHO emergency use-listed
(EUL) vaccines by December 20214, with efficacy
ranging from 51 to 95 per cent™*. The BNT162b2
vaccine was the first to receive the WHO EUL on
December 31, 20207.
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Most vaccines (mRNA, viral vector, DNA and
protein subunit) targeted the spike protein encoded by
the S gene of SARS-CoV-2, while the whole virion
was used in the inactivated vaccines*®®. D614G was
the first globally dominant mutation by June 2020 with
no effect on neutralization by pre-existing antibodies'.
The B.1.1.28 variant was reported in a limited outbreak
in Denmark in September 2020 in farmed minks with a
potential of mink to human transmission'?. B.1.427/429
mutation was reported from California in June 2020
and was designated as variant of interest (VOI)!.
In December 2020, the UK COVID-19 Genomic
Consortium reported a variant of concern (VOC),
202012/01 (Alpha variant), with several distinct
mutations in the spike protein'?. By November 2021, the
WHO designated five VOCs of SARS-CoV-2: Alpha:
B.1.1.7 (December 2020, first reported in the UK);
Beta: B.1. 351 (December 2020, first reported in
South Africa); Gamma: B.1.1.28.1/P.1 (January 2021
and first reported from Brazil); Delta: B.1.617.2
(B.1.617 was reported from India and designated
as VOC in March 2021; on June 1, 2021, the WHO
re-designated B.1.617.2 as a VOC while B.1.617.1 was
labelled as a VOI) and Omicron: B.1.529 (first reported
from South Africa and designated as a VOC by the
WHO on November 24, 2021)"3.

VOCs have mutations contributing to increased
virus affinity to human angiotensin-converting enzyme
2 (ACE2) receptors, increased transmissibility, reduced
binding of monoclonals and diminished neutralization
by pre-existing antibodies. Sharing of mutations among
VOCs has also been reported [N501Y increases virus
binding to ACE2, while E484K/E484Q and K417T/N
reduce susceptibility to neutralizing antibodies

(NADbs)]™*15,

Vaccines elicit humoral and cellular immune
response (CMI). All frontrunner vaccines elicited NAb
titres (NTs) equal to or higher than convalescent plasma
in preclinical and Phase 1/2 clinical trials*!®?2, Reported
efficacy in clinical trials was beyond the WHO’s
minimum prescribed criteria of >50 per cent against
the reference strains?. The early vaccines (BNT162b2
from Pfizer, mRNA-1273 from Moderna Inc. and
ChAdOx1 nCoV-19 from Oxford/AstraZeneca) were
based onthefirstfew SARS-CoV-2sequencesandlacked
the D614G spike mutation. CoronaVac (from SinoVac)
and BBIBP-CorV (from Sinopharm) were based on
early viral isolates from China, while BBV 152 (BBIL)
used D614G mutant strain of SARS-CoV-2%. Since
all the VOCs have mutations in the spike protein, to

which most of the NAbs are targeted, it is critical to
continuously monitor the effectiveness of the existing
vaccines against the already known and subsequently
evolving VOCs of SARS-CoV-2. This involves
laboratory studies that measure fold reduction of NTs
in the serum of vaccinated individuals, T cell and B
cell assays for CMI responses and also assessment
of vaccine effectiveness in real-world settings.
Measurement of neutralizing potential of pre-existing
antibodies due to natural infection and/or vaccination
is a relatively simple method for understanding the
protective efficacy of vaccines against VOCs. However,
results of these assays widely vary across laboratories
due to several reasons. In this review article, we have
compiled the available literature on the neutralizing
activity of eight vaccines (seven WHO EUL vaccines
till November 3, 2021, and Gam-COVID-Vac) against
the VOCs of SARS-CoV-2“. The possible reasons for
variability in results across laboratories have been
discussed and means to standardize results and make
them comparable have been suggested. The analysis
presented in this review is not an attempt to compare
results across the studies that are reviewed here. The
objectives were (i) To understand the neutralization
potential of WHO EUL COVID-19 vaccines against
SARS-CoV-2 VOC:s; (i) highlight the inter-laboratory
variability and complexities in interpreting results; and
(iif) suggest a modality for standardizing results of
these assays.

Search strategy

A review was done by searching available
literature in PubMed and preprint platforms
(medRxiv and bioRxiv) on neutralizing activity of
serum from individuals vaccinated with the WHO
EUL COVID-19 vaccines against WHO-designated
SARS-CoV-2 VOCs, till November 30, 2021 using
standard MeSH terms. Available data on the WHO
EUL COVID-19 vaccines after completion of full
vaccination schedule were included till November
30, 2021. As an exception, Gam-COVID-Vac
(which has not been yet granted EUL) was included as
it was already being used in the COVID-19 Vaccination
Programme of India. All studies meeting the inclusion
criteria from all parts of the world irrespective of their
sample size and timing of serum sample collection,
were considered. Studies analyzing the effect of partial
immunization, mixed regimens, third (booster) dose,
VOlI/variant under monitoring (VUM), using surrogate
virus neutralization tests and on non-WHO EUL
vaccines were excluded from the analysis.
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Figure. PRISMA flowchart for selection of articles. VOI, variant of interest; EUL emergency use-listed; VOC, variant of concern.

Our search yielded 91 relevant studies, describing
the neutralizing potential of serum samples of individuals
vaccinated with BNT162b2 (COMIRNATY, Pfizer-
BioNTech), mRNA-1273 (Moderna Inc.), ChAdOx1
nCoV-19(AZD1222/University of Oxford/AstraZeneca/
Covishield), BBV152 (Covaxin, Bharat Biotech),
Gam-COVID-Vac (Sputnik V, Gamaleya Institute),
CoronaVac (SinoVac), BBIBP-CorV (Sinopharm) and
Ad26.CoV2.S (JNJ-78436735, Janssen Pharmaceutical
Company, Johnson and Johnson). These studies
reported the neutralizing potential against Alpha, Beta,
Gamma and Delta VOCs using live virus neutralization
(LVNT) or pseudovirus neutralization (PVNT) assays.

The Omicron variant

Till the cut-off date of this study, no neutralization
data on the recently designated Omicron VOC were

available. However, in December 2021, reports on
significantly reduced neutralization titre of pre-existing
antibodies against this variant in comparison to the
reference strains came into the public domain®-2.
Individuals fully immunized with CoronaVac vaccine
showed no detectable neutralization against Omicron,
while 20-24 per cent of serum samples from individuals
vaccinated with BNT162b2 could neutralize Omicron,
with a 35.7-39.9-fold reduction in LVNT assay
(serum collected 56 days after first dose)?. However,
the Omicron data were not included in our analysis.

The flowchart? for study selection is depicted in
the Figure.

Major findings

Majority of the studies pertained to the BNT162b2
and mRNA-1273 vaccines with Alpha and Beta being
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the most studied VOCs. Initially, the WHO labelled
B.1.617 as Delta VOC?, but later only B.1.617.2 was
designated as VOC, whereas B.1.617.1 became a VOL.
Therefore, studies conducted before May 2021 could not
differentiate between the two sub-lineages of B.1.617%.
All studies reported NTs against the VOCs as compared to
reference strains (early isolates with or without the D614G
mutation). The neutralization activity of vaccinated serum
against the D614G variant was like the D614 strain®®-32,
Observations on the neutralization activity of vaccinated
serum samples against the VOCs are described in detail in
Tables I-11I and summarized below.

mRNA vaccines

BNT162b2: For Alpha VOC, a total of 34 studies
reporting NT, by using both PVNT and LVNT assays,
were analyzed. Serum samples were collected between
0 week to six months post-vaccination and NT against
the Alpha VOC was checked. With PVNT and LVNT
assays at 0-4 wk, fold reductions of 0-2 and 0-3.6,
respectively, were reported (Table I). Within 3-12 and
4-14 wk timeframe, PVNT and LVNT assays showed
fold reductions of 1-2 and 1-3, respectively (Table I).
In serum collected six months post-vaccination, no
reduction in NT was observed® (Table I).

For Beta VOC, a total of 34 studies were reviewed. In
serum collected within 0-5 wk timeframe post-vaccination,
the fold reductions ranged from 1.5 to 42 and 1.7 to 53
using PVNT and LVNT assays, respectively (Table I). A
fold reduction ranging from two to 10.5 was observed
between three and 14 wk using PVNT assay whereas it
ranged between four and five using LVNT assay at nine
weeks and six months, respectively (Table I).

For Gamma VOC, a total of 16 studies were
reviewed. A fold reduction of 1-6.7 in serum samples
collected between zero and 5 wk using PVNT assay
was reported. With LVNT assay, the fold reduction was
0-6.7 and two at 1-4 and 4-14 wk, respectively (Table I).

For 16 studies with Delta VOC, at 1-5 wk timeframe
of serum collection, fold reductions of 1.4-5.6 and
1.3-5.8 were reported using PVNT and LVNT assay,
respectively. Further, using LVNT assay in post-
vaccination serum samples collected between four to
14 wk and three months, a fold reductions of 1.7-2.2
were reported (Table I). Of these 18 studies, four studies
with serum collected after dose two of BNT162b2
vaccine demonstrated a fold reduction of 1.46-2.8
against Delta AY.1 variant at 1-4 wk and 2.7 at 12-13
wk, as compared to the reference strain using PVNT
assay**47719  Fifteen serum samples of BNT162b2-

vaccinated individuals collected two or four weeks
after dose two showed a drop of 1.31-fold in PVNT
assay with USA WA-1/2020 as reference strain”’. One
study examined NT against VOCs using LVNT with
D614G reference strain in the serum collected at 4-14
wk (median nine weeks) and reported a 1.7 and 2.3 fold
drop against AY.1 and AY.4.2, respectively®.

mRNA-1273: For the Alpha VOC, of the 13 studies
reviewed, a fold reduction of 0-3 was reported in
post-vaccination serum samples collected between one
and 11 wk using PVNT assay and 0-2 using LVNT
assay on serum collected at two weeks, whereas serum
collected between 3 and 6 months showed a fold
reduction of two times using both PVNT and LVNT
assays (Table I).

For Beta VOC, post-vaccination serum collected
between one and 16 wk demonstrated a fold reduction
of 2.5-27.7 using PVNT assay. By LVNT assay at two
weeks, the fold reduction ranged from 3.8 to 12.4. In
serum collected between three and six months, the fold
reduction ranged from seven to 9.7 and 4.3 to 6.1 using
PVNT and LVNT assays, respectively (Table I).

For Gamma VOC, PVNT assay revealed a fold
reduction ranging from 2.4 to 3.8 in the serum collected
between one week and six months in five different
studies (Table I).

For Delta VOC, 1.8-4 fold reduction was seen in
serum collected between one and 11 wk using PVNT
assay and three-fold reduction in samples collected
between five and seven weeks using LVNT assay
(Table I). For Delta AY.1, there was a reduction of
3-3.4-fold in neutralization titres 1-2 wk after dose
two and 3.3-fold 11 wk after dose two, as compared to
D614G using PVNT assay (Table I).

Five studies included in the analysis examined the
fold reduction in NT of mRNA vaccines using PVNT
and LVNT assays against Alpha, Beta, Gamma and
Delta VOC (Table I). However, the type of mRNA
vaccine used has not been specified.

Viral vector vaccines

ChAdOx1 nCoV-19: For the Alpha VOC, a fold
reduction of 2.5-8.9 was observed in five studies,
using LVNT assay in serum collected between two and
five weeks (Table II). For Beta VOC, in four studies
reviewed, a four-fold reduction by PVNT was reported
in serum collected at two weeks, whereas 3-31.5-fold
reduction in samples collected at 2-5 wk was seen
by LVNT assay (Table II). For Gamma VOC, LVNT
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Reference

Sample Patient

Number

Serum collection
timing after dose 2

Neutralization
method

Variant

Vaccine

titre reduction

strain used for
comparison

size category

of
studies

(folds)

(weeks/months)

85-87

1-6.3

D614G/D614

NA(Q2)/
ICPQ2)/

20-197

2-4 wk

PVNT

Gamma

HCW(1)
NA

87
58
85-87

1.8
2.6
2.6-5.4

D614G

D614

11

25

2-8 wk

NA

2 wk
2-4 wk

LVNT

NA(Q2)  D614G/D614
ICPQ2)/

20-197

3

PVNT

Delta

HCW(1)
NA

88
87,89

D614G 1.4
2-2.2

11

20

2-8 wk

D614/D614G

LVNT, live virus neutralization assay; PVNT, pseudovirus neutralization assay; NA, participant demographics not available/healthy adults; HCW, health-care workers; ICP,

immunocompromised patients; mRNA, messenger RNA

NA

2 wk

LVNT

showed a three-fold reduction in NT in a single study
in serum collected between two and four weeks post-
vaccination®®. For Delta VOC in four studies, a fold
reduction ranging from 4.1 to 11.3, using PVNT assay,
was reported in serum collected at two weeks, whereas
LVNT assay showed a fold reduction of 3.2-9 in serum
collected between two and five weeks (Table II).

Ad26.COV2.S: For Alpha VOC, a total of four studies
using PVNT assay showed a fold reduction of 0-4.5
and 1.3 in serum samples collected at 4-12 wk and eight
months, respectively. For Beta VOC, a fold reduction
of 3-13.6 was reported in serum collected between four
weeks and eight months using PVNT assay, whereas
11-fold reduction was reported using LVNT in serum
collected at 10 wk (Table II).

For Gamma VOC, using PVNT, a fold reduction
ranging from 3.3 to 9.7 was documented in four studies,
whereas a single study at eight months reported a fold
reduction of 1.4. For Delta VOC, fold reductions of
1.6-7.4 in three studies and 1.7 in a single study at
eight months was reported (Table II). AY.1 showed a
5.4-fold reduction in neutralization titre as compared
to D614G after 11 wk of vaccination®.

Gam-COVID-Vac: For Alpha VOC, serum collected
between three and 12 wk demonstrated a fold reduction
ranging from 0 to 2.9 using PVNT assay whereas
LVNT assay at four weeks showed no decline in NT.
For Beta VOC, serum collected between three and
12 wk demonstrated a fold reduction ranging from 6.8
to 19.2 using PVNT assay whereas LVNT assay in
the serum collected at four weeks showed a 3.1-fold
reduction in the three studies reviewed (Table II). For
Gamma VOC, a study using serum collected at three
and 12 wk reported a 13.8- and 4.2-fold decline in NT,
respectively, using PVNT assay®’. Another study that
used LVNT assay reported a 2.8-fold decline in NT*.
For Delta VOC, a study using serum collected at 3
and 12 wk reported a 5.1- and 3.4-fold decline in NT,
respectively, using PVNT assay”’*®. Another study
that used LVNT assay reported a 2.5-fold decline in
NT (Table II).

Inactivated whole virion vaccines

CoronaVac: Using PVNT assay in serum collected
between two and three weeks, fold reduction ranged
from 0.5 to 1.6; 0.3 to 5.3 and 3.9 for Alpha, Beta and
Gamma VOC, respectively. LVNT assay in serum
collected at two months for Alpha VOC and 2-8 wk
for Gamma VOC reported 4-fold and 3.1-7.5-fold
reductions in NT, respectively (Table III).
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BBV152: A total of four studies using LVNT assay
were reviewed. In serum collected at four weeks, a
0.8- and 3-fold reduction in NT was reported against
Alpha and Beta VOCs, respectively'®!%, In serum
collected at eight weeks, a fold reduction of 1.9 was
reported against the Gamma and Delta AY.1 VOCs!%1%7,
For Delta VOC, serum collected between 2.5 and 22 wk
showed a 1.5-2.7-fold reduction in NT!%%1%7 (Table IIT).

BBIBP-CorV: For serum collected between two and
four weeks, fold reductions of 1.4-2.2; 2.5-4.6 and
1.9 against Alpha, Beta and Gamma VOC, respectively,
were documented using PVNT assay in two different
studies (Table IIT)**1%8,

In addition, some studies examined the effects of
only key mutations in the VOCs on immune evasion.
Most of these studies used PVNT with standalone
or a combination of N501Y, E484K, K417N
mutations against serum of individuals vaccinated
with  BBIBP-CorV, Ad26.COV2.S, BNT162b2,
mRNA-1273, ChAdOx1 nCoV-19 and CoronaVac
vaccines*!'"1"8 - Results across laboratories for the
same and different vaccines reported wide variations.
A proportion of serum samples in various studies did
not elicit any neutralization against the VOCs*7*. Such
results have been excluded from our analysis and fold
reduction in NT reported here is based on the serum
samples that generated NADb across different studies.
Overall, a maximum fold reduction in NT was reported
for Beta VOC with all three different classes of vaccines
analyzed by both PVNT and LVNT assays. However,
wide variations were observed across studies, thus
highlighting the need for a standardized framework for
interpreting results.

Discussion & conclusion

COVID-19 vaccine efficacy may be affected by
the SARS-CoV-2 strains as well as platforms chosen
for vaccine development, thereby making comparison
difficult. mRNA vaccines and Ad26.COV2.S have
more stable S protein configuration than the viral vector
vaccine ChAdOx1 nCoV-19 or beta-propiolactone
treated inactivated vaccines, thus leading to more
NAbs in the former group**''°. As per our analysis, Beta
variant was found to be the most worrisome in terms
of NAbs, as evidenced by poor results obtained with
in vitro studies®**4>3° This can also be corroborated in
real-world settings with the efficacy of the ChAdOx1
nCoV-19 vaccine dropping to 10.4 per cent in its South
Africa clinical trial as compared to 70.4 per cent in the
UK trial®12°,

The in vitro neutralization studies judging the
efficacy of WHO EUL vaccines against VOCs have
reported varied results with different neutralization
methods. Therefore, it is imperative to carefully
interpret these results keeping in mind the following
considerations:

Type of neutralization assay: The current gold
standard PRNT assay is time-consuming and labour
intensive. Therefore, focus reduction neutralization
and microneutralization test have been also tried for
SARS-CoV-2 neutralization assays, which have a
comparatively higher throughput, and require lesser
sample volume and reagents. However, an inherent
variability across these tests exists, necessitating their
normalization against the gold standard test'?!'%.
Further, these assays need containment facilities
(BSL-3) and trained staff.

On the other hand, PVNT assays require only a
BSL-2 facility and are quicker and easier to interpret
as compared to LVNT. However, recombinant viruses
are engineered with key spike protein mutations
singly or in combination and may not represent the
prototype strain. Type of pseudovirus backbone
may also impact the results. Neutralization is also a
reflection of stearic hindrance (morphology of virus),
andhence, LVNTand PVNT assays may yield different
assessments. Pattern of S protein distribution on the
pseudovirion might not reflect the natural state of S
protein or its density on SARS-CoV-2 virus particles.
In addition, pseudoviruses may only replicate for a
single round and may not infect the cells with the
same efficiency as their wild-type counterpart'?*, thus
making it difficult to compare pseudovirus assays
across laboratories.

Even in the same laboratory, results of the same
vaccine have differed using PVNT assay with different
key mutations!?®. Results using LVNT and PVNT assays
for the same vaccine and VOCs have also differed within
the same laboratory*. The BNT162b2 vaccine showed
up to 42.4-fold reduction in neutralization against the
Beta VOC with PVNT assay, while with LVNT assay, a
maximum drop of 10.3-fold was reported as compared
to the reference strains*. Similar discrepancy in results
was observed with the mRNA-1273%. Thus, it is
necessary to validate pseudovirus neutralizing assays
with results from live virus assays. In the absence of
a uniformly accepted protocol, neutralization assays
have to be interpreted and compared with each other
with extreme care.
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Initial neutralization titres

Although various studies have reported reduction
in neutralization capacity of vaccinated serum against
VOCs, the reduced titres may still be adequate to
effectively neutralize the virus, if the post-vaccination
titres were higher as compared to the convalescent
plasma collected at similar time interval'?®. However,
it is not possible to make these assumptions as
knowledge related to correlates of protection of
SARS-CoV-2 vaccines and the cut-off titres which may
be considered sufficient for vaccine response, is still
evolving. A study on six previously infected healthcare
workers vaccinated with one dose of BNT162b2
showed very high NTs after one dose (GMT 9195 for
reference strains, 8192 for Alpha variant, 1625 for Beta
variant and 2896 for Gamma variant) as compared to
convalescent plasma (GMT 456.1 against reference
strains, 256.0 against Alpha variant, 8.00 against Beta
variant and 71.46 against Gamma variant)'?®, A drop
in neutralization titres against VOCs may still offer
protection if the post-vaccination neutralization titres
are comparatively higher.

Memory cell response: Decaying NTs have been adopted
as a convenient method to assess the effectiveness
of COVID-19 vaccines against VOCs (Tables I-III).
However, other components of the immune system
should not be overlooked. Turner et al'”” have studied
memory B cell response in individuals following
COVID-19 infection and vaccination and have
highlighted the protective function of long-lived plasma
cells in the bone marrow. In their study, though anti-spike
antibodies declined over a period of 11 months in
convalescent individuals, SARS-CoV-2—specific plasma
cells persisted in the bone marrow'?’. They also showed
that mRNA vaccines induced persistent antigen-specific
B cell response in the lymph nodes for at least 12 wk after
secondary immunization'?®. Andreano et a/'® compared
memory cell response in five individuals previously
infected with COVID-19 and five COVID-19 naive
vaccinated (BNT162b2) persons, wherein the naive
vaccinees produced protective memory B cells against
the Alpha, Beta and Gamma VOCs, though this was
reduced as compared to the previously infected vaccines.
Limited evidence suggests the cross-protective role of
memory B cells against SARS-CoV-2 VOCs in both
COVID-19—-vaccinated naive and previously infected
individuals, with more pronounced effect in previously
infected vaccinees.

T cell response: Studies suggest that T cells recognize
conserved regions in the spike protein, with CD8+ cells

recognizing highly conserved regions as compared to
CD4+ T cells**113%, There is 96 per cent identity among
the CD8+ T-cell epitopes in the three VOCs Alpha,
Beta and Gamma'*®, which enables recognition of
VOCs and maintains effectiveness of vaccines against
VOCs*31130 - SARS-CoV-2 S-protein specific CD4+
T cell response remains unaffected by its mutations®.
Robust but reduced CMI response has been reported
against SARS-CoV-2 VOCs as compared to the
reference strains'3!. Data also suggest that vaccines
elicit good and cross-protective T cell response against
VOCs'¥213, Cell-mediated immunity is a relatively
conserved and an equally important protective arm
which offers cross-protection to SARS-CoV-2 VOCs.

Timing of serum collection: In various studies, serum
samples were collected post-vaccination at different
time points between day 0 and eight months, leading
to a wide variation in results across different studies
where the same vaccine was examined against a
particular VOC324446.686 This may be possible due to
the difference in quality and strength of the immune
response at the starting point. Serum samples collected
at the time of administration of the second vaccine dose
will have reduced NAbs and will elicit poor response
in in vitro assays®. Similarly, a serum sample collected
at eight months post-vaccination will show waning
immune response”’. Further, some individuals may
elicit delayed immune response'*. It is noteworthy
that studies which tracked NAb response over long
periods of time (six months and above) reported lower
neutralizing titres against the reference strains with
the passage of time and less pronounced NT reduction
against the VOCs as compared to the reference
strains’>%. Serum samples should be collected at
optimal time points in fully vaccinated individuals
to ensure that there is adequate NAbs, which may
be representative of the immune response following
vaccination.

Sample size: The sample size in some studies was as
low as <10 individualg*3848819486.120 = and therefore,
such studies are less likely to yield reliable information
and meaningful conclusions. It is important to include
a statistically appropriate sample size with logical
assumptions for reliable estimates with narrow
confidence intervals and good precision.

Possible means of standardizing the results: Any
new neutralization assay must be validated as per
the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for
Human Use (ICH) guidelines by an independent
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laboratory with no conflict of interest'3>!*. To express
SARS-CoV-2neutralization results in a standard format,
it is desirable that all neutralization titres are expressed
in terms of international units in research publications as
well as in data submitted to regulatory authorities. This
may be achieved by: (i) Using the WHO International
Standard (NIBSC 20/136) for anti-SARS-CoV-2
immunoglobulin'¥’. This has an assigned unitage of
250 International Units (IU) per ampoule of NADb
and is validated for use in neutralization assays.
NAb assays must be run side-by-side with this
standard and results should be adjusted to ensure
comparability across assays; and (i) Using Research
reagent 20/130'Y. In case of non-availability of the
international standard, a relatively less-characterized
reference can be used, which may be subsequently
validated against the international standard. Data
obtained from assays using such reference serum can be
compared among laboratories, and the results may be
retrospectively standardized against the international
standard. An example is the convalescent plasma
obtained from a COVID-19 recovered individual
(Research Reagent 20/130) and made available as a
reference standard.

To better define the efficacy of COVID-19 vaccines,
it will be useful to have universally accepted correlates
of protection. A modelling study estimated 50 per cent
protective neutralization level in immunized serum
corresponding to 20.2 per cent of mean convalescent
level, equivalent to an in vitro neutralization titre of
1:10 to 1:30 or 54 TU/ml approximately'*®. However,
internationally acceptable protective titres are yet to be
defined by the WHO.

The analysis in this review had limitations as our
search was restricted to PubMed, medRxiv and bioRxiv.
The studies included were conducted for WHO EUL
COVID-19 vaccines in different locations, individuals,
age groups and using varying assay methodologies. We
could not adjust for confounders and compare results
across studies. Studies on mixed vaccine regimens,
booster doses, VOI/VUM of SARS-CoV-2, those with
surrogate virus neutralization assays or non-WHO
EUL vaccine candidates (other than Gam-COVID-Vac)
were not included.

To sum up, in vitro neutralization assays offer
a quick, convenient and useful tool to assess the
overall performance of vaccines against SARS-CoV-2
VOCs. However, variability in results of these
assays across the world makes these incomparable.

The vital considerations for deciphering the results
of in vitro neutralization assays in the context of
COVID-19 vaccines have been discussed, and the
importance of using international reference standards
to adjust against confounders and make different
assays comparable has also been described. This
review also highlights that in vifro studies may not
accurately reflect the in vivo response; therefore,
wherever feasible, field-effectiveness studies must be
undertaken to understand the real-world performance
of vaccines. The laboratory and field data must be
analyzed comprehensively for decision-making and
prioritization of vaccines against the backdrop of
emerging variants of SARS-CoV-2.

Acknowledgment: The authors thank Dr Balram Bhargava,
Director-General, Indian Council of Medical Research, and
Secretary, Department of Health Research, Ministry of Health
& Family Welfare, New Delhi, India, for his guidance and
encouragement.

Financial support & sponsorship: None.

Conflicts of Interest: None.

References

1.  World Health Organization. Listings of WHO's response to
COVID-19; 2020. Available from: https://www.who.int/news/
item/29-06-2020-covidtimeline, accessed on May 1, 2021.

2. Krammer F. SARS-CoV-2 vaccines in development. Nature
2020; 586 : 516-27.

3. University of Oxford. COVID-19 vaccine trials. Available
from:  https://covidl9vaccinetrial.co.uk/,  accessed  on
December 5, 2021.

4. World Health Organization. Status of COVID-19 vaccines
within WHO EUL/PQ evaluation process;, 2021. Available
from: https://extranet.who.int/pqweb/sites/default/files/
documents/Status COVID VAX 20Jan2021 v2.pdf, accessed
on December 20, 2021.

5. World Health Organization. COVID-19 vaccine tracker
and landscape. Available from: https://www.who.int/
publications/m/item/drafi-landscape-of-covid-19-candidate-
vaccines, accessed on August 3, 2021.

6. World Health Organization. DRAFT landscape of COVID-19
candidate vaccines — 10 December, 2020. Available from:
https://www.who.int/docs/default-source/a-future-for-
children/novel-coronavirus_landscape_covid-19.pdf?sfvrsn
=4d8bd201 1, accessed on December 10, 2020.

7. World Health Organization. WHO issues its first emergency
use validation for a COVID-19 vaccine and emphasizes need
for equitable global access. Geneva: WHO; 2020.

8. Logunov DY, Dolzhikova IV, Shcheblyakov DV,
Tukhvatulin Al, Zubkova OV, Dzharullaeva AS, et al. Safety
and efficacy of an rAd26 and rAd5 vector-based heterologous


https://www.who.int/news/item/29-06-2020-covidtimeline
https://www.who.int/news/item/29-06-2020-covidtimeline
https://covid19vaccinetrial.co.uk/
https://extranet.who.int/pqweb/sites/default/files/documents/Status_COVID_VAX_20Jan2021_v2.pdf
https://extranet.who.int/pqweb/sites/default/files/documents/Status_COVID_VAX_20Jan2021_v2.pdf
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/docs/default-source/a-future-for-children/novel-coronavirus_landscape_covid-19.pdf?sfvrsn=4d8bd201_1
https://www.who.int/docs/default-source/a-future-for-children/novel-coronavirus_landscape_covid-19.pdf?sfvrsn=4d8bd201_1
https://www.who.int/docs/default-source/a-future-for-children/novel-coronavirus_landscape_covid-19.pdf?sfvrsn=4d8bd201_1

118

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

INDIAN J MED RES, JANUARY 2022

prime-boost COVID-19 vaccine: An interim analysis of
a randomised controlled phase 3 trial in Russia. Lancet
2021; 397 : 671-81.

Sadoff J, Le Gars M, Shukarev G, Heerwegh D,
Truyers C, de Groot AM, et al. Interim results of a phase 1-2a
trial of Ad26.COV2.S COVID-19 vaccine. N Engl J Med
2021; 384 : 1824-35.

Huaman Saavedra JJ. SARS-COV-2 variants. Rev Médica
Trujillo 2021; 16 : 1-2.

Centers for Disease Control and Prevention. SARS-ColV-2
variant classifications and definitions; 2021. Available
from: https://www.cdc.gov/coronavirus/2019-ncov/variants/
variant-info.html, accessed on November 30, 2021.

Nell P, Rambaut A, Holmes EC, O’Toole A, Hill V,
McCrone JT, et al. Investigation of novel SARS-CoV-2
variant Variant of Concern 202012 / 01 Technical briefing 2:
Nomenclature of variants in the UK Current epidemiological
findings. Public Heal Engl 2020; 70 : 1-12.

World Health Organization. Weekly epidemiological update
on COVID-19. Available from: https://www.who.int/
publications/m/item/weekly-epidemiological-update
-on-covid-19---30-november-2021#:~:text=Week
lyepidemiologicalupdateonCOVID-19-30November2021,-
Edition68&text=Whileglobalweeklydeathsdecrease
d, twoofthesixregions, accessed on November 30, 2021.

Babb de Villiers C, Blackburn L, Cook S, Janus J.
SARS-CoV-2 variants; 2021. Available from: https://www.
finddx.org/wp-content/uploads/2021/03/COVID-variants-
report-FINAL-12MAR2021.pdf, accessed on November 30,
2021.

Cherian S, Potdar V, Jadhav S, Yadav P, Gupta N, Das M,
et al. SARS-CoV-2 spike mutations, L452R, T478K, E484Q
and P681R, in the second wave of COVID-19 in Maharashtra,
India. Microorganisms 2021; 9 : 1542.

Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A,
Lockhart S, et al. Safety and efficacy of the BNT162b2 mRNA
COVID-19 vaccine. N Engl J Med 2020; 383 : 2603-15.

Jackson LA, Anderson EJ, Rouphael NG, Roberts PC,
Makhene M, Coler RN, et al. An mRNA vaccine against
SARS-CoV-2 — Preliminary report. N Engl J Med
2020; 383 : 1920-31.

Folegatti PM, Ewer KJ, Aley PK, Angus B, Becker S,
Belij-Rammerstorfer S, er al. Safety and immunogenicity
of the ChAdOx1 nCoV-19 vaccine against SARS-CoV-2: A
preliminary report of a phase 1/2, single-blind, randomised
controlled trial. Lancet 2020; 396 : 467-78.

Ella R, Reddy S, Jogdand H, Sarangi V, Ganneru B,
Prasad S, et al. Safety and immunogenicity of an inactivated
SARS-CoV-2 vaccine, BBV152: Interim results from a
double-blind, randomised, multicentre, phase 2 trial, and
3-month follow-up of a double-blind, randomised phase 1
trial. Lancet Infect Dis 2021; 21 : 950-61.

Logunov DY, Dolzhikova 1V, Zubkova oV,
Tukhvatullin Al, Shcheblyakov DYV, Dzharullacva AS,
et al. Safety and immunogenicity of an rAd26 and rAdS

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

vector-based heterologous prime-boost COVID-19 vaccine in
two formulations: Two open, non-randomised phase Y studies
from Russia. Lancet 2020; 396 : 887-97.

Keech C, Albert G, Cho I, Robertson A, Reed P, Neal S, et al.
Phase 1-2 trial of a SARS-CoV-2 recombinant spike protein
nanoparticle vaccine. N Engl J Med 2020; 383 : 1-17.

Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, ef al.
Safety and immunogenicity of an inactivated SARS-CoV-2
vaccine, BBIBP-CorV: A randomised, double-blind,
placebo-controlled, phase Y. trial. Lancet Infect Dis
2021; 21 : 39-51.

World Health Organization. WHO target product profiles for
COVID-19 vaccines. Available from: https://www.who.int/
publications/m/item/who-target-product-profiles-for-covid-
19-vaccines, accessed on December 2, 2021.

Heinz FX, Stiasny K. Distinguishing features of current
COVID-19 vaccines: Knowns and unknowns of antigen
presentation and modes of action. NP.J Vaccines 2021; 6 : 104.

LuL, Mok BWY, Chen LL, Chan JMC, Tsang OTY, Lam BHS,
et al. Neutralization of severe acute respiratory syndrome
coronavirus 2 omicron variant by serum from BNT162b2 or
CoronaVac vaccine recipients. Clin Infect Dis 2021. DOI:
10.1093/cid/ciab1041.

Zhang L, Li Q, Liang Z, Li T, Liu S, Cui Q, et al. The
significant immune escape of pseudotyped SARS-CoV-2
variant Omicron. Emerg Microbes Infect 2022; 11 : 1-5.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I,
Hoffmann TC, Mulrow CD, et al. The PRISMA 2020
statement: An updated guideline for reporting systematic
reviews. BM.J 2021; 372 : n71.

World  Health  Organization. ~ COVID-19  Weekly
epidemiological update — 24 May 2021. Available from:
https://www.who.int/docs/default-source/coronaviruse/
situation-reports/weekly epidemiological update 22.pdf,
accessed on June 2, 2021.

World Health Organization. COVID- 19 weekly epidemiological
update — 1 June 2021. Available from: https://www.who.int/
docs/default-source/coronaviruse/situation-reports/weekly
epidemiological _update 22.pdf, accessed on June 2, 2021.

Wu K, Werner AP, Koch M, Choi A, Narayanan E,
Stewart-Jones GBE, et al. Serum neutralizing activity elicited
by mRNA-1273 vaccine. N Engl J Med 2021; 384 : 1468-70.

Wu K, Werner AP, Moliva JI, Koch M, Choi A,
Stewart-Jones GBE, et al. mRNA-1273 vaccine induces
neutralizing antibodies against spike mutants from
global SARS-CoV-2 variants. bioRxiv 2021. DOI:
10.1101/2021.01.25.427948.

Liu J, Bodnar BH, Wang X, Wang P, Meng F, Khan Al,
et al. Correlation of vaccine-elicited antibody levels and
neutralizing activities against SARS-CoV-2 and its variants.
bioRxiv 2021. DOI: 10.1101/2021.05.31.445871.

Wang P, Nair MS, Liu L, Iketani S, Luo Y, Guo Y, et al.
Antibody resistance of SARS-CoV-2 variants B.1.351 and
B.1.1.7. Nature 2021; 593 : 130-5.


https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-info.html
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---30-november-2021#:~:text=Weekly
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---30-november-2021#:~:text=Weekly
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---30-november-2021#:~:text=Weekly
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---30-november-2021#:~:text=Weekly
https://www.finddx.org/wp-content/uploads/2021/03/COVID-variants-report-FINAL-12MAR2021.pdf
https://www.finddx.org/wp-content/uploads/2021/03/COVID-variants-report-FINAL-12MAR2021.pdf
https://www.finddx.org/wp-content/uploads/2021/03/COVID-variants-report-FINAL-12MAR2021.pdf
https://www.who.int/docs/default-source/coronaviruse/situation-reports/weekly_epidemiological_update_22.pdf
https://www.who.int/docs/default-source/coronaviruse/situation-reports/weekly_epidemiological_update_22.pdf
https://www.who.int/docs/default-source/coronaviruse/situation-reports/weekly_epidemiological_update_22.pdf
https://www.who.int/docs/default-source/coronaviruse/situation-reports/weekly_epidemiological_update_22.pdf
https://www.who.int/docs/default-source/coronaviruse/situation-reports/weekly_epidemiological_update_22.pdf
https://doi.org/10.1101/2021.05.31.445871

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

MUKHOPADHYAY et al: VACCINE NEUTRALIZATION OF SARS-COV-2 VARIANTS 119

Kuzmina A, Khalaila Y, Voloshin O, Keren-Naus A,
Boehm-Cohen L, Raviv Y, ef al. SARS-CoV-2 spike variants
exhibit differential infectivity and neutralization resistance
to convalescent or post-vaccination sera. Cell Host Microbe
2021; 29 : 522-8.e2.

Tada T, Dcosta BM, Samanovic MI, Herati RS, Cornelius A,
Zhou H, et al. Convalescent-phase sera and vaccine-elicited
antibodies largely maintain neutralizing titer against global
SARS-CoV-2 variant spikes. mBio 2021; 12 : ¢0069621.

LiuY, LiuJ, Xia H, Zhang X, Fontes-Garfias CR, Swanson KA,
et al. Neutralizing activity of BNT162b2-elicited serum. N
Engl J Med 2021; 384 : 1466-8.

Trinité B, Pradenas E, Marfil S, Rovirosa C, Urrea V,
Tarrés-Freixas F, et al. Previous SARS-CoV-2 infection
increases B.1.1.7  cross-neutralization by vaccinated
individuals. Viruses 2021; 13 : 1135.

Tada T, Zhou H, Dcosta BM, Samanovic MI, Mulligan MJ,
Landau NR. Partial resistance of SARS-CoV-2 Delta variants
to vaccine-elicited antibodies and convalescent sera. iScience
2021; 24 : 103341.

Hoffmann M, Arora P, Gro8 R, Seidel A, Hornich BF,
Hahn AS, et al. SARS-CoV-2 variants B.1.351 and P.1 escape
from neutralizing antibodies. Cell 2021; 184 : 2384-93.e12.

LiuY, Liu J, Xia H, Zhang X, Zou J, Fontes-Garfias CR, et al.
BNT162b2-elicited neutralization against new SARS-CoV-2
spike variants. N Engl J Med 2021; 385 : 472-4.

Neerukonda SN, Vassell R, Lusvarghi S, Wang R, Echegaray F,
Bentley L, et al. SARS-CoV-2 Delta variant displays moderate
resistance to neutralizing antibodies and spike protein
properties of higher soluble ACE2 sensitivity, enhanced
cleavage and fusogenic activity. Viruses 2021; 13 : 2485.

Xie X, Liu Y, Liu J, Zhang X, Zou J, Fontes-Garfias CR, et al.
Neutralization of SARS-CoV-2 spike 69/70 deletion, E484K
and N501Y variants by BNT162b2 vaccine-elicited sera. Nat
Med 2021; 27 : 620-1.

Muik A, Wallisch AK, Sénger B, Swanson KA, Miihl J,
Chen W, et al. Neutralization of SARS-CoV-2 lineage B.1.1.7
pseudovirus by BNT162b2 vaccine-elicited human sera.
Science 2021; 371 : 1152-3.

Garcia-Beltran WE, Lam EC, St. Denis K, Nitido AD,
Garcia ZH, Hauser BM, et al. Multiple SARS-CoV-2 variants
escape neutralization by vaccine-induced humoral immunity.
Cell 2021; 184 : 2372-83.¢9.

Collier DA, De Marco A, Ferreira IATM, Meng B, Datir RP,
Walls AC, et al. Sensitivity of SARS-CoV-2 B.1.1.7 to mRNA
vaccine-elicited antibodies. Nature 2021; 593 : 136-41.

Caniels TG, Bontjer I, van der Straten K, Poniman M,
Burger JA, Appelman B, et al. Emerging SARS-CoV-2
variants of concern evade humoral immune responses from
infection and vaccination. Sci Adv 2021; 7 : eabj5365.

Jalkanen P, Kolehmainen P, Hikkinen HK, Huttunen M,
Téhtinen PA, Lundberg R, et al. COVID-19 mRNA vaccine
induced antibody responses against three SARS-CoV-2
variants. Nat Commun 2021; 12 : 3991.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Valleriani F, Mancuso E, Vincifori G, Teodori L,
Di Marcantonio L, Spedicato M, et al. Neutralization of
SARS-CoV-2 variants by serum from BNT162b2 vaccine
recipients. Viruses 2021; 13 : 2011.

Planas D, Bruel T, Grzelak L, Guivel-Benhassine F,
Staropoli I, Porrot F, et al. Sensitivity of infectious
SARS-CoV-2 B.1.1.7 and B.1.351 variants to neutralizing
antibodies. Nat Med 2021; 27 : 917-24.

Lustig Y, Zuckerman N, Nemet I, Atari N, Kliker L,
Regev-Yochay G, et al. Neutralising capacity against Delta
(B.1.617.2) and other variants of concern following Comirnaty
(BNT162b2, BioNTech/Pfizer) vaccination in health care
workers, Israel. Euro Surveill 2021; 5 : 1-5.

Supasa P, Zhou D, Dejnirattisai W, Liu C, Mentzer AJ,
Ginn HM, et al. Reduced neutralization of SARS-CoV-2
B.1.1.7 variant by convalescent and vaccine sera. Cell
2021; 184 : 2201-11.€7.

Marot S, Malet I, Jary A, Leducq V, Abdi B, Teyssou E, ef al.
Neutralization Heterogeneity of UK and South African severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
variants in BNT162b2-vaccinated or convalescent coronavirus
disease 2019 (COVID-19) healthcare workers. Clin Infect Dis
2021; 74 : 707-10.

Geers D, Shamier MC, Bogers S, den Hartog G,
Gommers L, Nieuwkoop NN, et al. SARS-CoV-2 variants of
concern partially escape humoral but not T-cell responses in
COVID-19 convalescent donors and vaccinees. Sci Immunol
2021; 6 : eabj1750.

Mileto D, Fenizia C, Cutrera M, Gagliardi G, Gigantiello A,
De Silvestri A, et al. SARS-CoV-2 mRNA vaccine BNT162b2
triggers a consistent cross-variant humoral and cellular
response. Emerg Microbes Infect 2021; 10 : 2235-43.

Skelly DT, Harding AC, Gilbert-Jaramillo J, Knight ML,
Longet S, Brown A, et al. Two doses of SARS-CoV-2
vaccination induce robust immune responses to emerging
SARS-CoV-2  variants of concern. Nat Commun
2021; 12 : 5061.

Zani A, Caccuri F, Messali S, Bonfanti C, Caruso A. Serosurvey
in BNT162b2 vaccine-elicited neutralizing antibodies against
authentic B.1, B.1.1.7, B.1.351, B.1.525 and P.1 SARS-CoV-2
variants. Emerg Microbes Infect 2021; 10 : 1241-3.

Saade C, Gonzalez C, Bal A, Valette M, Saker K, Lina B,
et al. Live virus neutralization testing in convalescent patients
and subjects vaccinated against 19A, 20B, 20I/501Y.V1 and
20H/501Y.V2 isolates of SARS-CoV-2. Emerg Microbes
Infect 2021; 10 : 1499-502.

Dejnirattisai W, Zhou D, Supasa P, Liu C, Mentzer AJ,
Ginn HM, et al. Antibody evasion by the P.1 strain of
SARS-CoV-2. Cell 2021; 184 : 2939-54.¢9.

Wall EC, Wu M, Harvey R, Kelly G, Warchal S, Sawyer C,
et al. Neutralising antibody activity against SARS-CoV-2
VOCs B.1.617.2 and B.1.351 by BNT162b2 vaccination.
Lancet 2021; 397 : 2331-3.

Cassaniti [, Bergami F, Percivalle E, Gabanti E, Sammartino JC,
Ferrari A, et al. Humoral and cell-mediated response against



120

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

INDIAN J MED RES, JANUARY 2022

SARS-CoV-2 variants elicited by mRNA vaccine BNT162b2
in healthcare workers: A longitudinal observational study.
Clin Microbiol Infect 2022; 28 : 301.e1-e8.

Bates TA, Leier HC, Lyski ZL, McBride SK, Coulter FJ,
Weinstein JB, et al. Neutralization of SARS-CoV-2 variants
by convalescent and BNT162b2 vaccinated serum. Nat
Commun 2021; 12 : 5135.

Anichini G, Terrosi C, Savellini GG, Gandolfo C,
Franchi F, Cusi MG. Neutralizing antibody response of
vaccinees to SARS-CoV-2 variants. Vaccines (Basel)
2021; 9:517.

Gidari A, Sabbatini S, Bastianelli S, Pierucci S, Busti C,
Monari C, et al. Cross-neutralization of SARS-CoV-2 B.1.1.7
and P.1 variants in vaccinated, convalescent and P.1 infected.
J Infect 2021; 83 : 467-72.

Lassauniére R, Polacek C, Fonager J, Bennedbek M,
Boding L, Rasmussen M, et al. Neutralisation of the
SARS-CoV-2 Delta sub-lineage AY.4.2 and B.1.617.2 +
E484K by BNT162b2 mRNA vaccine-elicited sera, Denmark,
1 to 26 November 2021. Euro Surveill 2021; 26 : 2101059.

Carr EJ, Wu M, Harvey R, Wall EC, Kelly G, Hussain S, et al.
Neutralising antibodies after COVID-19 vaccination in UK
haemodialysis patients. Lancet 2021; 398 : 1038-41.

Arora P, Sidarovich A, Kriiger N, Kempf A, Nehlmeier I,
Graichen L, et al. B.1.617.2 enters and fuses lung cells with
increased efficiency and evades antibodies induced by infection
and vaccination. Cell Rep 2021; 37 : 109825.

Sahin U, Muik A, Vogler I, Derhovanessian E, Kranz LM,
Vormehr M, et al. BNT162b2 vaccine induces neutralizing
antibodies and poly-specific T cells in humans. Nature
2021; 595 : 572-7.

Sanchez-Sendra B, Albert E, Zulaica J, Torres I, Giménez E,
Botija P, et al. Neutralizing antibodies against SARS-CoV-2
variants of concern elicited by the Comirnaty® COVID-19
vaccine in nursing home residents. medRxiv 2021. DOI:
10.1101/2021.10.06.21264607v1.

Davis C, Logan N, Tyson G, Orton R, Harvey WT, Perkins JS,
et al. SARS-CoV-2 variant of concern following vaccination
The COVID-19 Genomics UK (COG-UK) Consortium.
medRxiv2021. DOI: 10.1101/2021.06.23.21259327.

Hoffmann M, Hofmann-Winkler H, Kriiger N, Kempf A,
Nehlmeier I, Graichen L, ef al. SARS-CoV-2 variant B.1.617
is resistant to bamlanivimab and evades antibodies induced by
infection and vaccination. Cell 2021; 184 : 2384-93.e12.

WangZ, SchmidtF, Weisblum Y, Muecksch F, Finkin S, Schaefer-
Babajew D, ef al. mRNA vaccine-elicited antibodies to SARS-
CoV-2 and circulating variants. Nature 2021; 592 : 616-22.

Chen RE, Gorman MIJ, Zhu DY, Carrefio M,
Yuan D, VanBlargan LA, et al. Reduced antibody activity
against SARS-CoV-2 B.1.617.2 delta virus in serum of

mRNA-vaccinated individuals receiving tumor necrosis
factor-o inhibitors. Med Med (NY) 2021; 2 : 1327-41.¢4.

Planas D, Veyer D, Baidaliuk A, Staropoli I,
Guivel-Benhassine F, Rajah MM, et al. Reduced sensitivity of

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

SARS-CoV-2 variant Delta to antibody neutralization. Nature
2021; 596 : 276-80.

Zhou D, Dejnirattisai W, Supasa P, Liu C, Mentzer Al,
Ginn HM, et al. Evidence of escape of SARS-CoV-2
variant B.1.351 from natural and vaccine-induced sera. Cell
2021; 184 : 2348-61.¢6.

Vicenti [, Gatti F, Scaggiante R, Boccuto A, Zago D, Basso M,
et al. BNT162b2 SARS-CoV-2 vaccination elicits high titers
of neutralizing antibodies to both b.1 and p.1 variants in
previously infected and uninfected subjects. Life (Basel)
2021; 11 : 896.

Mlcochova P, Kemp S, Dhar MS, Papa G, Meng B,
Ferreira IATM, et al. SARS-CoV-2 B.1.617.2 Delta variant
replication and immune evasion. Nature 2021; 599 : 114-9.

Liu J, Liu Y, Xia H, Zou J, Weaver SC, Swanson KA,
et al. BNT162b2-elicited neutralization of B.1.617 and other
SARS-CoV-2 variants. Nature 2021; 596 : 273-5.

Edara VV, Pinsky BA, Suthar MS, Lai L,
Davis-Gardner ME, Floyd K, et al. Infection and
vaccine-induced neutralizing-antibody responses to the
SARS-CoV-2B.1.617 variants. N EnglJ Med2021; 385 : 664-6.

Shen X, Tang H, McDanal C, Wagh K, Fischer W,
Theiler J, et al. SARS-CoV-2 variant B.1.1.7 is susceptible
to neutralizing antibodies elicited by ancestral spike vaccines.
Cell 2021; 29 : 529-39.¢3.

Pegu A, O’Connell SE, Schmidt SD, O’Dell S, Talana CA,
Lai L, et al. Durability of mRNA-1273 vaccine-induced
antibodies  against SARS-CoV-2  variants.  Science
2021; 373 : 1372-7.

Choi A, Koch M, Wu K, Dixon G, Oestreicher J,
Legault H, et al. Serum neutralizing activity of mRNA-1273
against SARS-CoV-2 variants. J Virol 2021; 95 : e0131321.

Edara VV, Hudson WH, Xie X, Ahmed R, Suthar MS.
Neutralizing antibodies against SARS-CoV-2 variants after
infection and vaccination. JAMA 2021; 325 : 1896-8.

Shen X, Tang H, Pajon R, Smith G, Glenn GM, Shi W, et al.
Neutralization of SARS-CoV-2 Variants B.1.429 and B.1.351.
N Engl J Med 2021; 384 : 2352-4.

Edara VV, Norwood C, Floyd K, Lai L, Davis-Gardner ME,
Hudson WH, et al. Infection- and vaccine-induced antibody
binding and neutralization of the B.1.351 SARS-CoV-2
variant. Cell 2021; 29 : 516-21.€3.

Abe KT, Hu Q, Mozafarihashjin M, Samson R, Manguiat K,
Robinson A, et al. Neutralizing antibody responses to SARS-
CoV-2 variants in vaccinated Ontario long-term care home
residents and workers. Available from: https://www.medrxiv.
org/content/10.1101/2021.08.06.21261721v2, accessed on
November 30, 2021.

Bassi J, Giannini O, Silacci-fregni C, Pertusini L, Hitz P,
Terrot T, et al. Defective neutralizing antibody response to

SARS-CoV-2 in vaccinated dialysis patients. medRxiv 2021.
DOI: 10.1101/2021.10.05.21264054.

Wang L, Kainulainen MH, Jiang N, Di H, Bonenfant G,
Mills L, et al. Differential neutralization and inhibition


https://www.medrxiv.org/content/10.1101/2021.10.06.21264607v1
https://doi.org/10.1101/2021.06.23.21259327, 
https://www.medrxiv.org/content/10.1101/2021.08.06.21261721v2
https://www.medrxiv.org/content/10.1101/2021.08.06.21261721v2

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

MUKHOPADHYAY et al: VACCINE NEUTRALIZATION OF SARS-COV-2 VARIANTS 121

of SARS-CoV-2 variants by
COVID-19 mRNA vaccines.
10.1101/2021.11.24.469906.

Laurie MT, Liu J, Sunshine S, Peng J, Black D, Mitchell AM,
et al. Exposures to different SARS-CoV-2 spike variants elicit
neutralizing antibody responses with differential specificity
towards established and emerging strains. medRxiv 2021.
DOI: 10.1101/2021.09.08.21263095v 1.

Wilhelm A, Toptan T, Pallas C, Wolf T, Goetsch U,
Gottschalk R, et al. Antibody-mediated neutralization of
authentic SARS-CoV-2 b.1.617 variants harboring 1452r and
t478k/e484q. Viruses 2021; 13 : 1693.

Emary KRW, Golubchik T, Aley PK, Ariani CV, Angus B,
Bibi S, et al. Efficacy of ChAdOx1 nCoV-19 (AZD1222)
vaccine against SARS-CoV-2 variant of concern 202012/01
(B.1.1.7): An exploratory analysis of a randomised controlled
trial. Lancet 2021; 397 : 1351-62.

Madhi SA, Baillie V, Cutland CL, Voysey M, Koen AL,
Fairlie L, et al. Efficacy of the ChAdOx1 nCoV-19 COVID-19
vaccine against the B.1.351 variant. N Engl J Med
2021; 384 : 1885-98.

Sapkal GN, Yadav PD, Sahay RR, Deshpande G, Gupta N,
Nyayanit DA, et al. Neutralization of Delta variant with sera of
CovishieldTM vaccinees and COVID-19-recovered vaccinated
individuals. J Travel Med 2021; 28 : taab119.

Alter G, Yu J, Liu J, Chandrashekar A, Borducchi EN,
Tostanoski LH, er al. Immunogenicity of Ad26.COV2.S
vaccine against SARS-CoV-2 variants in humans. Nature
2021; 596 : 268-72.

Jongeneelen M, Kaszas K, Veldman D, Huizingh I,
Vlugt R van der, Schouten T, et al. Ad26.COV2.S elicited
neutralizing activity against Delta and other SARS-CoV-2
variants of concern. Available from: https://www.biorxiv.
org/content/10.1101/2021.07.01.450707v1,  accessed on
November 30, 2021.

Barouch DH, Stephenson KE, Sadoff J, Yu J, Chang A,
Gebre M, et al. Durable humoral and cellular immune
responses 8 months after Ad26.COV2.S vaccination. N Engl J
Med 2021; 385 : 951-3.

Ikegame S, Siddiquey MNA, Hung CT, Haas G, Brambilla L,
Oguntuyo KY, et al. Neutralizing activity of Sputnik V vaccine
sera against SARS-CoV-2 variants. Nat Commun 2021; 12 : 4598.

Gonzalez Lopez Ledesma MM, Sanchez L, Ojeda DS,
Oviedo Rouco S, Rossi AH, Varese A, et al. Longitudinal
study after sputnik V vaccination shows durable SARS-CoV-2
neutralizing antibodies and reduced viral variant escape over
time. mBio 2022; 13 : €0344221.

Gushchin VA, Dolzhikova IV, Shchetinin AM, Odintsova AS,
Siniavin AE, Nikiforova MA, ef al. Neutralizing activity of sera
from sputnik v-vaccinated people against variants of concern
(VOC:B.1.1.7,B.1.351,P.1,B.1.617.2,B.1.617.3) and Moscow
endemic SARS-CoV-2 variants. Vaccines 2021; 9 : 779.

Wang GL, Wang ZY, Duan LJ, Meng QC, Jiang MD, Cao J,
et al. Susceptibility of circulating SARS-CoV-2 variants to
neutralization. N Engl J Med 2021; 384 : 2354-6.

antibodies
bioRxiv

elicited by
2021. DOL

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

Chen 'Y, Shen H, Huang R, Tong X, Wu C. Serum neutralising
activity against SARS-CoV-2 variants elicited by CoronaVac.
Lancet Infect Dis 2021; 21 : 1071-2.

Hu J, Wei XY, Xiang J, Peng P, Xu FL, Wu K, ef al. Reduced
neutralization of SARS-CoV-2 B.1.617 variant by inactivated
and RBD-subunit vaccine. Genes Dis 2021. DOIL: 10.1016/j.
gendis.2021.11.007.

Fernandez J, Bruneau N, Fasce R, San Martin H, Balanda M,
Bustos P, et al. Neutralization of alpha, gamma, and D614G
SARS-CoV-2 variants by CoronaVac vaccine-induced
antibodies. J Med Virol 2022; 94 : 399-403.

Souza WM, Amorim MR, Sesti-Costa R, Coimbra LD,
Brunetti NS, Toledo-Teixeira DA, et al. Neutralisation of
SARS-CoV-2 lineage P.1 by antibodies elicited through
natural SARS-CoV-2 infection or vaccination with an
inactivated SARS-CoV-2 vaccine: An immunological study.
Lancet Microbe 2021, 2 : ES27-35.

Sapkal GN, Yadav PD, Ella R, Deshpande GR, Sahay RR,
Gupta N, et al. Inactivated COVID-19 vaccine BBV152/
COVAXIN effectively neutralizes recently emerged B.1.1.7
variant of SARS-CoV-2. Travel Med 2021; 28 : 1-3.

Yadav PD, Sapkal GN, Ella R, Sahay RR, Nyayanit DA,
Patil DY, et al. Neutralization of Beta and Delta variant
with sera of COVID-19 recovered cases and vaccinees of
inactivated COVID-19 vaccine BBV 152/Covaxin. J Travel
Med 2021; 28 : taab104.

Sapkal G, Yadav PD, Ella R, Abraham P, Patil DY,
Gupta N, et al. Neutralization of VUI B.1.1.28 P2 variant
with sera of COVID-19 recovered cases and recipients of
Covaxin an inactivated COVID-19 vaccine. J Travel Med
2021; 28 : taab077.

Yadav PD, Sahay RR, Sapkal G, Nyayanit D,
Shete AM, Deshpande G, et al. Comparable neutralization
of SARS-CoV-2 Delta AY.1 and Delta with individuals sera
vaccinated with BBV 152. J Travel Med 2021, 28 : taab154.

Zhang X, Yu X, Wei D, Xu W, Guo W, Li X, et al. Neutralizing
activity of BBIBP-CorV vaccine-elicited sera against multiple
SARS-CoV-2 variants of concern. EuropePMC 2021. DOI:
10.21203/rs.3.1s-483022/v1.

Liu J, Liu Y, Xia H, Zou J, Weaver SC, Swanson KA,
et al. BNT162b2-elicited neutralization of B.1.617 and other
SARS-CoV-2 variants. Nature 2021; 596 : 273-5.

Huang B, Dai L, Wang H, Hu Z, Yang X, Tan W, et al.
Neutralization of SARS-CoV-2 VOC 501Y.V2 by human
antiserum elicited by both inactivated BBIBP-CorV and
recombinant dimeric RBD ZF2001 vaccines. bioRxiv 2021.
DOI: 10.1101/2021.02.01.429069.

Moore PL, Moyo-Gwete T, Hermanus T, Kgagudi P,
Ayres F, Makhado Z, et al. Neutralizing antibodies elicited
by the Ad26.COV2.S COVID-19 vaccine show reduced
activity against 501Y.V2 (B.1.351), despite protection
against severe disease by this variant. bioRxiv 2021. DOI:
10.1101/2021.06.09.447722.

Jaafar R, Boschi C, Aherfi S, Bancod A, Le Bideau M,
Edouard S, et al. High individual heterogeneity of neutralizing


https://www.biorxiv.org/content/10.1101/2021.07.01.450707v1
https://www.biorxiv.org/content/10.1101/2021.07.01.450707v1
https://doi.org/10.21203/rs.3.rs-483022/v1

122

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

INDIAN J MED RES, JANUARY 2022

activities against the original strain and nine different variants
of sars-cov-2. Viruses 2021; 13 : 2177.

Rathnasinghe R, Jangra S, Cupic A, Martinez-Romero C,
Mulder LCF, Kehrer T, et al. The N501Y mutation in
SARS-CoV-2 spike leads to morbidity in obese and aged
mice and is neutralized by convalescent and post-vaccination
human sera. medRxiv 2021. DOI:10.1101/2021.01.19.21249592.

Jangra S, Ye C, Rathnasinghe R, Stadlbauer D, Krammer F,
Simon V, et al. The E484K mutation in the SARS-CoV-2
spike protein reduces but does not abolish neutralizing activity
of human convalescent and post-vaccination sera. medRxiv
2021. DOI:10.1101/2021.01.26.21250543.

Becker M, Dulovic A, Junker D, Ruetalo N, Kaiser PD,
Pinilla YT, ef al. Immune response to SARS-CoV-2 variants of
concern in vaccinated individuals. Nat Commun 2021; 12 :31009.

Lucas C, Vogels CBF, Yildirim I, Rothman JE, Lu P,
Monteiro V, et al. Impact of circulating SARS-CoV-2 variants
onmRNA vaccine-induced immunity. Nature2021; 600 : 523-9.

Carrefio JM, Alshammary H, Singh G, Raskin A,
Amanat F, Amoako A, et al. Evidence for retained
spike-binding and neutralizing activity against emerging
SARS-CoV-2 variants in serum of COVID-19 mRNA vaccine
recipients. EBioMedicine 2021; 73 : 103626.

Jergovi¢ M, Uhrlaub JL, Watanabe M, White LM, LaFleur BJ,
Edwards T, et al. Competent immune responses to SARS-
CoV-2 variants in older adults following mRNA vaccination.
bioRxiv 2021. DOI: 10.1101/2021.07.22.453287.

Ganneru B, Jogdand H, Daram VK, Das D, Molugu NR,
Prasad SD, et al. Th1 skewed immune response of whole virion
inactivated SARS CoV 2 vaccine and its safety evaluation.
iScience 2021; 24 : 102298.

Voysey M, Clemens SAC, Madhi SA, Weckx LY,
Folegatti PM, Aley PK, ef al. Safety and efficacy of the
ChAdOx1nCoV-19vaccine (AZD1222)against SARS-CoV-2:
An interim analysis of four randomised controlled trials in
Brazil, South Africa, and the UK. Lancet 2021; 397 : 99-111.

Winchester SA, Brown KE. Mumps virus (Paramyxoviridae).
In: Encyclopedia of Virology. 4th ed: Elsevier; 2021. p. 634-42.

Whiteman MC, Bogardus L, Giacone DG, Rubinstein LJ,
Antonello JM, Sun D, et al. Virus reduction neutralization test:
A single-cell imaging high-throughput virus neutralization
assay for dengue. Am J Trop Med Hyg 2018; 99 : 1430-9.

Li W, Cao S, Zhang Q, Li J, Zhang S, Wu W, et al.
Comparison of serological assays to titrate Hantaan and Seoul
hantavirus-specific antibodies. Virol J 2017; 14 : 1-11.

Chen M, Zhang XE. Construction and applications of
SARS-CoV-2 pseudoviruses: A mini review. Int J Biol Sci
2021; 17 : 1574-80.

Chang X, Sousa Augusto G, Liu X, Kiindig TM, Vogel M,
Mohsen MO, et al. BNT162b2 mRNA COVID-19 vaccine
induces antibodies of broader cross-reactivity than natural
infection, but recognition of mutant viruses is up to 10-fold
reduced. Allergy 2021; 76 : 2895-998.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Lustig Y, Nemet I, Kliker L, Zuckerman N, Yishai R,
Alroy-Preis S, et al. Neutralizing response against variants
after SARS-CoV-2 infection and one dose of BNT162b2.
N Engl J Med 2021; 384 : 2453-4.

Turner JS, Kim W, Kalaidina E, Goss CW, Rauseo AM,
Schmitz AJ, et al. SARS-CoV-2 infection induces long-lived
bone marrow plasma cells in humans. Nature 2021; 595 : 421.

Turner JS, O’Halloran JA, Kalaidina E, Kim W, Schmitz AJ,
ZhouJQ, et al. SARS-CoV-2 mRNA vaccines induce persistent
human germinal centre responses. Nature 2021; 596 : 109-13.

Andreano E, Paciello I, Piccini G, Manganaro N,
Pileri P, Hyseni I, et al. Hybrid immunity improves B cells
and antibodies against SARS-CoV-2 variants. Nature 2021;
600 : 530-5.

Andreano E, Rappuoli R. SARS-CoV-2 escaped natural
immunity, raising questions about vaccines and therapies. Nat
Med 2021; 27 : 759-61.

Lilleri D, Cassaniti [, Bergami F, Percivalle E,
Gabanti E, Sammartino JC, et al. SARS-CoV-2 mRNA
vaccine BNT162b2 elicited a robust humoral and cellular
response against SARS-CoV-2 variants. Available from:
10.21203/rs.3.rs-396284/v1, accessed on December 5, 2021.

Neidleman J, Luo X, McGregor M, Xie G, Murray V,
Greene WC, et al. mRNA vaccine-induced t cells respond
identically to SARS-CoV-2 variants of concern but differ in
longevity and homing properties depending on prior infection
status. eLife 2021; 10 : €72619.

Tarke A, Sidney J, Methot N, Yu ED, Zhang Y, Dan JM, et al.
Impact of SARS-CoV-2 variants on the total CD4+ and CD8+
T cell reactivity in infected or vaccinated individuals. Cell Rep
Med 2021; 2 : 100355.

Andreano E, Rappuoli R. SARS-CoV-2 escaped natural
immunity, raising questions about vaccines and therapies. Nat
Med 2021; 27 : 759-61.

International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human
Use (ICH) . Validation of analytical procedures: Text and
methodology Q2 (RI1). Available from: https://database.ich.
org/sites/default/files/Q2%28R1%29%20Guideline.pdf,
accessed on December 12, 2021.

Oguntuyo KY, Stevens CS, Hung CT, Ikegame S, Acklin JA,
Kowdle SS, et al. Quantifying absolute neutralization titers
against SARS-CoV-2 by a standardized virus neutralization
assay allows for cross-cohort comparisons of COVID-19
serum. mBio 2021; 12 : €02492-20.

Knezevic 1, Mattiuzzo G, Page M, Minor P, Griffiths E,
Nuebling M M V. WHO International Standard for evaluation
of the antibody response to COVID-19 vaccines: call for
urgent action by the scientific community. Lancet Microbe
2021; 3 : e235-40.

Khoury DS, Cromer D, Reynaldi A, Schlub TE,
Wheatley AK, Juno JA, et al. Neutralizing antibody levels
are highly predictive of immune protection from symptomatic
SARS-CoV-2 infection. Nat Med 2021; 27 : 1205-11.

For correspondence: Dr Nivedita Gupta, Virology Unit, Division of Epidemiology & Communicable Diseases, Indian Council of Medical

Research, New Delhi 110 029, India
e-mail: guptanivedita.hq@icmr.gov.in


https://dx.doi.org/10.1101%2F2021.01.19.21249592
https://dx.doi.org/10.1101%2F2021.01.26.21250543
https://doi.org/10.1101/2021.07.22.453287
https://database.ich.org/sites/default/files/Q2%28R1%29 Guideline.pdf
https://database.ich.org/sites/default/files/Q2%28R1%29 Guideline.pdf

