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Background There are limited global data on head-to-head comparisons of vaccine platforms assessing both humoral ~ 'ea/th - Southeast

- . N L \ Asia 2024;22: 100361
and cellular immune responses, stratified by pre-vaccination serostatus. The COVID-19 vaccination drive for the ‘ A
Indian population in the age group 18-45 years began in April 2021 when seropositivity rates in the general ~"vPshed Online 26
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population were rising due to the delta wave of COVID-19 pandemic during April-May 2021. hett;:zzdoL org/10.
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Methods Between June 30, 2021, and Jan 28, 2022, we enrolled 691 participants in the age group 1845 years across 100361

four clinical sites in India. In this non-randomised and laboratory blinded study, participants received either two
doses of Covaxin® (4 weeks apart) or two doses of Covishield™ (12 weeks apart) as per the national vaccination
policy. The primary outcome was the seroconversion rate and the geometric mean titre (GMT) of antibodies
against the SARS-CoV-2 spike and nucleocapsid proteins post two doses. The secondary outcome was the
frequency of cellular immune responses pre- and post-vaccination.

Findings When compared to pre-vaccination baseline, both vaccines elicited statistically significant seroconversion
and binding antibody levels in both seronegative and seropositive individuals. In the per-protocol cohort,
Covishield™ elicited higher antibody responses than Covaxin® as measured by seroconversion rate (98.3% vs
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74.4%, p < 0.0001 in seronegative individuals; 91.7% vs 66.9%, p < 0.0001 in seropositive individuals) as well as by
anti-spike antibody levels against the ancestral strain (GMT 1272.1 vs 75.4 binding antibody units/ml [BAU/ml],
P < 0.0001 in seronegative individuals; 2089.07 vs 585.7 BAU/ml, p < 0.0001 in seropositive individuals). As
participants at all clinical sites were not recruited at the same time, site-specific immunogenicity was impacted
by the timing of vaccination relative to the delta and omicron waves. Surrogate neutralising antibody responses
against variants-of-concern including delta and omicron was higher in Covishield™ recipients than in Covaxin®
recipients; and in seropositive than in seronegative individuals after both vaccination and asymptomatic
infection (omicron variant). T cell responses are reported from only one of the four site cohorts where the
vaccination schedule preceded the omicron wave. In seronegative individuals, Covishield™ elicited both CD4+
and CD8+ spike-specific cytokine-producing T cells whereas Covaxin® elicited mainly CD4+ spike-specific T
cells. Neither vaccine showed significant post-vaccination expansion of spike-specific T cells in seropositive
individuals.

Interpretation Covishield™ elicited immune responses of higher magnitude and breadth than Covaxin® in both
seronegative individuals and seropositive individuals, across cohorts representing the pre-vaccination immune

history of most of the vaccinated Indian population.

Funding Corporate social responsibility (CSR) funding from Hindustan Unilever Limited (HUL) and Unilever India
Pvt. Ltd. (UIPL).

Copyright © 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

As of Dec 14, 2021, inactivated, vectored and mRNA
vaccines comprised 43%, 28% and 26% respectively of
the total 10.6 billion doses of COVID-19 vaccines
administered in the world." Despite this large share of
the vaccination landscape, there are few studies that
make comprehensive head-to-head comparisons of both
humoral and cellular immune response elicited by these
vaccine platforms.”* As of Sep 1, 2022, India carried out
the world’s largest COVID-19 vaccination drive across
3006 vaccine centres covering all its state and union
territories and has administered 1.7 billion doses of
Covishield™ (ChAdOx-1 nCoV-19, manufactured by
Serum Institute of India) and 0.35 billion doses of
Covaxin® (inactivated vaccine adjuvanted with a TLR7/8
agonist, manufactured by Bharat Biotech).® These two
vaccines administered in India, together represent 15%
of the total COVID-19 vaccine doses administered in the
world. However, there is a paucity of data comparing the
immunogenicity of the two vaccines.

Prior studies comparing Covishield™ and Covaxin®
were limited to addressing only antibody responses and
in the health care worker population who were immu-
nized prior to the delta wave of the COVID-19
pandemic™'' (See Supplementary Table S1). However,
there is limited data on cellular immune responses eli-
cited by these vaccines and no direct head-to-head
comparisons or stratification by pre-vaccination
serostatus.

Vaccination following exposure to the delta or
omicron variants of SARS-CoV-2 is likely to affect the

quality, quantity, and duration of immune responses.
For determining future COVID-19 vaccination policy
when pan-coronavirus or sarbecovirus vaccines
become available, it becomes important to consider
pre-vaccination immune history of most of the
vaccinated Indian population. Comparison of vaccine
platforms stratified by serostatus will also inform
vaccine development against future pandemics, which
are likely due to climate change, ecosystem destabi-
lisation and lowering of herd immunity (latter attrib-
uted to vaccine hesitancy against both established and
newer vaccine regimes). We therefore compared the
immune responses elicited by the two main SARS-
CoV-2 vaccines utilised in India, stratified by
serostatus.

Methods

Study design and participants

This study was done in healthy adults aged 18-45 years
at four recruitment sites and laboratory sites: recruit-
ment; Bangalore Baptist Hospital (BBH), King Edward
Memorial Hospital Research Center (KEMHRC), Sym-
biosis University Hospital and Research Center
(SUHRC), and St. John’s Medical College (SJMC) and
laboratory; National Centre for Biological Sciences
(NCBS), Institute for Stem Cell Science and Regenera-
tive Medicine (InStem), National Chemical Laboratory
(NCL), Indian Institute of Science Education and
Research Pune (IISER-Pune), St. John’s Research
Institute (SJRI).
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Research in context

Evidence before this study

We identified 8 primary studies that compared the
immunogenicity of the COVID-19 vaccines Covaxin and
Covishield, after two doses. Two of these studies were from
the same cohort, reporting different timepoints and were
considered as one. Five studies were conducted in healthy
adults and included in this analysis. Four of these five studies
administered Covishield doses at 28 days apart, unlike the 84-
day interval used for the general population. In an
observational cross-sectional pan-India study comparing
humoral responses against spike protein in SARS-CoV-2 naive
healthcare workers, seroconversion, and antibody titres after
two vaccine doses were higher in participants vaccinated with
Covishield (97.8% and 114 arbitrary units/ml [AU/ml]) than in
those vaccinated with Covaxin (79.3% and 45.3 AU/ml). In
participants with prior history of SARS-CoV-2 infection,
antibody titres were 302.9 AU/ml and 256.3 AU/ml after
vaccination with Covishield and Covaxin, respectively. In
another observational study in healthcare workers recovered
from SARS-CoV-2 infection, Covishield elicited statistically
significant higher levels of anti-spike antibodies than Covaxin.
In a third observational study in seronegative healthcare
workers, Covishield elicited statistically significantly higher
antibody levels than Covaxin after both the first and second
dose of vaccine and these differences persisted at week 24. All
participants in above studies were vaccinated prior to the
delta wave and cellular responses were not measured. A
fourth longitudinal observation study also demonstrated
higher responses in participants vaccinated with Covishield
than Covaxin in both seronegative (100% vs 62.5%
seroconversion rate) and seropositive participants (1740 vs
469 median neutralisation titre). Limitations in sample size

SARS-CoV-2  vaccine-naive  participants  were
screened for serostatus and recruited at BBH,
KEMHRC, SUHRC and SJRI using a combination of
anti-spike and/or anti-nucleocapsid antibodies, either
qualitative or quantitative, manufactured by either
Roche Diagnostics, Abbott Laboratories or Liaison Dia-
Sorin at each clinical site. Recruitment was done using a
combination of unbiased as well serostatus-confirmed
inclusion. Baseline samples were re-tested and classi-
fied for their serostatus using DiaSorin TrimericS and
MSD platforms at Christian Medical College (CMC),
Vellore. Sample size calculations were not performed,
and recruitment numbers were based on the capacity at
each site. All the participants were enrolled after
obtaining informed written consent. Participants with a
history of medical illness or prior severe COVID-19 that
required ventilation or administration of biologics such
as convalescent plasma or monoclonal antibodies were
excluded. Vaccine-naive participants were administered
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did not allow direct comparison of cellular responses elicited
by Covishield and Covaxin. The fifth study compared Covaxin
with Covishield administered either at 28-day or 84-day
intervals, but results were confounded by a 68% infection rate
between the vaccine doses.

Added value of this study

Our study provides a comprehensive and longitudinal
perspective, tracking the trajectory of antibody responses
elicited by Covaxin and Covishield in seronegative and
seropositive participants across four different sites during the
different waves of SARS-CoV-2 infection. Here we compare
both humoral responses and cellular responses elicited by two
doses of Covaxin and Covishield using the vaccination
schedule used for the general population (administered 28
days and 84 days apart, respectively) in both seronegative
and seropositive participants. Covishield elicits higher
antibody responses against the ancestral strain as well as
variants-of-concern such as delta and omicron. Covishield also
elicited stronger CD4 and CD8 T cell responses in the earliest
cohort used to track T cell responses, whereas Covaxin
induced only CD4 T cell responses against spike protein in
seronegative participants. Neither vaccine significantly
enhanced T cell responses in seropositive participants.

Implications of all the available evidence

The results of our study support the available evidence on the
superiority of Covishield in eliciting higher levels of antibodies
against the ancestral spike protein, compared to Covaxin. It
adds further evidence to the efficacy of Covishield by
demonstrating increased levels of antibodies against variants-
of-concern including delta and omicron and increased T cell
responses.

two doses of either Covaxin® at 4-week interval or
Covishield™ at 12-week interval per the prevailing
government norms. Allocation of participants to vaccine
arms was non-randomised and per participant-choice.
Participants in the Covaxin® arm were sampled at Day
0 (prior to first dose of vaccine), Day 28 (prior to second
dose of vaccine), Day 42, Day 84, month 6 and month 9.
Participants in the Covishield™ arm were sampled at
Day 0 (prior to the vaccine dose), Day 28, Day 84 (prior
to the second dose), Day 98, month 6 and month 9.
Participants were followed bi-monthly for symptoms of
COVID-like illness. The qualifying symptoms of
COVID:-like illness included fever (>38 °C) or cough or
sore throat or shortness of breath or anosmia/ageusia or
malaise or fatigue or vomiting or diarrhoea. The trial
was approved by the Institutional Ethics Committee
(BBH/IRB/2021/33, NCBS/IEC-27/01, inStem/IEC-23/
02, [IISERP-IHEC/Admin/2021/018, SIU/IEC/298,
KEMHRC/RVM/EC/1225, NCL-IHEC/SEP2021/001,
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SJRI-298/2021) at each site and registered at the Clinical
Trial Registry of India (CTRI) website (CTRI/2021/09/
036258).

Procedures

Binding antibodies against the trimeric spike protein
in all study participants were measured using the
LIAISON SARS-CoV-2 TrimericS IgG assay on the
DiaSorin platform per the manufacturer’s in-
structions. The assay measures between antibody
levels 4.81 and 2080 binding antibody units/ml (BAU/
ml). Samples with titres greater than 2080 BAU/ml
were auto-diluted 1:20 per the manufacturer in-
structions, providing an extended measuring interval
until 41600 BAU/ml. The assay cut-off of 33.8 BAU/
ml was used to determine seropositivity. In samples
with titre <33.8 BAU/ml, seroconversion was defined
as an increase in titre to >33.8 BAU/ml following
vaccination. In samples with titre >33.8 BAU/ml,
seroconversion was defined as at least 2-fold increase
in titre following vaccination. For values less than 33.8
BAU/ml, the assay is not sensitive to distinguish be-
tween seronegative and participants with lower anti-
body levels.

Binding antibodies against trimeric spike protein
of SARS CoV-2, nucleocapsid, receptor binding
domain (RBD) and N-terminal domain (NTD) were
measured using the MSD V-Plex SARS-CoV-2 Panel 1
(IgG) kit. Angiotensin converting enzyme 2 (ACE2)
inhibition activity was measured using the MSD V-
Plex SARS-CoV-2 Panel 13 (ACE2) and Panel 25
(ACE2) kits at a 1:50 dilution per the manufacturer’s
instructions.

Neutralising antibodies were measured in a micro-
neutralisation assay. Vero E6 cells were seeded at
10,000 cells per well in a 96-well tissue culture plate.
After 24 h, heat inactivated plasma samples were
diluted in DMEM supplemented with 2% FBS in a 2-
fold dilution series. The diluted plasma (75 pL) was
mixed with 75 puL of SARS-CoV-2 Italian INMI1 strain
(NR-52284, BEI resources; MOI = 0.01). This mixture
was incubated for 1 h in a humidified 37 °C incubator
supplemented with 5% CO,. The plasma-virus
mixture was then added to the cell monolayer and
incubated for 1 h in the incubator. The plasma-virus
mixture was removed from the cell monolayer, and
the cells were replenished with fresh media supple-
mented with 2% FBS and incubated for 48 h. Dupli-
cate wells containing cells only and cells with virus
diluent were included as controls. A previously titred
plasma sample was used as positive control in all the
assays. After 48 h of incubation. Microscopic images
are recorded using an inverted optical microscope and
Q-capture pro-7.0 software. Neutralisation titre was
defined as the highest dilution of plasma at which
there was complete rescue of virus-induced cytopathic

effects on the cell monolayer. Representative images
are shown in Supplementary Fig. S3a. Micro-
neutralisation assay was performed with institu-
tional biosafety clearances (TFR:NCBS:37IBSC2021/
RP, inStem/G-141(3)-20/CJ, inStem/G-141(3)-20/AK
and NCBS:37IBSC2021/VS1).

T cell responses were measured from frozen pe-
ripheral blood mononuclear cells previously isolated
from heparinised blood as per standard protocols.
Briefly, PBMCs were thawed, washed and resus-
pended in a 50 ml polypropylene tube and rested for
4 h in a 37 °C/5% CO, incubator. 1.5 million cells/
well were stimulated with 1 pg/ml of SARS-CoV-2 Prot
S Complete, or a mix of Prot N and Prot M at 1 pg/ml
each in a 37 °C/5% CO, incubator. Cells left unsti-
mulated or stimulated with PHA-P served as negative
and positive controls respectively for every sample. Co-
stimulatory antibodies (1 pg/ml each of anti-CD28 and
anti-CD49d) were included in all test conditions. After
2 h, Brefeldin A was added to all wells for a final
concentration of 5 pg/ml. Cells were incubated for an
additional 16 h. At the end of the stimulation period,
cells were washed and stained with a viability dye
(Live/dead fixable dye) for 10 min at room tempera-
ture, followed by incubation with a cocktail of surface
stain antibodies (anti-CD14 BV650, anti-CD16 BV650,
anti-CD20 BV650, anti-CD4 Alexa700 and anti-CD8
BV605) for 20 min at 4 °C. After washing, cells were
fixed, permeabilised and stained with a cocktail of
intracellular stain antibodies (anti-CD3 Cy7APC, anti-
IFNy BV421, anti-IL2 PE and anti-TNF BV785) for
20 min at 4 °C. After additional washes, cells were
fixed again and acquired on flow cytometer BD
LSRFortessa within 24 h. Data were analysed using
FlowJo 10.8.1. A control sample (treated similarly as
the test samples) was included in every run of the
assay. Paired samples from the same participant were
tested within the same run. Cytokine gates for flow
cytometry were set using the unstimulated controls
and maintained for a given run. A representative
gating strategy is shown in Supplementary Fig. S4a.
Antigen-specific frequencies were calculated by sub-
traction of background responses from the unstimu-
lated control of each sample. Assay limit of detection
was set to 0.002% based on inclusion criteria of
acquiring minimum 50,000 live CD4+ T cells in each
sample. Responses less than 0.002% were set to
0.002%.

Statistical analysis

For antibody analyses, within-group comparisons across
timepoints were tested using two-way ANOVA with
Tukey’s correction. Between-group comparisons after
each vaccine dose were tested using two-way ANOVA
with Sidak’s correction. Differences between pre-
vaccination and post-vaccination T cell responses were
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compared using Kruskal-Wallis test with Dunn’s
correction. All statistical analyses were performed with
GraphPad Prism 9.4.1. A p value less than 0.05 was
considered as statistically significant.

Role of the funding source

The funders had no role in writing of the manuscript or
the decision to submit for publication. No payments
have been received from any pharmaceutical agency for
writing this article. Authors were not precluded from
accessing the data and accept responsibility to submit
for publication.

Results

Study population

Between June 30, 2021 and Jan 28, 2022, we enrolled
691 participants in the age group 18-45 years across
four sites in urban and rural Bengaluru and Pune,
India. The four clinical sites recruited participants in a
staggered fashion and coincide with the different
waves of vaccination in India following the delta wave
when vaccines became widely available (Fig. 1). As per
the prevailing government norms, participants
received either two doses of Covaxin® (at 28 days
apart) or two doses of Covishield™ (at 3 months
apart). The omicron wave in early 2022 overlapped
with the second dose of vaccine at two clinical sites
and with both doses at one clinical site. A total of 16
vaccine-unrelated serious adverse events were
observed. Participants were sampled at six timepoints
for antibody analyses and at four timepoints for
cellular analyses. The vaccine groups were subdivided
as seronegative or seropositive at baseline, based on
the binding antibody titres against the trimeric spike
protein (using a globally comparable and standardised
test, the Diasorin TrimericS IgG). The clinical sites
used a combination of unbiased enrollment and pre-
screening for anti-spike and/or anti-nucleocapsid an-
tibodies to achieve enough participants within each
serostatus. The 506 participants who received the
second dose of vaccine on day 28-30 for Covaxin® or
day 84-91 for Covishield™, completed all visits until 2
weeks post the second dose of vaccine and did not
have symptomatic real-time PCR (rtPCR)-confirmed
SARS-CoV-2 infection at least until 2 weeks post the
second dose of vaccine, formed the per-protocol pop-
ulation (Table 1). The four study groups, classified
based on baseline serostatus and vaccine received,
were similar for age and gender across the full cohort
(p = 0.7534 and 0.8931 respectively) as well as within
each cohort (Table 1). The numbers of participants
with prior SARS-CoV-2 infections (RTPCR confirmed)
were small in each cohort (24 in BBH, 7 in KEMHRC,
0 in SUHRC and 7 in SJRI) and did not vary statisti-
cally significantly between the study groups within
each cohort (p > 0.05, Table 1).

www.thelancet.com Vol 22 March, 2024

Seroconversion rates following vaccination in the
per-protocol population

Following vaccination, each dose of vaccine led to a
statistically significant increase in the magnitude of anti-
spike antibodies over baseline in both seronegative in-
dividuals and seropositive individuals (Fig. 2a,
Supplementary Table S2), as measured using the Dia-
Sorin TrimericS assay platform.”” At all the timepoints
tested, geometric mean titres (GMTs) in the Covish-
ield™ arm were higher than in the Covaxin® arm. We
therefore compared seroconversion rates between the
Covaxin® and Covishield™ arms, within each baseline
serostatus group. Seroconversion was defined as change
in titre from <33.8 BAU/ml (manufacturer-specified
assay cut off for seropositivity) to >33.8 BAU/ml or an
increase in titre by at least 2-fold if pre-vaccine titre was
already >33.8 BAU/ml.

In the baseline seronegative population, seroconver-
sion rates in the Covaxin® arm following the first and
second doses of vaccine were 36.6% and 74.4%,
respectively (p < 0.0001) (Fig. 2b, Table 2,
Supplementary Table S2 and Supplementary Fig. S1).
Of 36.6% participants who responded to the first dose of
Covaxin®, only 14.6% responded additionally to the
second dose. Also, 37.8% participants did not show
significant immune responses after the first dose and
seroconversion occurred only after the second dose.
Furthermore, 25.6% participants classified as non-
responders appeared to show detectable antibody re-
sponses after the second dose but did not cross the
seropositivity cut-off of the assay. In the seronegative
Covishield™ arm, seropositivity rates were 93.2%, and
98.3% following the first and second doses respectively
(p < 0.0001). The differences in seroconversion rates
between the two vaccines in seronegative individuals
were significant in the overall cohort both after the first
and second dose (p < 0.0001) and in two of the four
clinical sites after the second dose (Supplementary
Table S2; see also Fig. 4).

In the baseline seropositive group, Covaxin®
administration led to an increase in antibody titre by at
least 2-fold over baseline in 51.8% and 66.9% partici-
pants, following the first dose and second dose respec-
tively (p < 0.0001, Table 2, Supplementary Table S2).
Among the 51.8% first-dose responders, only 11.5%
participants also additionally responded to the second
dose of vaccine while the other 40.3% participants did
not show a further increase in titres after the second
dose of vaccine. Also, 10.8% participants responded only
to the second dose of vaccine and 37.4% participants did
not respond to either dose (Fig. 2b and Supplementary
Fig. Sla). In the Covishield™ group, antibody titres
increased at least 2-fold over baseline in 95.2%, and
91.7% participants after the first and second doses
respectively (p < 0.0001, Supplementary Table S2).
Furthermore, 10.1% participants responded to both
vaccine doses, 85.1% participants responded only to the
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Fig. 1: Participant recruitment and vaccination schedule in the context of delta and omicron waves and vaccination status in the
country. (a) Recruitment schedules across the sites. Horizontal coloured lines show the time span during which the first and second doses of
vaccine were administered in each site. Solid lines represent the first and second dose of Covaxin® and dotted lines represent the first and
second dose of Covishield™. (b) Participant recruitment and follow-up in each of the cohorts. BBH: Bangalore Baptist Hospital, KEM: King
Edward Memorial Hospital Research Center, SUHRC: Symbiosis University Hospital and Research Center, SJRI: St. John's Research Institute.
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Seronegative Seropositive p-value
Covaxin Covishield Covaxin Covishield
N

Overall 82 117 139 168

BBHHRC 25 50 43 56

KEM 37 28 55 56

SUHRC 9 18 28 30

SIRI 11 21 13 26

Age, years
Overall 30 30 30 30 0.7534
BBH 33 (24.0-37.5) 35 (26.0-38.0) 33 (25.0-41.0) 31 (27.0-37.5) 07716
KEMHRC 30 (23.0-36.5) 27 (23.0-33.0) 29 (25.0-34.0) 29 (24.0-35.0) 0.6167
SUHRC 30 (25.0-35.0) 26 (21.8-33.0 28 (24.0-35.8) 29 (23.8-36.3) 0.4139
SIRI 28 (19.0-31.0) 30 (22.5-34.0 30 (18.5-36.5) 26 (19.8-35.3) 0.6385
Sex

Men 45 (54.9%) 61 (52.1%) 70 (50.4%) 84 (50.0%)

Women 37 (45.1%) 56 (47.9%) 69 (49.6%) 84 (50.0%) 0.8931
Prior Covid Infection

Overall

BBH 0 (0%) 0 (0%) 13 (30.2%) 11 (19.6%) 0.2451°

KEMHRC 1 (2.7%) 0 (0%) 6 (10.9%) 1 (1.8%) 0.0606°

SUHRC 0 (0%) 0 (0%) 0 (0%) 0 (0%)

SIRI 0 (0%) 0 (0%) 3 (23.1%) 4 (15.4%) 0.6664°
Data are median with interquartile range or n (%). Differences in age and gender were compared using one-way ANOVA and chi-squared test respectively. “Differences in
numbers of participants with prior Covid infection were compared between the seropositive Covaxin® and Covishield™ groups using Fisher’s exact test. BBH: Bangalore
Baptist Hospital, KEM: King Edward Memorial Hospital Research Center, SUHRC: Symbiosis University Hospital and Research Center, SJRI: St. John's Research Institute.
Related to Fig. 1.

Table 1: Demographic characteristics of the per-protocol population.

first dose and 4.8% did not respond to either dose. The
differences in seroconversion rates between the two
vaccines after the first and second doses were statisti-
cally significant in the overall cohort (p < 0.0001). In
both vaccine arms, non-responsiveness to vaccination
was associated with higher pre-vaccination antibody
titres (Supplementary Fig. S1b).

Though trends in vaccine-wise and serostatus-wise
immunogenicity outcomes remained the same within
each of the four cohorts, the magnitude of differences
between study arms were impacted by the recruitment
period of the cohorts (Fig. 1a). Notably, the two co-
horts with significant differences in seroconversion
rates between the vaccines had sampled participants
in the Covaxin® arm prior to the omicron wave, while
the other two cohorts with higher seroconversion rates
for Covaxin® had dosed and/or sampled the Covaxin®
arm during the omicron wave. The trends in differ-
ences in cohort-wise immunogenicity between the two
vaccines in seropositive individuals was similar to that
of the seronegative individuals. Cohorts that were
vaccinated and sampled soon after the delta wave had
lower seroconversion rates for Covaxin® than for
Covishield™. Cohorts that were vaccinated and
sampled overlapping the omicron wave displayed
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comparable immunogenicity between the two vaccines
(Supplementary Table S2; Supplementary Fig. S2).

Magnitude of anti-spike antibodies following
vaccination in the per-protocol population

The GMT in the seronegative Covaxin® group increased
from 8.4 BAU/ml at baseline to 19.2 BAU/ml and 75.4
BAU/ml following the first dose and second doses,
respectively (Fig. 2c¢, Table 2 and Supplementary
Table S2). In the seronegative Covishield™ group, ti-
tres increased from 7.9 BAU/ml to 354.3 BAU/ml and
1272.1 BAU/ml following the first and second doses,
respectively (p < 0.0001 after both doses). The GMTs in
the Covishield™ arm were higher than in the Covaxin®
arm at both time points and the difference was statis-
tically significant (p < 0.0001).

The GMT in the seropositive Covaxin® group
increased from 175.4 BAU/ml to 398.2 BAU/ml and
585.7 BAU/ml following the first dose and second doses
of vaccine respectively (p = 0.0037 and <0.0001, Fig. 2c).
In the seropositive Covishield™ arm, GMT increased
from 158.21 BAU/ml to 3569.69 BAU/ml and 2089.07
BAU/ml following the first dose and second doses of
vaccine respectively (p < 0.0001). Despite waning of
antibody titres between weeks 4 and 12, a second dose of
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Fig. 2: Antibody responses following vaccination in the per-protocol population from all cohorts. Antibody responses against ancestral
spike protein were measured on the Diasorin TrimericS platform in the per-protocol population across the full cohort. Participants were
classified as either seronegative (n = 82 for Covaxin®, open red circles; 117 for Covishield™, open blue squares) or seropositive (n = 139 for
Covaxin®, filled red circles; 168 for Covishield™, filled blue squares) at baseline using the assay cut-off of 33.8 BAU/ml (horizontal dotted line).
(a) Data are shown as geometric mean + 95% Cl. Within-group comparisons to the baseline were assessed using a two-way ANOVA with
Tukey's correction for multiple comparisons. (b) Bar graphs show seroconversion rates. Seroconversion was defined as change from <33.8 to
>33.8 for those with titres <33.8 BAU/m prior to the vaccine dose. For those with titres >33.8 BAU/m, seroconversion was defined as increase
in titre by at least 2-fold following the vaccine administration. (c) Between group comparisons after each vaccine dose were made using two-
ANOVA with Sidak’s correction. (d) Neutralizing responses were measured as inhibition of cytopathic effects by Italian strain INMI1 on VeroE6
cells in a microneutralization assay (see Supplementary Fig. S3a). Participants were classified as either seronegative or seropositive using a cut-
off of 33.8 BAU/ml for ancestral spike binding on the TrimericS platform. Samples from baseline and 2-weeks post the second dose of vaccine
were tested. The corresponding antibody trajectories for the matched samples are shown in Supplementary Fig. S3c and d. Statistical com-
parisons were made using two-way ANOVA with Sidak’s correction. For all statistical analyses, p-values >0.05 are denoted as ns (not statistically
significant).

Covishield™ at week 12 did not restore the antibody Considering the pre-vaccination titres in the sero-
levels seen after the first dose of vaccine. After each  positive group as a reference for convalescent titres,
dose, the difference in titres between the vaccines was ~ GMT after first and second dose of Covishield™ in
found to be statistically significant dose (p < 0.0001). seronegative individuals were 2.1-fold and 7.6-fold
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Fig. 2: (continued).

higher respectively, whereas two doses of Covaxin® in
seronegative individuals remained 2.2-fold lower than
that of the convalescents.

Magnitude of anti-spike antibodies within each
cohort

In the seronegative Covaxin® arm, there was a trend
towards increasing post-vaccine antibody titres in the
cohorts that started recruitment later and overlapped
with the omicron wave. However, the inter-cohort
differences in the GMTs were not statistically
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significant, likely due to insufficient sample size in
some of the cohorts (Supplementary Fig. S2).

In the seronegative Covishield™ arm, there were
minor but statistically significant differences in the
baseline titres, suggesting that some of the participants
who were classified as seronegative by the TrimericS
platform may have been previously exposed and anti-
body levels may have waned off at the time of recruit-
ment. Nevertheless, all cohorts reached similar titres
after the first dose. Statistically significant differences
again arose at week 12 due to differential antibody
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Seronegative p-value Seropositive p-value
Covaxin Covishield Covaxin Covishield
Seroconversion rate
4 weeks after first dose
Overall 36.6% 93.2% <0.0001 51.8% 95.2% <0.0001
BBH 20.0% 92.0% <0.0001 37.2% 92.9% <0.0001
KEMHRC 35.1% 96.4% <0.0001 50.9% 100.0% <0.0001
SUHRC 22.2% 100.0% <0.0001 67.9% 100.0% 0.0006
SIRI 90.9% 85.7% >0.9999 69.2% 84.6% 0.4023
2 weeks after second dose
Overall 74.4% 98.3% <0.0001 66.9% 91.7% <0.0001
BBH 52.0% 96.0% <0.0001 60.5% 87.5% 0.0039
KEMHRC 75.7% 100.0% 0.0077 63.6% 94.6% <0.0001
SUHRC 100.0% 100.0% >0.9999 78.6% 100.0% 0.0093
SIRI 100.0% 100.0% >0.9999 76.9% 84.6% 0.6664
GMT
Baseline
Overall 8.4 (7.2-9.7) 7.9 (6.9-8.9) 0.9885 175.4 (144.8-212.5) 158.2 (135.8-184.3) 0.4040
BBH 7.2 (5.7-9.1) 5.7 (5.0-6.5) 0.3810 230.7 (164.5-323.5) 233.4 (177.5-307.0) 0.9979
KEMHRC 8.7 (6.8-11.0) 7.9 (5.9-10.7) 0.9987 197.3 (142.9-272.6) 110.9 (89.3-137.7) 0.0022
SUHRC 8.4 (4.4-16.0) 14.6 (10.6-20.1) 0.5450 89.1 (64.0-124.0) 133.0 (96.8-182.7) 0.9649
SR 10.5 (6.8-16.3) 9.9 (7.0-13.9) 0.9994 185.6 (91.5-376.7) 179.8 (110.7-292.0) 0.9996
4 weeks after first dose
Overall 19.2 (13.4-27.4) 354.3 (265.7-472.5) <0.0001 398.2 (338.6-468.3) 3569.7 (3148.7-4046.9) <0.0001
BBH 11.1 (6.5-19.1) 224.4 (148.3-339.5) 0.0014 368.6 (288.3-4713) 3719.1 (2903.6-4763.8) <0.0001
KEMHRC 17.8 (10.2-31.0) 415.4 (237.0-727.9) 0.0138 439.3 (334.3-577.3) 4479.9 (3765.8-5329.2) <0.0001
SUHRC 12.7 (4.5-36.1) 917.5 (453.4-1856.8) 0.0061 232.5 (181.1-298.6) 2641.1 (2066.2-3376.0) <0.0001
SR 119.5 (57.4-248.7) 376.4 (166.3-851.7) 0.0590 1081.8 (563.1-2078.1) 2836.7 (1915.8-4200.2) 0.2516
2 weeks after second dose
Overall 75.4 (55.6-102.3) 1272.1 (1061.4-1524.7) <0.0001 585.7 (511.3-670.9) 2089.07 (2313.8-1886.2) <0.0001
BBH 33.6 (19.0-59.4) 1085.6 (762.4-1545.8) <0.0001 586.5 (476.5-722.0) 2128.4 (1714.1-2642.8) <0.0001
KEMHRC 80.3 (51.6-125.1) 1369.1 (1028.7-1822.3) <0.0001 602.9 (478.9-758.9) 2051.0 (1742.3-2414.4) <0.0001
SUHRC 144.5 (94.2-221.7) 1517.6 (1001.5-2299.5) 0.0002 389.8 (295.0-515.1) 2136.2 (1716.3-2658.8) <0.0001
SR 224.2 (110.8-453.5) 1446.4 (1068.9-1957.2) <0.0001 1240.0 (798.8-1924.9) 2035.0 (1602.7-2583.9) 0.2838
Neutralization: GMT
Baseline
BBH 8.8 (6.4-12.2) 8.4 (6.0-11.7) >0.9999 123 (66.7-226.8) 161.8 (76.3-342.9) 0.8967
2 weeks after second dose
BBH 40.1 (16.1-100.0) 241.6 (97.4-599.2) 0.0802 310.6 (187.9-513.2) 563.2 (243.6-1302) 0.0146

Data are either percentages or geometric mean (GMT) and 95% confidence intervals. Comparisons of seroconversion rates were made using Fisher’s exact test. Differences in GMTs in the overall cohort
across time between the two vaccines were assessed by two-way ANOVA with Sidak’s correction for multiple comparisons. BBH: Bangalore Baptist Hospital, KEM: King Edward Memorial Hospital Research
Center, SUHRC: Symbiosis University Hospital and Research Center, SJRI: St. John's Research Institute. Related to Fig. 2.

Table 2: Vaccine-elicited antibody responses in the per-protocol population.

10

kinetics across cohorts. At week 12, the BBH cohort that
was sampled prior to the omicron wave had the lowest
titre at 90.5 BAU/ml, KEMHRC and SUHRC cohorts
that received the second dose and were sampled during
the omicron wave were intermediate at 366.5 and 611.2
BAU/ml and the SJRI cohort that was positively
impacted by the Omicron wave during and between the
first and second doses had the highest titre at 1522.1
BAU/ml. The SJRI cohort with first dose vaccination
during the omicron wave showed increase in antibody

titres between weeks 4 and 12, whereas the other three
cohorts showed stable or declining titres. These differ-
ences in week 12 were nullified at week 14 due to the
second dose of vaccine, with all cohorts reaching similar
antibody titres irrespective of their exposure to infection
and/or vaccination.

In the seropositive Covaxin® group, between-cohort
differences in titres were in the 2.4-2.6 fold range,
some of which were significant. In the seropositive
Covishield™ group, the baseline titres showed
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statistically significant variation across cohorts but nor-
malised after the first dose of vaccination. The differ-
ences among the cohorts in exposure to the omicron
wave was not manifested in the antibody responses in
the seropositive Covishield™ group.

We also measured neutralising antibodies using the
authentic SARS-CoV-2 virus at baseline and at two
weeks post second dose of vaccine. We compared
baseline neutralising antibody titres in a subset of par-
ticipants from one BBH cohort and their matched anti-
spike binding antibody titres and ACE2 inhibition in the
two vaccine arms. The neutralisation titres measured in
the assay correlated significantly (p < 0.0001) with the
TrimericS anti-spike IgG and with anti-spike IgG and
ACE2 inhibition against wild-type and delta strains
measured using the MSD platform (Supplementary
Fig. S3b). Covishield™ elicited significant levels of
neutralising antibodies in both seronegative individuals
(GMT 8.4 to 241.6; p = 0.0085) and seropositive in-
dividuals (GMT 161.8 to 563.2; p = 0.0263). However,
Covaxin® failed to elicit statistically significant increases
in GMT in the Covaxin® group, although the GMT
increased from 8.8 to 40.1 in seronegative individuals
and 123.0 to 310.6 in seropositive individuals (Fig. 2d).
The spike-binding antibody titers (TrimericS) and anti-
spike and anti-nucleocapsid IgG levels (MSD) at base-
line and post vaccination in matched seronegative and
seropositive individuals from each vaccine arm has been
shown in Supplementary Fig. S3b and c.

T cell responses following vaccination

Across all vaccine platforms against SARS-CoV-2, spike-
specific antibodies wane considerably over a six-month
period, and it has been proposed that adaptive im-
mune memory, especially T cells, might be sufficient to
ward off symptomatic infection and severe disease. We
therefore measured the frequency of spike-specific CD4
and CD8 T cell responses at baseline and at 2 weeks post
second vaccine dose in a subset of participants from the
earliest recruited cohort (BBH). Supplementary Fig. S4
shows representative gating strategy for viable
responding CD4 and CD8 cells, intracellular cytokine
staining in the presence and absence of specific peptides
and antibody trajectories for samples included in the
intracellular cytokine staining (ICS) assay. In concor-
dance with the spike antibody-based (TrimericS) classi-
fication of participants into seronegative and
seropositive individuals at baseline, the frequencies of
cytokine-positive CD4 T cells against the ancestral spike
peptide pool in the baseline seropositive group were
significantly higher (p < 0.01) compared to the sero-
negative group (Supplementary Fig. S5). However,
neither total CD4 nor CD8 T cell responses against a
pool of nucleocapsid and matrix peptides nor the fre-
quencies of cytokine-positive CD8 T cells against the
spike protein were statistically significant between
seronegative and seropositive individuals at baseline
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(Supplementary Fig. S5a). The frequency of spike-
specific IFNy, IL2 and TNF-producing CD4 T cells
were significantly enhanced in baseline seropositive
compared to seronegative individuals. Notably, the fre-
quency of spike-specific and nucleocapsid-specific IL2-
producing CD4 T cells positively correlated (with the
magnitude of their respective -binding antibodies at
baseline (Supplementary Fig. S5b and c)).

In seronegative individuals, both Covaxin® and Cov-
ishield™ led to an increase in median spike-specific
cytokine-positive CD4 T cells following vaccination
(0.0029—-0.01% and 0.005%—0.07% respectively, Fig. 3a),
though the fold change was statistically significant only in
the Covishield™ arm (p = 0.0022). Given the lower
seroconversion rate in the seronegative Covaxin® arm,
we split this group further based on both TrimericS and
MSD data as antibody-responders vs non-responders
(Supplementary Fig. S6). As expected, significant spike-
specific CD4 T cells were observed in the Covaxin®
antibody responder group (0.002%-0.024%, p < 0.05)
(Supplementary Fig. S6a and b). The spike-specific CD8
T cell responses were only detected in the Covishield™
arm (0.002%-0.035%, p < 0.05) but not in the Covaxin®
arm (Fig. 3a). When analysed for individual cytokines,
Covishield™ elicited significant [FNy, IL2 and TNF re-
sponses in CD4 T cells, whereas Covaxin® elicited 112
and TNF responses, however these did not reach statis-
tical significance. Despite elicitation of nucleocapsid an-
tibodies by Covaxin®, we did not detect a significant
expansion of the CD4 T cells against the N + M peptide
pool (Supplementary Fig. S6c).

In seropositive individuals, we did not detect a
statistically significant increase in the frequency of
spike-specific cytokine-positive CD4 or CD8 T cells
with either vaccine (Fig. 3b). In both vaccine arms,
there was a trend for group medians of cytokine-
producing T cells in antibody non-responders to
decrease following vaccination and in responders to
either marginally increase or remain stable
(Supplementary Figs. S7a and b). However, when the
cytokines were analysed individually, there appeared
to be a trend for spike-specific CD8 T cell responses to
increase after vaccination in the seropositive Covish-
ield™ arm (Supplementary Fig. S7c).

Impact of the omicron wave on binding antibody
responses

Due to exposure of the Indian population to the omicron
wave, durability of vaccine-elicited responses in the
study participants could not be assessed as asymptom-
atic infection may have affected the quantity and quality
of immune responses. However, in the earliest cohort
(BBH), data from participants free of symptoms (based
on follow-up for clinical signs), but presumably infected
asymptomatically (based on rise in nucleocapsid titers)
available from baseline until 6 months post first-dose of
vaccine. Despite low peak antibody responses at week 6,
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Fig. 3: Vaccine-induced T cell responses. Frequency of spike-specific CD4 or CD8 T cells expressing at least one cytokine amongst IFNy, IL2 and
TNF in response to stimulation with either spike peptide pool, mixture of nucleocapsid and matrix peptide pools or PHA, following vaccination
in (a) Seronegative Covaxin® (red) or Covishield™ (blue) (b) Seropositive Covaxin® (red) or Covishield™ (blue). Frequencies are shown after
background subtraction from the unstimulated control. Differences between pre- and post-vaccination responses were compared using Kruskal-
Wallis test with Dunn’s correction. p-values >0.05 are denoted as ns (not statistically significant).

the seronegative Covaxin® group showed stable anti-
body responses until week 12 and week 25, hovering
around the seropositivity cut-off at 33.8 BAU/ml
(Table 3 and Fig. 4a). Similar trends were observed
when samples were tested on the MSD platform with a
higher dynamic range. Notably, week 25 was sampled
during the omicron wave in January 2022 and partici-
pants may have been variably sampled either prior to or

after asymptomatic omicron infection. In support of
this, the individual spike and nucleocapsid antibody
trajectories between weeks 12 and 40 suggest that
almost all participants in the seronegative Covaxin®
group might have asymptomatic SARS-CoV-2 infections
during this period. Though Covaxin® administration led
to increase in both spike and nucleocapsid antibodies at
weeks 4 and 6, the increase in titre at week 40 was much
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Fig. 3: (continued).

higher. This suggests that both spike and nucleocapsid
antibodies were sub-optimally induced by the Covaxin®
formulation. The seronegative Covishield™ group was
predominantly sampled during December 2021, several
days before the omicron wave was recorded in India,
and therefore it is not clear if the 4.1-fold decline in
antibody titres between the peak antibody response at
week 14 and week 25 is truly reflective of antibody
waning. Like the Covaxin® arm, titres increased 3.8-fold
between week 25 and week 40 in the seronegative
Covishield™ arm.
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Sampling in the seropositive groups of the BBH
cohort followed the same vaccine-wise trend as in the
seronegative group (Fig. 4b). Between weeks 6, and 25,
titres declined by 2.4-fold in the seropositive Covaxin®
group (Table 3). In comparison to the 4.1-fold decline in
the seronegative Covishield™ arm, the seropositive
Covishield™ arm only showed a 2.1-fold decline in
antibody levels between weeks 14 and 25. At week 40,
most participants in the seropositive Covishield™ arm
had increased nucleocapsid antibodies, with a >10-fold
increase in GMT, suggesting a possibility of
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Fig. 4: Durability and breadth of antibody responses following vaccination and exposure to the omicron wave. Durability of antibody responses
against spike protein (both Diasorin TrimericS and MSD platforms) and nucleocapsid protein (MSD) are shown for each cohort as geometric
mean + 95% Cl for (a) seronegative and (b) seropositive individuals. Inhibition of ACE2 binding to the indicated spike proteins is shown as medians
with interquartile range for (c) seronegative and (d) seropositive individuals. Trajectories for individual participants are shown as thin background lines.
Horizontal bars (red-Covaxin®, blue-Covishield™) within each graph show timepoints in which sampling was performed during the Omicron wave.
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Weeks BBH KEMHRC SUHRC SJRI
Covaxin Covishield Covaxin Covishield Covaxin Covishield Covaxin Covishield
N GMT N GMT N GMT N  GMT N  GMT N GMT N GMT N  GMT

Seronegative
TrimericS: Anti-spike IgG, BAU/ml

0 25 72 50 57 37 86 28 79 9 84 18 14.6 1 105 21 99
4 25 111 50 2244 37 17.8 28 4154 9 12.7 18 9175 11 1195 21 376.4
6 25 336 37 803 9 144.5 11 2242
12 24 30.6 50 905 37 102.8 28 366.5 9 499.9 18 6112 11 1483 21 15221
14 50 1085.6 28 1369.1 18 15175 21 14464
25 23 431 49 264.4 37 4504 28 10817 9 820 17 11855 9 85.8 19 9462
40 19 4035 41 10194 36 259.6 28 5115 8 350.5 18 779.8
MSD: Anti-spike 1gG, BAU/ml
0 20 2318 46 2295 20 5043 19 2442 4 179.9 7 457.3 7 505.4 12 470.9
20 6457 46 15719.1 20 24745 19 23987.6 4 859.8 7 21749.1 7 6537.0 12 287716
6 20 4008.4 20 8590.5 4 11,003 7 16571.9 12 69260.7
12 20 3539.6 46 77337 20 16089.4 19 23247.0 4 67486.9 7 70438.9 12 93220.5
14 46 103864.0 19 1176215 7 136459.4 7 11335.9
25 20 43271 43 306273 20 71654.4 19 986695 4 100948.6 7 91441.2 6 6962.5 12 921359
40 17 50642.8 37 1251994 15 451621 15 53587.8 4 571847 7  69839.1
MSD: Anti-nucleocapsid IgG, BAU/ml
0 20 6859 46  409.1 20 683.6 19 3284 4 654.8 7 373.9 7 5334 12 7991
20 4962.1 46 445.4 20 28277 19 3637 4 3359.6 7 4125 7 19084.7 12 991.0
6 20 4498.2 20 20822.6 4 8126.7 7 522941 12
12 20 24322 46 4582 20 281887 19 616.7 4 67414.5 7 3327.9 25723.8 12 105713
14 46 980.9 19 18353 7 135978 7 11352.9
25 20 38535 43  654.2 20 106659.6 19 8861.8 4 71633.5 7 10466.8 6 8124.3 12 148989
40 17 1339153 37 13869.8 15 489486 15 7749.9 4 310688 7 13949.2
Seropositives
TrimericS: Anti-spike 1gG, BAU/ml
0 43 230.7 56 2334 55 1973 56 1109 28 89.1 30 133 13 1856 26 179.8
4 43 368.6 56 3719.1 55 4393 56 4479.8 28 2325 30 26411 13 1081.8 26 28367
6 43 586.5 55 602.8 28 389.8 13 1240.0
12 43 3117 56 17776 55 5271 56 18375 26 506.9 30 16347 13 7899 26 19885
14 56 21283 56 2051.0 30 21362 26 2035.0
25 40 239.6 56 1000.6 55 806.6 55 1687.1 22 10523 26 1796.2 12 399.8 26  1997.0
40 31 5311 52 1125 52 673.4 53 1246.4 25 606.8 25 1556.9
MSD: Anti-spike 1gG, BAU/ml
0 48 22886.6 61 324255 47 16785.1 30 96173 9 16330.5 24 10,669 29 120735 24 11858.0
48 33108.8 61 329560.1 47 30914.7 30 2184766 9 19505.9 24 2905657 29 99866.4 24 165810.6
6 48 781093 47 391055 9 253942 29 101417.9
12 47 388792 61 159959.9 47 499128 29 1408451 9 63,985 24 1021874 29 726787 24 146550.6
14 61 196292.6 30 170945.6 24 1593281 24 153350.7
25 43 322655 61 99022.4 47 96214.8 29 1216624 8 88284.3 23 147,542 26  40078.7 24 1242532
40 29 68808.4 55 1440082 30 55083.3 24 130229.7 9 55013.1 24 123932.2
MSD: Anti-nucleocapsid IgG, BAU/ml
0 48 208134 61 25779.4 47 10870.6 30 41864 9 12966.5 24 82353 29 9686.8 24 8556.6
48 211207 61 105505 47 291469 30 33770 9 153773 24 81522 29 2945819 24 3990.0
6 48 102266.4 47  46651.2 9 19122.9 29 251790.9
12 47 35307.8 61 9176.0 47 567224 29 5786.9 9 516973 24 91247 29 124433.6 24 33996.8
14 61 8495.0 30 144785 24 24892.6 24 241413
25 43 34701.8 61 5681.1 47 1019820 29 21519.7 8 32809.3 23 34,990 26 448573 24 151817
40 29 901175 55 711635 30 43713.9 24 256989 9 194047 24 419138

Data are shown as N and geometric mean titers. BBH: Bangalore Baptist Hospital, KEM: King Edward Memorial Hospital Research Center, SUHRC: Symbiosis University Hospital and Research Center, SJRI: St.
John's Research Institute. Related to Fig. 4a and b.

Table 3: Antibody titers in all cohorts across all study timepoints.
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asymptomatic omicron infection. However, a corre-
sponding increase in the spike antibody titres was not
observed. It is likely that spike antibodies may have
waned faster than nucleocapsid antibodies between
weeks 25 and 40 or that omicron-specific spike anti-
bodies elicited during the wave were not detected using
the spike protein against the WT strain.

In the KEMHRC cohort, the omicron wave hit be-
tween weeks 11 and 15. Parallelly, the anti-nucleocapsid
titres increased between weeks 12, 14 and 25. At the
post-omicron sampling point at week 25, spike antibody
levels were similar in Covaxin® and Covishield™ arms
in both the serogroups. Between weeks 25 and week 40,
the decline in spike antibody titres were low and addi-
tional sampling will be needed to address comparison
between vaccines.

In the SUHRC cohort, the omicron wave occurred
between weeks 11 and 15. As KEMHRC cohort was
exposed to omicron wave around similar time frames,
the preliminary results suggest the trends in anti-spike
responses to be similar for SUHRC and KEMHRC co-
horts. In the SJRI cohort, the omicron wave hit during
the primary vaccination period and manifested as
higher post-vaccination anti-spike as well as anti-
nucleocapsid antibody titres than other cohorts in the
Covaxin® arm. In both seronegative individuals and
seropositive individuals, antibody decline by week 25
appeared to be faster in the Covaxin® arm than in the
Covishield™ arm. However, a direct comparison of the
vaccine-specific antibody decay rates could not be made
due to the differences in the time between vaccination,
sampling, and infection.

Breadth of antibody responses against SARS-CoV-2
variants of concern (VoCs)

We next used the ACE2 inhibition assay on the MSD
platform to measure surrogate neutralisation against the
major SARS-CoV-2 lineages and sub-lineages at all
timepoints.

In seronegative individuals, vaccination with Cov-
ishield™ consistently elicited higher ACE2 inhibition
activity than Covaxin® against wild-type (WT) and delta
variant spike proteins in both the BBH and KEMHRC
cohorts (Fig. 4c; Table 4). Neither vaccine elicited
omicron-specific antibodies. The omicron wave was
associated with increased activity against WT, delta, and
BA.1 in the BBH cohort at weeks 25-40, though vaccine-
specific differences cannot be assessed due to differ-
ences in the timing of exposure and sampling. The
omicron wave elicited higher responses against WT and
delta than against BA.1. Similar trends were observed in
the KEMHRC cohort that was exposed to the omicron
variant at a much earlier time post-vaccination than the
BBH cohort. Interestingly, in the SJRI cohort, where
participants were co-exposed to WT strain by vaccination
and the omicron strain through infection, stronger re-
sponses were elicited against WT than against omicron

www.thelancet.com Vol 22 March, 2024

variant. Unlike the sparse sampling in the BBH and
KEMHRC cohorts, the SJRI cohort was sampled very
closely during the omicron wave, but still did not detect
strong omicron responses. This suggests that the omi-
cron spike protein in asymptomatic infection may not
be as immunogenic as WT, though this needs to be
confirmed by measurement of mucosal immune
responses.

In seropositive individuals, Covishield™ vaccination
elicited strong and near-saturation levels of antibodies
against both WT and delta variant spike proteins in all
three cohorts (Fig. 4d; Table 4). Interestingly, a single
dose of Covishield™ elicited relatively strong omicron-
specific responses in seropositive individuals. Howev-
er, a second dose of Covishield™ did not increase re-
sponses and the median activity remained lower than
after the first dose. Vaccination with Covaxin® increased
activity against WT and delta variant but not against
omicron variant. At week 4, omicron-specific responses
were higher in the infection plus vaccination SJRI
cohort than in the breakthrough-infection cohorts of
BBH and KEMHRC. Correspondingly, omicron-specific
responses waned slower in the SJRI cohort than in the
BBH and KEMHRC cohorts.

Overall, the breadth and potency of responses against
SARS-CoV-2 VoCs was higher with Covishield™ than
with Covaxin®, and in seropositive individuals than in
seronegative individuals.

Discussion

In a longitudinal study that includes pre-vaccination
baselines, we compared the immune responses eli-
cited by the two main SARS-CoV-2 vaccines utilised in
India. The comparison was designed to explore
vaccination-induced immune responses in both sero-
negative and seropositive participants. In general, the
data show that Covishield™ elicited immune responses
of higher magnitude than Covaxin®. This is supported
by four lines of evidence as described below. First, in
seronegative participants, the adenovirus vectored vac-
cine, Covishield™, elicited near-complete seroconver-
sion rates between 98.3 and 100%. Seroconversion for
Covaxin® was more variable, reaching >90% only in
cohorts that were vaccinated and therefore had samples
collected closer to the omicron wave (the SUHRC and
SJRI cohorts). Seroconversion for Covaxin® in the pre-
omicron cohorts (52.0% and 75.7% for BBH and
KEMHRC cohorts, respectively) was much lower than
rates reported from the phase 2 trial.”® This difference
may be due to the method of testing for antibodies. Our
study measured seroconversion using a binding anti-
body assay based on stabilized spike trimer protein
(DiaSorin TrimericS). This assay is reported to be se-
lective for neutralizing rather than non-neutralizing
antibodies whereas the phase 2 trial utilized in-house
assays which have not been validated. Similar to
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Weeks BBH KEMHRC SUHRC SJRI
Covaxin Covishield Covaxin Covishield Covaxin Covishield Covaxin Covishield
N Median N Median N Median N Median N Median N Median N Median N Median

Seronegative

WT Spike, % inhibition
0 20 4.2 46 1.6 20 15 19 4.1 4 2 7 4.6 7 31 12 85
4 20 0.0 46 21.4 20 5.6 19 21.8 4 1 7 14.7 7 11.2 12 31.6
6 20 12.0 20 18.9 4 15.7 7 17.9
12 20 4.0 46 8.4 20 11.2 19 20.5 4 67.9 7 72.7 7 12.2 12 85.7
14 46 60.2 19 650 7 92.4 12 797
25 20 3.7 43 28.8 20 449 19 67.0 193 7 65.3 6 5.9 12 51.6
40 17 302 37 775 15 267 15 397 57.9 7 82.2

Delta AY.4 Spike, % inhibition
0 20 1.0 46 0.0 20 0.0 19 25 4 0 7 09 7 0.0 12 3.4
4 20 0.0 46 11.9 20 51 19 12.8 4 0 7 123 7 8.4 12 17.5
6 20 104 20 8.1 4 2.6 7 11.4
12 20 0.0 46 53 20 9.9 19 9.3 4 54.1 7 511 7 9.6 12 63.6
14 46 45.0 19 483 7 787 12 58.2
25 20 0.4 43 16.8 20 34.4 19 47.2 14.1 7 61.4 6 17 12 33.8
40 17 269 37 606 15 213 15 321 49.5 7 68

Omicron BA.1 Spike, % inhibition
0 20 0.0 46 0.0 20 23 19 0.0 4 0 7 11.7 7 0.0 12 8.6
4 20 0.0 46 0.0 20 0.0 19 0.0 4 0 7 0 7 0.0 12 0.0
6 20 0.0 20 0.0 4 0 7 0.0
12 20 0.0 46 0.0 20 0.0 19 0.0 4 111 7 6.3 7 0.0 12 19.0
14 46 0.0 19 0.0 7 17.6 12 173
25 20 0.0 43 0.0 20 115 19 0.0 3 0 7 10.8 6 0.0 12 9.7
40 17 0.0 37 185 15 4.8 15 0.0 4 31 7 201

Seropositives

WT Spike, % inhibition
0 48 23.2 61 19.0 47 185 29 13.4 9 10 24 10.7 29 14.3 24 10.4
4 48 338 61 99.0 47 329 29 991 9 232 24 991 29 723 24 991
6 48 39.0 47 47.8 9 387 29 60.5
12 47 273 61 864 47 416 29 859 9 348 24 957 29 578 24 982
14 61 924 29 954 24 961 24 979
25 43 16.0 61 70.6 47 66.0 29 825 8 53.7 24 83.1 26 365 24 92.9
40 29 46.1 55 80.9 30 46.2 24 80.8 9 50.4 24 84

Delta AY.4 Spike, % inhibition
0 48 24.9 61 217 47 13.6 29 11.6 9 12.7 24 111 29 12.6 24 75
4 48 383 61 986 47 298 29 982 9 211 24 986 29 774 24 978
6 48 420 47 482 9 244 29 591
12 47 335 61 836 47 478 29 853 9 303 24 944 29 552 24 980
14 61 89.6 29 92.0 24 95.1 24 973
25 43 221 61 62.0 47 63.5 29 70.9 8 49.1 24 83.1 26 39.8 24 89.5
40 29 608 55 768 30 456 24 754 9 66 24 80

Omicron BA.1 Spike, % inhibition
0 48 0.0 61 0.0 47 0.0 29 0.0 9 0 24 0 29 0.0 24 0.0
4 48 0.0 61 41.4 47 0.0 29 437 9 0 24 431 29 23.7 24 62.7
6 48 0.0 47 0.0 9 0 29 14.6
12 47 0.0 61 0.0 47 0.0 29 17.0 9 0 24 13.4 29 11.9 24 55.7
14 61 11.4 29 19.8 24 29.7 24 54.7
25 43 0.0 61 9.8 47 14.5 29 11.9 8 6.6 24 15.2 26 4.5 24 27.4
40 29 17.9 55 221 30 7.8 24 13.8 9 6.1 24 14

Data are shown as N and median. BBH: Bangalore Baptist Hospital, KEM: King Edward Memorial Hospital Research Center, SUHRC: Symbiosis University Hospital and Research Center, SJRI: St. John's

Research Institute. Related to Fig. 4c and d.

Table 4: Inhibition of ACE2 binding to SARS-CoV-2 WT, Delta AY.4 and Omicron BA.1 spike in all cohorts across all study timepoints.
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seronegative individuals, seroconversion in seropositive
individuals was higher in Covishield™ than in Cova-
xin® recipients. A significant proportion of seropositive
Covaxin® recipients (37.4%) did not respond to
vaccination.

Second, in addition to greater rates of seroconver-
sion, Covishield™ also elicited higher antibody titres
(GMT) than Covaxin® in both seronegative individuals
and seropositive individuals. These trends were
observed in three cohorts (BBH, KEMHRC and
SUHRC) that had completed vaccination prior to the
omicron wave. The fourth cohort (SJRI), in which the
vaccination overlapped with the omicron wave, showed
comparable post-vaccination antibody titres in the Cov-
ishield™ and Covaxin® recipients.'* However, antibody
titres in this fourth cohort with delayed recruitment
confirmed that the waning of the immune response was
slower in Covishield™ recipients.* Importantly, we also
confirmed these findings using an independent assay
platform, the MSD platform which has a higher dy-
namic range.

Third, in parallel to the antibody responses in the
earliest cohort (BBH), Covishield™ elicited a higher
frequency of both CD4 and CD8 T cells while Covaxin®
elicited mainly CD4 T cell responses. The frequencies
and quality of cytokine-expressing T cells that we report
in the seronegative Covishield™ arm are broadly
consistent with prior studies, though the dosing interval
in those studies was only 4 weeks."'* The poor CD8
responses from Covaxin® is not unexpected given that
TLR7/8 agonists need to be physically linked to the
antigen to induce CD8 T cell responses in mice,"” which
is not the case with Covaxin®. In humans, however,
in vivo antigen synthesis using either live viruses, non-
replicating virus vectors or mRNA/DNA vaccines and
classical MHC-I-presentation of antigen remain the only
ways to elicit robust anti-viral CD8 T cells. Nevertheless,
vaccine-elicited CD8 T cell responses in the blood have
not yet been demonstrated as a correlates of protection
(CoP) against severe COVID-19 in humans, and there-
fore the significance of spike-specific CD8 T cell re-
sponses is not clear. In seropositive participants, the
vectored vaccine enhanced antibody responses in more
participants and these were greater in magnitude than
the inactivated vaccine, without a strong expansion of
pre-existing spike-specific CD4 T cells in the blood. In
both vaccine groups, lack of immunogenicity in a subset
of seropositive individuals was associated with higher
pre-vaccination antibody titres. Of note, the T-cell re-
sponses to the two vaccines in the SJRI cohort which
comprised mostly of COVID-19 exposed individuals,
differed in magnitude when they were segregated based
on their baseline nucleocapsid titres.”* This is consistent
with studies on mRNA vaccines in seropositive subjects
where a single dose induced a rapid increase in antibody
titers.’®"” The negative role of high levels of circulating
antibodies on vaccine immunogenicity and/or efficacy

www.thelancet.com Vol 22 March, 2024

has also been observed with other vaccines.””** The high
levels of anti-SARS-CoV-2-spike seropositivity in the
population suggests that the development of spike-based
pan-coronavirus vaccines and their deployment through
public health campaigns must consider the immune
history of the population.

Fourth, in a subset of participants, we tested neu-
tralising responses using an authentic WT virus assay,
and surrogate neutralising responses using an ACE-2
inhibition assay against several SARS-CoV-2 variants.
In every SARS-CoV-2 variant tested, Covishield™ eli-
cited higher responses than Covaxin®.

The superiority of vectored vaccines over inactivated
vaccines for antibody responses against SARS-CoV-2
has been demonstrated by other studies.””'' Further,
inactivated viral vaccines have historically been of lower
immunogenicity, requiring 4 doses in the primary se-
ries for the inactivated polio vaccine and the rabies
vaccine. The inactivated hepatitis A vaccine is given as
two doses, but the doses are spaced six months apart. In
contrast, the primary immunisation series of all inacti-
vated COVID-19 vaccines have been only two doses
spaced 2—4 weeks apart. However, as a sole exception,
the inactivated vaccine VLA-2001 (Valneva’s inactivated
COVID-19 vaccine manufactured using the Vero cell
platform) demonstrated non-inferiority for seroconver-
sion rate and superiority for neutralizing titres against
ChAdOx1-S** (developed by Oxford-AstraZeneca and
manufactured by AstraZeneca; same as Covishield™
tested in this study).

Notwithstanding the lower magnitude of spike anti-
bodies reported in this study, Covaxin® has demon-
strated comparable or only moderately lower efficacy
against SARS-CoV-2 variant waves from ancestral to
delta variant,**** suggesting that non-neutralising spike-
binding antibodies and antibodies against non-spike
virion proteins could be contributors to the correlates
of protection (CoP). All available vectored and mRNA-
based COVID-19 vaccines are based on the spike
protein and therefore published CoP studies from the
high-income countries have only been able to address
the role of antibodies against the spike protein.”?
Emerging pre-clinical data suggest a potential role for
vaccine-elicited nucleocapsid responses in controlling
virus replication in the lung.* The nucleocapsid protein
could be an attractive target owing to limited sequence
evolution compared to spike protein. But the shorter
durability of circulating antibodies against nucleocapsid
protein compared to spike protein following infection,
necessitates the study of the comparative durability of
vaccine-elicited nucleocapsid versus spike antibodies.
Here, we show that Covaxin® elicits nucleocapsid anti-
bodies but those antibody levels seem to be sub-optimal;
considering that antibody levels increase further upon
breakthrough omicron infection. It is likely that nucle-
ocapsid antibodies and potential Fc-dependent antibody
effector functions elicited by Covaxin® lower the
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threshold of anti-spike neutralising antibodies required
for protection. In a study which considered neutralising
titres to predict protective efficacy, early phase clinical
trial data from Covaxin® was included. Modelling in this
study suggests that Covaxin® might be as good, if not
better, than Covishield™ in efficacy.’’ However, our
data seems to suggest otherwise. The lack of planned (or
publicly accessible) CoP analyses for Covaxin® are a
missed opportunity for a more coordinated global vac-
cine development response.

As has been shown by others in seronegative in-
dividuals, two doses of vaccine did not elicit omicron-
specific responses.” ™ Interestingly, in seropositive in-
dividuals, only a single dose of Covishield™ elicited
measurable omicron-specific responses assayed using
inhibition of ACE2 binding. Most other studies that
demonstrated the need for three or four exposures to
spike before elicitation of omicron-specific neutralising
responses were unable to study the effect of second
exposure due to cohort sampling limitations. It remains
possible that prior exposure to delta rather than ances-
tral strain may have led to better omicron responses in
the seropositive cohort in this study. Curiously, a second
dose of Covishield™ did not elicit the same level of anti-
omicron activity as the first dose and needs further
investigation.

The results and of our study are strengthened by
the size of the cohort, sampling at multiple sites,
longitudinal follow-up for clinical signs of COVID
infection, measurement of humoral responses to the
ancestral and other SARS-CoV-2 variants and T cell
responses induced by the vaccines with interpretation
of results within the larger context of infection waves
in the country. The cohort that we have studied here is
unique in being first exposed to the delta variant
through infection followed by exposure to the ances-
tral strain through vaccination. On the other hand,
previous studies were predominantly based on
ancestral strain-based vaccination or infection fol-
lowed by breakthrough infection with variants. The
exposure to delta variant prior to the ancestral strain
may have pre-disposed the immune system to have
broader responses and can be addressed further by
measuring variant-specific T cell responses.

Our study has few limitations. In this study, we
have not specifically measured the levels of non-
neutralising antibodies or non-neutralising func-
tions that may be important for vaccine efficacy, and
the durability of the vaccine-elicited immune re-
sponses could not be assessed due to the omicron
wave. Asymptomatic omicron infection referred to in
this study is solely based on antibody titres measured
several weeks apart and does not have a concomitant
RT-PCR test. The sparce sampling during the omi-
cron wave in most of the participants also limits direct
quantitative comparisons of the vaccines during the
omicron wave. While it appears that Covaxin®

vaccination was associated with poor omicron re-
sponses during breakthrough asymptomatic infection
and was likely due to prior imprinting from non-
neutralising antibodies or narrow WT-specific neu-
tralising antibodies, further studies will be needed to
assess this phenomenon. Also, our study population
is limited to pre-vaccination serostatus and not to
confirmed prior infection or exposure. It therefore
remains possible that while most seronegative par-
ticipants may have remained unexposed between the
beginning of the pandemic and the time of study
recruitment, a subset of seronegative individuals may
have been exposed previously but seroreverted at the
time of recruitment due to decline in circulating
antibody titres. In the absence of a CoP for Covaxin®,
the immunogenicity results cannot be extrapolated to
infer vaccine efficacy.

In summary, we show that a vectored vaccine elicits
stronger and broader anti-spike responses than an
inactivated vaccine. We also show that omicron-specific
antibody responses from asymptomatic infection wane
faster than WT-specific and delta-specific antibody re-
sponses. Non-responsiveness to vaccination in sero-
positive subjects is associated with higher baseline
antibody titres. The role of the duration between the
delta wave and vaccination in driving both antibody and
cellular immune responses is under investigation.

It remains to be seen how the withdrawal of the zero-
COVID policy will affect the largely uninfected Chinese
population which was either vaccinated with the original
ancestral strain based inactivated virus vaccine (Sinovac
or Sinopharm) a year or more ago or remained unvac-
cinated, given that the currently circulating omicron
variants have diverged significantly from the ancestral
viruses used for making these vaccines. Public health
programmes which are making plans now for expand-
ing booster dose coverage will benefit from the use of
heterologous boosters rather than repeating the ho-
mologous primary dose. This has been demonstrated by
studies that examined homologous and heterologous
boosting with Covaxin® and Covishield™,* Coronavac
followed by BBIBP-CorV, AZD1222 or BNT162b2*” and
AZD1222 followed by AZD1222, NVX-CoV2373,
VLA2001, BNT162b2, mRNA-1273, Ad26.CoV2.S or
CVnCoV.’ These findings have policy implications for
booster vaccine. Furthermore, the findings suggest that
public health vaccination campaigns should be followed-
up with extensive immunological analyses of the general
population using validated assays. These findings also
indicate that the development and deployment of
booster doses and pan-coronavirus vaccines for pop-
ulations with high levels of exposure and vaccine
coverage should consider the prevailing magnitude and
quality of immune responses in the population. Further,
CoP analyses must be mandatory and planned for vac-
cines administered through the national health
programme.
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