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Abstract

Background Due to waning immunity and emerging variants, protection following primary
intramuscular Covid-19 vaccinations is decreasing, so health agencies have been
proposing heterologous booster vaccinations. Here, we report immunogenicity and safety
evaluation of heterologous booster vaccination with an intranasal, adenovirus vectored
SARS-CoV-2 vaccine (BBV154) in healthy adults, who were previously primed with two
doses of either Covaxin® or Covishield™. We compare results with use of a homologous
booster vaccination combination.
Methods This was a randomized, open-label phase 3 trial conducted to evaluate
immunogenicity and safety of a booster dose of intranasal BBV154 vaccine or
intramuscular EUA approved Covid-19 vacines in India. Healthy participants of ≥18 years
age with no history of SARS-CoV-2 infection, who received two doses of Covaxin® or
Covishield™ at least 6 ± 1 months earlier were enrolled. The primary outcome was the
neutralising antibody titers against wild-type virus using a plaque-reduction neutralization
test (PRNT50). Other outcomes measured were humoral (IgG), mucosal (IgA) and cell
mediated responses. The protocol was registered #NCT05567471 and approved by
National Regulatory Authority (India) #CTRI/2022/02/039992.
Results In this phase3 trial, a total of 875participantswere randomized into 5Groups in a ratio
of 2:1:2:1:1 to receive either booster dose of BBV154 or Covaxin or Covishield. Based on per-
protocol population, at Day 56, neutralization antibody titres were 564.1 (479·1, 664·1), 578.1
(436·9, 764·9), 655.5 (533·3, 805·8), 625.4 (474·7, 824·0), 650.1 (519·7, 813·1) for Group 1 to 5
respectively. This studywas conducted, whilst theOmicron variant was prevalent. There were
varying levels of severity of infection across different study sites with varied baseline antibody
titers. Consequently, the average neutralization (PRNT50) antibody titers are similar across all
Groups on day 56 and exhibited large differences within the Group, depending on the study
site. All booster vaccinations are well tolerated and reported no serious adverse events; in
particular, study participants boosted with BBV154 had significantly fewer solicited local
adverse events than those primed and boosted with Covishield.
Conclusions These findings demonstrate that impact of booster across different cohorts is
governed by infection status of the individual and geographical diversity, thus necessitating
large cohorts, well distributed studies before Covid-19 booster effects are interpreted.

e-mail: kmohan@bharatbiotech.com

Plain language summary

We undertook a clinical trial to compare the
booster dose effect of two currently used
COVID vaccines (Covaxin® or Covishield™),
with a newly developed intranasal COVID
vaccine. The booster dose was given
6 months after two initial doses of COVID
vaccines. We measured levels of antibodies,
which are proteins that help the body to
identify and destroy the SARS-CoV-2 virus
following vaccination. The effect on anti-
bodies was similar for all vaccination groups,
whilst with the new vaccine there were fewer
adverse events. This data, combinedwith the
ease of administration, confirms that our new
intranasal vaccine is safe and effective and
can therefore be included in vaccination pro-
grams for COVID-19.
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Since early 2020, millions of people have been infected with SARS-CoV-21.
The global rollout of Covid-19 vaccines has played a critical role in reducing
pandemic spread, disease severity, hospitalizations, and deaths2. However,
current licensed Covid-19 vaccines are all designed for intramuscular (IM)
immunization, and these vaccines failed toblockSARS-CoV-2 infectionand
transmission partially due to the lack ofmucosal immunity3,4. Furthermore,
current vaccines are reported to have diminished efficacy against emerging
VOCs even after three-dose schedules5, highlighting the need for effective
heterologous booster vaccinations. Evidence from previous studies suggest
that the heterologous boosting with vector-based or mRNA vaccines, to
subjects primed with inactivated vaccines is well tolerated and elicits
superior immune responses comparedwithhomologous vaccine boosters6,7.
In addition, there is an urgent need to adopt next-generation Covid-19
vaccine strategies that meet the challenges of VOCs and the limited dur-
ability of first-generation vaccine-induced immunity. Several publications
reported that mucosal boost strategies may offer promising results, when
compared to intramuscular route of administration8. A recent study of
heterologous boosting with an orally administered aerosolized Ad5-nCoV
was found to be safe and highly immunogenic in adults primed with two
doses of CoronaVac compared with a homologous booster dose of
CoronaVac9.

In this context, Bharat Biotech (BBIL) developed BBV154, a chim-
panzee adenovirus-based SARS-CoV-2 vaccine encoding a prefusion-
stabilized spike protein, formulated for intranasal delivery. Preclinical
virus challenge studies performed earlier in K18-hACE2 transgenic mice
showed superior immunity after a single intranasal dose of BBV154
comparedwith one or two intramuscular immunizations of the same dose
of the same vaccine10. Additionally, one intranasal dose of BBV154 pre-
vented upper and lower respiratory tract infection and inflammation by
SARS-CoV-2 in highly susceptible K18-hACE2 transgenic mice, Syrian
golden hamsters & rhesusmacaques10–12. Intranasal administration of two
doses of BBV154 also induced high neutralization antibody titers and
salivary IgA binding titers, compared to intramuscular administration of
COVAXIN, in Phase 3 clinical trial, and met the predefined superiority
criterion13.

Here, we report the findings on immunogenicity and safety of intra-
nasal BBV154 as a heterologous booster in participants, who were pre-
viously primed with two doses of licensed intramuscular Covid-19 vaccine
in a phase 3 controlled, randomized, open-label trial. Wherein, we also
compared data of BBV154-boosted subjects with heterologous (Covishield,
followed by Covaxin boosting) and homologous booster vaccinations of
Covishield and Covaxin. Our findings show similar immunological
responses, in both homologous and heterologous series, with a significant
enhancement of T cell memory and IgG/IgA secreting plasma B cells in
intranasal booster dose.

Methods
Trial design and participants
The study was a randomized, open-label, multicentre trial to evaluate the
immunogenicity and safety of a booster dose of intranasal BBV154 vaccine
with homologous and heterologous booster doses of Covaxin or Covishield
in healthy male and nonpregnant female volunteers across nine hospitals.
The trial was approved (CTRI/2022/02/039992) by theNational Regulatory
Authority (India) and the respective Ethics Committees (Supplementary
Table 1) andwas conducted in compliancewithall InternationalCouncil for
Harmonization (ICH) Good Clinical Practice guidelines. The protocol was
registered on clinicaltrials.gov: NCT05567471.

Healthy participants were ≥18 years of age with no history of SARS-
CoV-2 infection, who received a full Covid-19 vaccine regimen (two doses)
available (Covaxin® and Covishield™) under EmergencyUse Authorization
(EUA) at least 6 ± 1months earlierwere enrolled between 26 February 2022
to 30 March 2022. Proof and date of vaccination was confirmed from the
electronic Covid-19 certificate generated by the CoWIN app—the digital
vaccination tracker in India. Other inclusion criteria includes enrolled par-
ticipants should remain in the study area for the entire duration of the study,

not participating in another clinical trial at any timeduring the study period,
and being willing to allow their biological samples to be stored for future
research. For a female participant of child-bearing potential, they needed to
plan to avoid becoming pregnant (use of an effective method of contra-
ception or abstinence) from the time of study enrollment until at least
4 weeks after the vaccination. All participants were screened for eligibility
based on their health status, including their medical history, vital signs, and
physical examination results, and were enrolled after providing signed and
dated informed consent.

Exclusion criteria were as follows: Participants with known history of
COVID-19 infection; women of child-bearing potential (either by a positive
serum pregnancy test during screening within 45 days of enrollment or
positive urine pregnancy testwithin 24 hof administering of vaccine; having
temperature >38.0 °C (100.4 °F) or having symptoms of an acute self lim-
iting illness such as an upper respiratory infection or gastroenteritis within
3 days prior to vaccination; medical problems because of alcohol or illicit
drug use during the past 12 months; receipt of an experimental agent
(vaccine, drug, device, etc.) within 60 days before enrollment or expects to
receive an investigational agent during the study period; receipt of any
licensed vaccine within four weeks before enrollment in this study; known
sensitivity to any ingredient of the study vaccines, or a more severe allergic
reaction and history of allergies in the past; receipt of immunoglobulin or
other blood products within the three months prior to vaccination in this
study; immunosuppression because of an underlying illness or treatment
with immunosuppressive or cytotoxic drugs or use of anticancer che-
motherapy or radiation therapywithin the preceding 36months; long-term
use (>2 weeks) of oral or parenteral steroids (glucocorticoids) or high dose
inhaled steroids (>800mcg/day of beclomethasone dipropionate or
equivalent) within the preceding six months (nasal and topical steroids are
allowed); any history of anaphylaxis in relation to vaccination; history of any
cancer or history of severe psychiatric conditions likely to affect participa-
tion in the study; a bleeding disorder (e.g., factor deficiency, coagulopathy or
platelet disorder, or prior history of significant bleeding or bruising fol-
lowing IM injections or venepuncture); any other serious chronic illness
requiring immediate hospital specialist supervision; andanyother condition
that, in the opinion of the investigator, would jeopardize the safety or rights
of a volunteer participating in the trial or would render the subject unable to
comply with the protocol.

Trial participants were randomized 2:1:2:1:1 into five unequal groups
using block size of seven (Fig. 1); Group 1 consisted of Covaxin recipients
(n = 250) boosted with intranasal BBV154; in Group 2, Covaxin recipients
(n = 125) received a Covaxin booster; in Group 3, Covishield recipients
(n = 250) received an intranasal BBV154 booster; in Group 4, Covishield
recipients (n = 125) received a Covaxin booster, and in Group 5, Covishield
recipients (n = 125) received aCovishield booster. Sclin Soft Technologies, a
contract research organization, did the randomization, data management,
statistical analysis, and report writing.

Trial vaccines
BBV154 (Bharat Biotech, Hyderabad, India) is an intranasal chimpanzee
Adenovirus-based SARS-CoV-2 vaccine encoding a prefusion-stabilized
spike (Wuhan) protein. Eachdose of BBV154was formulated in 0·5mL. For
administration, a sterile disposable dropper was fixed on top of the opened
vaccine vial, the participantwas instructed to lie downwith the head slightly
tilted back and the chin facing the ceiling, and 0.25mL (4 drops) of vaccine
were administered into each nostril. The participant was asked to remain
lying down for 30 s to ensure the proper spread of the vaccine at the
mucosal site.

Covaxin (Bharat Biotech, Hyderabad, India), is an intramuscular
whole-virion inactivated SARS-CoV-2 vaccine. The vaccine strain, NIV-
2020-770 contains the D614G mutation, which is characterized by an
aspartic acid to glycine shift at amino acid position 614 of the spike
protein14–16. Each0.5 mLdose contains 6 µgof virus antigen formulatedwith
Algel-IMDG, an imidazoquinoline classmolecule that is a Toll-like receptor
(TLR) 7/8 agonist (IMDG) chemisorbed onto Algel.
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Covishield [ChAdOx1, manufactured by Serum Institute of India Pvt
Ltd, Pune, India] is an injectable chimpanzee Adenovirus-based SARS-
CoV-2 encoding a wild-type spike protein vaccine17. All vaccines were
stored at 2–8 °C and required no on-site reconstitution.

Outcomes
The primary outcome was the neutralizing antibody titer against wild-type
virus using a plaque-reduction neutralization test (PRNT50) at Bharat
Biotech. Secondary outcomes were humoral (IgG), mucosal (IgA) and cell-
mediated responses and the number and percentage of participants with
solicited local and systemic reactogenicity within 2 h and seven days after
vaccination. The unsolicited adverse events were recorded within 28 days
after vaccination. Exploratory outcomeswere cross-neutralization antibody
titers against variants (VOCs).

Procedures
On Day 0, following the baseline blood draw, participants in the BBV154
groups (Group 1 & 3) received intranasal vaccine and those in the Covaxin
(Group 2) and Covishield groups (Group 5) received intramuscular injec-
tions of the respective vaccines. Participants in Group 4, who had two shots
of Covishield, received Covaxin as a heterologous booster. Participants,
investigators, study coordinators, and study-related personnel, were aware
of the treatment group allocation (excluding the sponsor). Participants were
observed for 30min post-vaccination to assess the immediate reactogeni-
city, and then recorded solicited local and systemic reactions and body
temperature daily for 7 days with telephone calls to ensure compliance.Any
unsolicited adverse events were reported by the participants throughout the
study. Study investigators graded adverse events according to the severity
score (mild, moderate, or severe) and whether they were related or not
related to the investigational vaccine, as predefined in the Protocol (Sup-
plementary Data 2). All the participants attended follow-up visits for blood
draws up to day 56 and for safety assessments up to 6 months, and the trial
was completed.

Immunogenicity analyses
Blood samples were collected from all sites on Day 0, 28, and 56, but subset
of saliva samples were collected from one site at Day 0, 28, and 56 (St.
Theresa Hospital, Hyderabad), considering the delay in sample processing
from the other sites. All serumand saliva sampleswere analysed in a blinded
manner at Bharat Biotech. Neutralizing antibody titers against live ancestral
(Wuhan) andOmicron sublineage (BA.1, BA.2, BA.2.1.2, and BA.5) SARS-
CoV-2 were determined by validated PRNT50 assay18,19. IgG and IgA
responses in serum and secretory IgA in saliva against the spike (S1) protein
of SARS-CoV-2 were assessed as secondary outcomes by enzyme-linked
immunosorbent assay (ELISA) and are expressed as geometric mean
titers (GMTs).

Peripheral blood mononuclear cells (PBMCs) were isolated from
blood, collected on Days 0, 28, and 56 from consented participants at four
sites (St. Theresa Hospital, Hyderabad; Vagus Super Speciality Hospital,
Bangalore; ESIC Medical College and Hospital, Faridabad, Haryana; All
India Institute of Medical Sciences, New Delhi); 40 participants each in
Groups 1 and 3 and 20 participants each in Groups 2, 4 and 5. In order to
isolate good-quality PBMCs and to reduce the expected delays in the sample
process, blood samples were collected from selected sites. PBMCs collected
at all time points were used for the evaluation of cell-mediated immunity
(bothTandBcells) byELISpot andAIM(activation inducedmarker) assays
at Immunitas Biosciences (Bangalore, India) in a blindedmanner. Details of
all assay methods are in the Supplemental Methods p.16–p.18.

Statistical analysis
Based on previous data, we assumed a standard deviation of log10 (titer) of
0.4 for BBV154 and 0.6 for Covaxin and Covishield. BBV154 was con-
sidered non-inferior to Covaxin and Covishield as a booster if the 95%
confidence interval (CI) for the ratio of GMTs at Day 56 (GMT for BBV154
boost/GMTforCovaxinorChAd-Ox-boost) had a lowerbound≥2/3.With
sample sizes for analysis of 236 for BBV154 and 118 for Covaxin and
Covishield and a true underlying GMT ratio of 1, each comparison had

Fig. 1 | Consort flow diagram. Consort flow diagram depicts the flow of enrolled participants through each stage of a randomized trial.
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approximately 82% power to show non-inferiority. Assuming ~5% loss in
each group due to withdrawal, loss to follow-up, etc., we enrolled 250 study
participants in each of the groups receiving a BBV154 as booster dose and
125 in each of the Covaxin and Covishield booster groups. Sample size
estimation was performed using PASS 13 software (NCSS, Kaysville,
Utah, USA).

Safety endpoints are described as group frequencies (%). GMTs
with 95% confidence intervals (CIs) are presented for immunological
endpoints. For continuous variables (below 20 observations), medians
and IQRs are reported. CI estimation for the GMT was based on log10
(titer) and the assumption that log10 (titer) was normally distributed.
GMT ratios for the Wuhan strain compared to an Omicron lineage
across all groups were evaluated by a two-sided paired t-test on log10
(titer). Comparisons of GMT ratios for pairs of Omicron lineages used
two-sided two-sample t-tests, if PRNT50 for the two lineages was eval-
uated for the same subset of participants, and two-sided paired t-tests if
PRNT50 for the two lineages was evaluated for different subsets of par-
ticipants. ANOVA and t-tests were also used in comparisons of other
antibody endpoints. Statistical analysis of cell-mediated responses were
performed using Graph-Pad Prism software. ANOVA (Friedman test
with Dunn’s multiple comparisons) was performed to compare the CMI
responses at different time points (day 0, 28, and 56) within each group.
Further, all five vaccine groups were compared at individual time points
by ANOVA (Kruskal–Wallis test with Dunn’s multiple comparisons).
p values estimated by normal approximation with no continuity cor-
rection. Proportions of study participants with adverse events were
compared using χ2 tests and, if significant, score tests with p value
adjusted for multiple comparisons20. P values ≤0·05 (two-sided when
sidedness was relevant) were considered statistically significant. This
preliminary report contains results regarding immunogenicity and
safety outcomes (captured on days 0 to 56). Descriptive and inferential
statistics were performed using SAS 9·2 (SAS Institute, Cary, North
Carolina, USA) and NCSS 2021 (NCSS, Kaysville, Utah, USA).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
We enrolled 875 participants across the five study groups, of whom 868
participantswere retained through the day 180, accounting for 99.2%.Mean
agewas 35.1 ± 12.5 (SD) years, and therewere almost twice asmanywomen
(64.6%) than men (35.4%) enrolled, but demographic characteristics of
participants were similar across the five study Groups (Table 1).

Humoral immune response
Neutralization antibody titers againstWuhan strain. Baseline humoral
responses to the ancestral (Wuhan) strain, 6 ± 1 months after priming
with two immunizations of either Covaxin and Covishield, were similar
when measured either in terms of neutralization titers or ELISA IgG
binding antibody titers (Supplementary Table 2). GMTs (PRNT50) at
Day 0were 289·6 and 388·7 in the twoCovaxin-primedGroups (Groups 1
and 2), and 372·2, 320·9, and 451·6 in the three Covishield-primed groups
(Groups 3–5). By Day 56, the GMT increased to 564·1 (95% CI: 479.1,
664.1) in the Covaxin group boosted with intranasal BBV154 and 578.1
(436.9, 764.9) after a homologous Covaxin booster (Table 2). In Groups
3–5, primedwithCovishield, theGMTafter intranasal BBV154was 655.5
(533.2, 805.7), similar to the 625.4 (474.7, 824.0) in the heterologous
Covaxin booster group and the 650.1 (519.7, 813.1) in the heterologous
Covishield group. For mean log10 (titer) at both Day 0 and Day 56, there
were no significant differences among the groups by ANOVA (p = 0.60
for Day 0 data, p = 0.79 for Day 56 data).

Moreover, the ratios of Day 56 PRNT GMT after intranasal BBV154
boost toGMT after Covaxin or Covishield boost, with their 95% confidence
intervals (CIs),were 0.98 (0.72, 1.32) forGroup 1 compared toGroup2, 1.05

(0.74, 1.49) for Group 3 compared to Group 4, and 1.01 (0.72, 1.41) for
Group 3 compared to Group 5. Thus, with regard to Day 56 PRNT, the
intranasal BBV154 boost was non-inferior to both the Covaxin boost and
Covishield boost. Further, since the upper limit of the 95% CI was <1.50 in
all cases, intranasal BBV154 boost and Covaxin boost, as well as intranasal
BBV154 boost and Covishield boost, were statistically equivalent. At both
Day0 andDay56, therewereno significant differences among the groupsby
analysis of variance (ANOVA) on log10 (titer)(p = 0.60 for Day 0 data,
p = 0.79 for Day 56 data (Table 2).

Further, to evaluate the impact of pre-existing antibodies, the same
PRNT50 data was analyzed for all subjects using three mutually exclusive
categories (PRNT50 at day 0, ≤10; ≥10 and ≤100, and >100), to classify sites
basedon likelyOmicron infection status prior to vaccination.The results are
given in Table 2. Statistical analysis (Mann–Whitney U-test, paired)
revealed that PRNT50 titers were significantly increased from day 0 to 56 in
all five Groups in the first two categories [(i) <10, (ii) ≥10 and ≤100)];
Whereas in the third category (>100 titer at baseline), where the level of
infection is high at baseline, showed statistically significant decrease in titers
from day 0 to 56 in all Groups, except in Group 3.

Neutralization antibody titers against Omicron lineages. In addition
to PRNT50 titers against theWuhan strain, PRNT50 titers at Day 56 were
also generated against Omicron lineages BA.1, BA.2, BA.2.1.2, and BA.5
for randomly selected, small numbers of samples. Group-wise PRNT50

GMTs at Day 56 against each Omicron lineage are shown in Supple-
mentary Table 3. For each lineage, differences among the five Groups in
mean log10 (titer) at Day 56 were not statistically significant by ANOVA
(p = 0.98 for BA.1, 0.72 for BA.2, 0.97 for BA.2.12, and 0.50 for BA.5). For
the five Groups combined, the Day 56 GMT was much higher for BA.1
(1193.4) than for BA.2 (137.2), BA.2.12 (91.2), and BA.5 (132.1). GMT
was significantly higher for BA.1 than for Wuhan (p < 0.0001). For the
other Omicron lineages, the Day 56 GMT was lower than for Wuhan
(p < 0.0001 for BA.2, p < 0.0001 for BA.2.12, and p = 0.05 for BA.5).
Among theOmicron lineages, GMTwas significantly higher atDay 56 for
BA.1 than for BA.2, BA.2.12, and BA.5 (p < 0.0001 for each comparison).
None of the pairwise differences among the other Omicron lineages were
statistically significant.

Serum antibody (IgG/IgA) binding titers. GMTs of binding serum
antibody anti-spike IgG, RBD-specific IgG andN-protein IgG (ELISA) at
Day 0 were not significantly different in Groups 1 to 5 by ANOVA on
log10 (titer) (p = 0.72, 0.83, and 0.55, respectively (Supplementary
Table 4). In addition, there were no significant differences between
Groups primed with Covaxin or Covishield by paired t-test on log10
(titer) (p = 0.68, 0.79, and 0.88, respectively (Supplementary Table 2).
Over the entire study population, GMTs against spike protein and RBD
showed amodest increase at Day 28 and GMT against N-protein showed
a modest decrease. However, there were marked increases at Day 56
relative to Day 0 that were statistically significant for all three (p < 0.0001
for anti-spike and RBD, p = 0.0003 for N-protein by paired t-test on log10
(titer). GMT ratios (Day 56 toDay 0) ranged from 2.36 to 3.17 for Groups
1 to 5 for spike-specific IgG, 1.92 to 2.71 for RBD-specific IgG, and 1.09 to
1.41 for N-protein (Supplementary Table 4). Differences among Groups
were not significant by ANOVA on log10 (titer) for spike-specific IgG
(p = 0.56), RBD-specific IgG (p = 0.37), or N-protein (p = 0.64).

Mucosal immune response. GMTs of binding serum antibody anti-
spike IgA titers GMTs (ELISA) at Day 0, Day 28, and Day 56 were not
significantly different in Groups 1–5 by ANOVA on log10 (titer)
(p = 0.71, 0.43, and 0.86, respectively) (Table 3). GMTs for Covaxin-
primed participants and Covishield-primed participants were also not
significantly different (p = 0.60, 0.13, and 0.50, respectively. Day 56 vs
Day 0 serum anti-spike IgA titers GMT ratios were 2.68, 2.75, 2.61, 2.31,
and 1.93 for groups 1–5, respectively (Table 3). These GMT ratios were
not significantly different by ANOVA on log10 (titer) (p = 0.55).
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Binding secretory (salivary) antibody anti-spike IgA (sIgA) titers were
measured at Day 0 and Day 28, in a subset (n = 98) of study participants
(Table 3). Differences among groups 1–5 in GMT at Day 0 were not sta-
tistically significant by ANOVA on log10 (titer) (p = 0.97). GMT at Day 28
ranged from 7.3 (Group 5) to 25.0 (Group 4) and was highest in the
Covaxin-boosted groups (2 and 4); in this relatively small sample, however,
the differences among groups were not significant by ANOVA (p = 0.40)
(Table 3).

A smaller subset of saliva samples (n = 56)were analyzed for total saliva
spike-specific IgA titers (Table 3). GMTatDay 0 varied from14.3 (Group 1)
to 53.8 (Group 4), but in this small sample the differences among groups
were not statistically significant by ANOVA on log10 (titer) (p = 0.13). On
Day 28, GMT varied from 20.2 (Group 2) to 41.5 (Group 4); the differences
among groups were not significant (p = 0.89) (Table 3).

Cell-mediated immune response. Spike-specific (ancestral, n = 74 & Omi-
cron, n = 82) IFNγ secreting T cells weremeasured at Days 0, 28, and 56. At
baseline (Day 0), mean (95% CI) spike-specific (ancestral) IFNγ secreting
T cells per million PBMCs were similar, and not significantly different by
Mann–Whitney test (p = 0.26) in Covaxin or Covishield primed subjects
(Supplementary Fig. 1). Further, the mean (95% CI) of spike-specific
(ancestral) IFNγ secretingT cells atDay 0were 68.8 (29.4, 108.2), 59.1 (28.0,
90.2), 114.9 (71.0, 158.9), 64.4 (17.5, 111.3), and 31.8 (0.8, 62.8) in Groups 1
to 5, respectively and the differences by the group were not significant by
Kruskal–Wallis test with Dunn’s correction for multiple comparison, but
significant between Group 3 and Group 5 (p = 0.015) suggestive of high
baseline T cell responses in Group 3 compared to Group 5. Themean (95%
CI) of IFNγ secretingT cells increased onDay 56 in all groups to 160.4 (80.7,
240.1), 100.8 (53.3, 148.4), 155.1 (68.0, 242.3), 186.2 (70.7, 301.7), and 108.4
(60.6,156.2) in Groups 1 to 5, respectively. The increase of IFNγ secreting
T cells fromDay 0 to 56 was significant in Group 5 (p < 0.05), by Friedman
test with Dunn’s correction for multiple comparison, but not in all other
groups. IFNγ T cell responses were also observed against the Omicron
variant, when PBMCs were stimulated with an Omicron-specific spike
protein.Omicron-specific IFNγTcell responseswerenon-significant across
all groups, both at Day 0 & 56, by Kruskal–Wallis test with Dunn’s cor-
rection for multiple comparison. However, the increase of IFNγ T cell
responses from day 0 to 56 is significant in Group 5 (p < 0.001), but non-
significant across all groups. Further, to understand the pre-existing

immunitydue tonatural infection,MNS-specific IFNγ secretingTcellswere
also measured against ancestral and Omicron-specific MNS peptide pools
across all groups. Overall baseline MNS-specific IFNγ secreting T cell
responses were significantly higher in Group 3, compared to Group 1 & 5
(ancestral) andGroup5 (Omicron). But atDay56, thedifferenceswerenon-
significant across all Groups. Statistically significant increases in MNS-
specific IFNγT cell response were observed at Day 56 over baseline (Day 0)
only in Group 5 (homologous Covishield booster recipients), for both
ancestral and Omicron-specific peptide pools (Friedman test; Dunn’s-
adjusted p = 0.011 and 0.003, respectively) (Fig. 2 and Supple-
mentay Data 1).

SARS-CoV-2 recall responses were demonstrated by the evaluation
of AIM+ Omicron-specific CD4+ or CD8+ T cell memory phenotype
distributions in 70 individuals at Days 0, 28, and 56. Persistence of AIM+

Omicron-specific CD4+ T/ CD8+ T cell recall responses were compar-
able at baseline in Covaxin-primed and Covishield-primed individuals
(p = 0.80) by Mann–Whitney U-test (Supplementary Fig. 2) and it is
observed to be same across all the five Groups at baseline
(Kruskal–Wallis test; Dunn’s correction for multiple comparison).
However, there was a non-significant increase in the AIM+ CD4+ T cell
phenotype population at Day 56 in all groups except in Group 2, where
the increase was observed at Day 28. In contrast, a non-significant
decrease of spike (Omicron) specific CD8+ T cell phenotype was
observed in all Groups on Day 56, compared to Day 28 or 0; whereas in
Group 3, the decrease from Day 0 to Day 56 is significant (Dunn’s-
adjusted p = 0.04) (Supplementary Fig. 3).

The AIM+ Omicron-specific CD4+ T cell population was more pro-
nounced towards TCM (CCR7+CD45RA−) and TEM (CCR7−CD45RA−)
phenotypes compared with the CD4+ CCR7− CD45RA+ (TEMRA) pheno-
type (Supplementary Fig. 3) in all Groups; with a significant increase of TCM

phenotype in BBV154-boosted subjects in Covishield primed subjects. In
contrast, the AIM+ Omicron-specific CD8+ T cell population pre-
dominantly expressed the TEMRA phenotype at Day 0 and Day 28. Inter-
estingly, BBV154 boosted subjects (Covaxin or Covishield primed) showed
a significant increase in TCM phenotype distribution. Moreover, the fre-
quency of CD8+ TEM phenotype distribution significantly increased from
Day 0 or 28 to day 56 across all groups. It is noteworthy to mention again
that T cell memory response was found to be similar across all groups at
baseline.

Table 1 | Demographic characteristics of the participants in the Intention-to-Treat population

Primary EUA vaccine Covaxin-primed Covishield-primed

Study group
booster vaccine

Group 1
intranasal BBV154

Group 2
covaxin

Group 3
intranasal BBV154

Group 4
covaxin

Group 5
covishield

Parameter Statistic N = 250 N = 125 N = 250 N = 125 N = 125

Mean ± SD 34·7 ± 12·8 34·4 ± 12·9 34·5 ± 11·8 37·0 ± 12·6 36·0 ± 12·9

Age (years) Median (Q1; Q3) 32 (24; 41) 32 (25; 40) 33 (25; 41) 36 (26; 46) 35 (25; 43)

Range 18–76 18–88 18–74 18–68 18–76

Gender n (%) Female 161 (64·4) 77 (61·6) 165 (66·0) 88 (70·4) 74 (59·2)

Male 89 (35·6) 48 (38·4) 85 (34·0) 37 (29·6) 51 (40·8)

Mean ± SD 164·4 ± 7·2 164·5 ± 7·7 164·4 ± 7·5 164·6 ± 8·0 163·5 ± 7·2

Height (cm) Median (Q1; Q3) 165 (159; 170) 166 (159; 170) 165 (158; 170) 165 (158; 170) 165 (158; 168)

Range 144–180 142–184 145–181 149–183 146–179

Mean ± SD 65·5 ± 9·8 65·0 ± 10·1 64·7 ± 9·3 65·0 ± 10·6 64·8 ± 9·4

Weight (kg) Median (Q1; Q3) 64·0 (59·0; 71·3) 64·0 (59·0; 70·0) 64·7 (59·0; 69·2) 64·0 (59·0; 70·8) 64·0 (58·0; 70·0)

Range 43.0–106.0 42.0–101.0 44.5–105.0 45.0–99.0 48.0–90.3

Mean ± SD 24·2 ± 3·2 24·0 ± 3·0 23·9 ± 2·9 23·9 ± 3·0 24·3 ± 3·4

BMI* (kg/m2) Median (Q1; Q3) 23·7 (22·0; 25·8) 23·8 (22·1; 25·4) 23·5 (22·1; 25·3) 23·7 (21·9; 25·3) 23·8 (21·8; 25·7)

Range 18·3–36·2 18·1–35·0 18·2–34·7 18·5–31·6 18·5–32·9

*BMI body mass index is the weight in kilograms divided by the square of the height in meters measured at the time of screening.
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We also detected B cells that could be developed into SARS-CoV-2-
specific IgG/IgA-secreting plasmablasts in PBMCs of a subset of vacci-
nated individuals (n = 83) at Days 0, 28 and 56 (Fig. 2). At Day 0, IgG-
secreting plasmablasts against ancestral or Omicron significantly high in
Covishield Group compared to Covaxin Group (Supplementary Fig. 4).
At individual Group analysis of before and after administration of
booster dose, we found that IgG secreting cells increased significantly in
Group 1 & 2 against the ancestral strain by Day 56, whereas non-
significant increase in other Groups. Against the Omicron variant, these
levels were almost comparable across all time points and across all
Groups, except in Group 2, where there is a significant increase on Day
28, compared to day 0 (p = 0.004). Interestingly, IgA-secreting plasma-
blasts were increased significantly on Day 28/56 in Covaxin-boosted
subjects (Group 1 & 2) against both ancestral and Omicron variants and
did not occur in any other Groups against either Ancestral or Omicron
antigen. Notably, IgA-producing plasmablasts were higher at baseline/
Day 28 in Covishield group 5 and further reduced on Day 56. Homo-
logous Covaxin-boosted subjects also showed significantly higher IgG
producing plasmablats, whereas BBV154 boosted in Covishield primed
subjects showed non-significant increase in IgA-producing plasmablasts
on day 28 against both ancestral and omicron (Fig. 2).

We also measured Ancestral or Omicron -specific memory B-cell
(MBC) responses by ELISpot in both Covaxin-primed and Covishield-
primed groups against ancestral or Omicron and the IgG secreting MBC
responses are significant in Covishield Group, but not IgA-secreting MBC
responses (Supplementary Fig. 4).

Safety. No deaths, hospitalizations, or serious adverse events had been
recorded to date, nor any symptomatic SARS-CoV-2 infections through
telephonic follow-up or site visit to the site investigators up to the cut-off on
Day 180. After the booster doses, one or more solicited local adverse reac-
tions were reported by 3/250 (1.2%), 10/125 (8.0%), 4/250 (1.6%), 9/125
(7.2%), and 12/125 (9.6%) of participants inGroups 1 to 5, respectively, and
by 38/837 (4.3%) of the total study population (Table 4). The differences in
percentagesof participantswith a local adverse event among thefiveGroups
were statistically significant by χ2 (p < 0.0001); Group 5 had a significantly
higher percentage than Groups 1 and 3 by pairwise multiple comparison
score tests. Solicited systemic adverse reactions were reported by 13/250
(5.2%), 9/125 (7·2%), 15/250 (6·0%), 8/125 (6.4%), and 14/125 (11.2%) of
participants in groups 1 to 5, respectively (Table 4); differences among
Groups were not significant (p = 0.27 by χ2 test). The most frequently

reported solicited adverse event were injection site pain and fever (Table 4).
Similarly, there were few unsolicited adverse events (Supplementary
Table 5), and the percentages of participants in the five Groups reporting
one or more unsolicited adverse event were not significantly different
(p = 0.90). Adverse events were generally mild and resolved within 24 h
of onset.

Discussion
We reportfindings fromaphase 3 heterologous booster trial, a large cohort-
based and geographically diverse study, involving an intranasal SARS-CoV-
2 vaccine (BBV154) as a heterologous boosterdose administered toCovaxin
or Covishield-primed subjects, as well as homologous and heterologous
boosting of Covaxin and Covishield-primed subjects. Vaccine induced
humoral responses to the ancestral (Wuhan) strain were similar across all
Groups at amacro level of data analysis.However, vaccine induced immune
response is dependent on the status of infection of the subjects before
boosting and the baselines titers21,. These baseline titers varied from the
clinical site, which is, of course, depending on the seroprevalence of that
geographical region22 (Supplementary Fig. 5). Although, the overall GMTs
atDay 56 seemed to have similar across all Groups, further, the dissection of
data to observe the vaccine induced immune response based on baseline
titers or seroprevalence at Day 0 were discussed in the subsequent
paragraph.

Theboosterdose of the intranasal BBV154 toCovaxin-primed subjects
elicited a higher Day 56 geometric mean immune response in participants,
who had less baseline titers ((i) <10; (ii) between ≥10 and ≤100). A similar
trend was observed in Covaxin-boosted subjects, to Covishield-primed
subjects. However, participants, who had high baseline titers (>100), did not
show any difference on day 56, compared to day 0, as the antibody levels
might have been reached toplateau at the baseline itself. Thus, thesefindings
demonstrate that booster impact across large cohorts is primarily governed
by the infection status of the individual22. Statistical comparison of PRNT50

between day 0 and day 56, at all three categories, showed a significant
increase of neutralization antibodies from day 0 to 56, in the first two cut-
offs;whereas, in the third cut-off category, a significantdecreasewasnoticed,
indicating that the level of vaccine-induced response would depend on the
baseline titers (Table 2). Similarly, vaccine induced spike and RBD specific
binding IgG titers are high inBBV154 boosted subjects aswell as inCovaxin
boosted in Covishield-primed participants, compared to homologous
booster recipients (Groups 2 & 5).

Table 3 | Serum and salivary binding antibody titers (IgA) against ancestral Spike protein

Primary EUA vaccine Covaxin-primed Covishield-primed

Booster Group 1 intranasal BBV154 Group 2 covaxin Group 3 intranasal BBV154 Group 4 covaxin Group 5 covishield

Table 3A: Serum binding antibody titers (IgA) against ancestral Spike protein

Serum S-protein binding IgA N = 244 123 248 123 122

Day 0 GMT (95% CI) 954·1 (781·0, 1165.5) 1054.4 (799·7, 1390.3) 975·6 (801·5, 1187.6) 1036.7 (785·3, 1368.6) 1211.2 (900·0, 1630.0)

N = 233 115 246 121 122

Day 56 GMT (95% CI) 2485.0 (2154.1, 2866.8) 2719.4 (2272.0, 3254.9) 2497.3 (2177.1, 2864.5) 2390.5 (1966.7, 2905.6) 2341.2 (1912.8, 2865.6)

Table 3B: Salivary binding antibody titers (IgA) against ancestral Spike protein

Salivary S-protein binding
secretory IgA (sIgA)

n = 28 14 28 14 14

Day 0 GMT (95% CI) 11·3 (6·0, 21·5) 13·1 (5·4, 31·6) 11·9 (6·5, 21·8) 16·0 (6·4, 40·0) 13·8 (4·2, 45·2)

n = 28 14 28 14 14

Day 28 GMT (95% CI) 13·8 (6·7, 28·4) 19·5 (8·1, 47·0) 12·5 (6·4, 24·3) 25·0 (10·2, 61·2) 7·3 (2·2, 23·4)

Salivary S-protein
binding IgA

n = 12 6 20 8

Day 0 GMT (95% CI) 14·3 (5·8, 35·0) 22·6 (8·3, 61·7) 22·6 (11·7, 43·8) 53·8 (15·7, 184·0) 52·0 (20·4, 132·6)

n = 12 6 20 8 10

Day 28 GMT (95% CI) 32 (11·9, 86·4) 20·2 (3·9, 103·6) 26·0 (13·2, 51·0) 41·5 (14·9, 115·6) 22·.6 (5·9, 87·1)

IgA titers expressedasarbitraryELISAunits against spike (S1) ofAncestral (Wuhan) strain.N - Total numberof participants in eachgroup.n - subset of samplesanalysed.GMT - geometricmeanTiters. 95%
CI-Numberswithin the parenthesis are lower andupper range at 95%confidence intervals. Endpoint titer dilution at day 28or 56 for serumor saliva sampleswere determined as reciprocal antibodydilution
at which optical density (OD) values are higher than the threshold value or cut-off. The cut-off (mean ± 3 SD) value was generated based on the negative control.
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Both Covaxin and Covishield showed similar T cell responses at
baseline against both ancestral andOmicron,with persistent T cellmemory,
6 ± 1months post 2 doses, and this trend continued even after booster dose
(Supplementary Figs. 1, 2), except an increase in CD8+ effector or central
memory phenotype on day 56, across all Groups; notably, higher level of

statistical significance in BBV154 boosted subjects (Covaxin-primed), was
observed indicating the positive impact of BBV154 as booster dose.
Homologous Covaxin-primed subjects and Covaxin-primed followed by
BBV154 boosted subjects also showed a significant increase in vaccine-
induced plasma B cell response by secreting significant levels of IgG-
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secreting plasmablasts, compared to other Groups. Especially, significant
IgA-producing plasmblasts in Covaxin-primed and BBV154 boosted sub-
jects corroborate with a pronounced increase of salivary IgA responses.
However, Covishield-primed followed by BBV154 boosted subjects, did
not show significant vaccine-induced response, perhaps, this could be due
to high baseline titers, corroborated with the presence of high MNS-
specific IFNγ responses (Fig. 2) and significant IgG/IgA-secreting Plasma-
blasts in Covishield Group against Ancestral and Omicron (Supplemen-
tary Fig. 4)

In addition, the cross-reactivity of Covishield immune sera against
BBV154 was analysed using serum samples (n = 69) fromGroup 5, 28 days
post booster dose (these subjects were primed with two doses of Covishield
and boosted with a third dose of Covishield). Covishield immune sera
displayed little cross-reactivity against the BBV154 vector (Supplementary
Fig. 6), suggesting that BBV154 booster in Covishield recipients will not
have pre-existing immunity issue23.

BBV154 was well tolerated, with significantly lower reactogenicity
events and no serious adverse events. After a booster dose of BBV154, the
most common solicited adverse eventwas headache.All adverse eventswere
mild and resolvedwithin 24 hof onset.No significant safetydifferenceswere

observed between the intranasal, BBV154, and intramuscular, Covaxin and
Covishield groups. In both of the heterologous intranasal groups (Groups 1
and3), the combined incidence ratesof local and systemic adverse events are
strikingly better than the rates for other homologous and heterologous
injectable licensed SARS-CoV-2 vaccine platform7,18,24–26. However, other
vaccine studies enrolled different populations and employed varying
approaches to measure adverse events.

Intramuscularly (IM) injected Covid-19 vaccines predominantly elicit
circulating spike-specific B and T cells and prevent severe disease devel-
opment with limited mucosal protection27,28. This minimal protection,
especially in the upper airways where viral transmission and replication
occur, may lead to the risk of transmission of the virus from vaccinated
individuals, thus leading to continuous emerging variants of concern and
breakthrough infections. Therefore, effective booster vaccination strategies
should not be restricted to a single route of administration of vaccine. In
addition to injectable vaccines, mucosal booster vaccination is needed to
reinforce the robust sterilizing immunity in the respiratory tract against
emerging SARS-CoV-2 variants, including Omicron sub-lineages8. By
producing both mucosal (protection at the site of infection) and systemic
immunity (antibody formation), an intranasal (IN) vaccine may offer the

Fig. 2 | T and B cell responses. Scatter plots representing T and B cell responses
against Ancestral and Omicron strains analysed by ELISPOT assay. SARS-CoV-2-
specific IFNγ secreting T cells were measured upon stimulation of PBMCs with
a ancestral Spike, b Omicron Spike, c Ancestral MNS, and d Omicron MNS;
Similarly, IgG/IgA-secreting plasmablasts were measured upon stimulation of
PBMCs with [(e, g)] ancestral whole-virion inactivated antigen and [(f, h)] Omicron
Spike (S1) protein. Statistical analysis was performed in Graph-Pad Prism software.
ANOVA (Friedman test with Dunn’s multiple comparisons) was performed to

compare theCMI responses at different time points (day 0, 28, 56)within each group
Further, all five vaccine groups were compared at individual time points by ANOVA
(Kruskal–Wallis test with Dunn’s multiple comparisons). There were no significant
differences between time points within each group, as well as among the groups,
unless otherwise indicated with asterisk/son dotted line (“---” Kruskal–Wallis test)
and solid line (“−” Friedman test). SFU indicates spot-forming units. “n” represents
the number of samples analysed per group. Each dot represent single data point;
Horizontal line represent mean with bars for 95% CI (confidence intervals).

Table 4 | Solicited local and systemic adverse events reported within 7 days after administration of booster doses of BBV154 or
Covaxin

Primary EUA Vaccine Covaxin-primed Covishield-primed

Booster Group 1 BBV154 (Intranasal) Group 2 covaxin Group 3 BBV154 (Intranasal) Group 4 covaxin Group 5 covishield

Adverse events N = 250 N = 125 N = 250 N = 125 N = 125

Local [m] n (%)

Any [3] 3 (1.2%) [14] 10 (8.0%) [4] 4 (1.6%) [9] 9 (7.2%) [12] 12 (9.6%)

Injection site induration 0 [1] 1 (0.8%) 0 0 0

Injection site pain 0 [9] 9 (7.2%) 0 [9] 9 (7.2%) [12] 12 (9.6%)

Injection site redness 0 [3] 3 (2.4%) 0 0 0

Injection site swelling 0 [1] 1 (0·8%) 0 0 0

Nasal pain [1] 1 (0·4%) 0 0 0 0

Runny nose [1] 1 (0·4%) 0 [4] 4 (1·6%) 0 0

Sneezing [1] 1 (0·4%) 0 0 0 0

Systemic [m] n (%)

Any [14] 13 (5.2%) [11] 9 (7·2%) [17] 15 (6.0%) [9] 8 (6.4%) [20] 14 (11.2%)

Chills 0 0 0 0 [1] 1 (0·8%)

Fatigue [1] 1 (0·4%) [1] 1 (0·8%) [6] 6 (2.4%) [1] 1 (0·8%) [4] 2 (1.6%)

Fever [4] 4 (1.6%) [6] 6 (4.8%) [6] 6 (2.4%) [4] 4 (3.2%) [9] 9 (7.2%)

General body pain 0 0 0 [2] 2 (1.6%) [2] 2 (1.6%)

Headache [7] 7 (2.8%) [2] 2 (1.6%) [3] 3 (1.2%) 0 [2] 2 (1.6%)

Joint Pain 0 0 [1] 1 (0·4%) [1] 1 (0·8%) 0

Muscle pain 0 0 0 [1] 1 (0·8%) 0

Myalgia 0 0 [1] 1 (0·4%) 0 [1] 1 (0·8%)

Nausea [2] 2 (0·8%) [1] 1 (0·8%) 0 0 0

Vomiting 0 [1] 1 (0·8%) 0 0 [1] 1 (0·8%)

N= Total participants in each group; [m] -no. of adverse events, n- no. of participants with adverse (local/systemic) events, and (%) percentage of participants with the adverse event in the respective
treatment group.
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potential to be efficacious against disease and infection, which may corro-
borate reduced transmission.

Many countries have initiated the administration of homologous or
heterologous booster doses to vaccinated populations that have completed
primary vaccination series. The objective of a booster dose is to protect
against severe disease, hospitalization, and death due to breakthrough
infections caused by SARS-CoV-2 variants. Several clinical studies have
demonstrated that heterologous prime-boost vaccination with Covid-19
vaccines frommultiple platforms could be more effective than homologous
regimen9,29,30. Further, a heterologous route of vaccine delivery may provide
several advantagesover the conventional intramuscular route of vaccination
against respiratory diseases. Intramuscular priming to elicit a long-lived
systemic IgG response followed by an intranasal booster could result in a
qualitatively and quantitatively better immune response, including induc-
tion of IgA responses and tissue-resident memory cells in the upper and
lower respiratory tracts8. Moreover, secretory IgA responses are considered
to be valuable for the protection against SARS-CoV-2 and for vaccine
efficacy31. Accordingly, heterologous booster immunization with an aero-
solized Ad5-nCoV in CoronaVac-primed adults was found to be safe and
highly immunogenic, and elicited significantly higher concentrations of
neutralizing antibodies than a homologous third dose of CoronaVac9.
Similarly, intranasal adenovirus immunization in intramuscular mRNA-
primed mice showed high levels of mucosal neutralizing activity against
SARS-CoV-2 Omicron sublineage BA.1.128.

Intranasal vaccines offer several advantages over parenteral immuni-
zation. For example, ease of administration, non-invasiveness, high-patient
compliance and suitability for mass vaccination. Further, robust balanced
immune response along with mucosal immune responses induced by the
intransal vaccines made them effective vaccine approach to counter the
Covid-19 pandemic32.

This was the India’s largest homologous and heterologous booster
studywith geographical diversity study conductedat a timeof rapid increase
of Covid-19 cases (betweenFebruary to June 2022), due to the emergence of
Omicron, during third wave. Especially, the BA.1 variant was more pre-
valent in India between December 2021 and January 2022, just before the
clinical trial was initiated21. Therefore, neutralization antibody titers against
BA.1 were significantly high compared to PRNT50 titers against Wuhan,
unlike other reported articles, where neutralization antibody titers were less
against Omicron lineages compared to Wuhan, predicted to be due to
neutralization escape22,33–37. Whereas the less neutralization antibody titers
against other Omicron lineages (BA.2, BA2.1.2, and BA.5), compared to
Wuhan, are very much inline with reported literature22,33–37.

Hence, based on seroprevalence data obtained from the Ministry of
Health, Government of India, clinical trial sites were categorized as high,
moderate, and low (Supplementary Fig. 5). Accordingly, baseline (day 0)
neutralization titers were different across various sites. Two months after
administering a booster, titers increased approximately twofold globally,
considering all sites. For brevity, when PRNT50 titers of sites with high and
low infection rates were analysed, highGMT ratios were observedwith 55%
seroconversion at sites with low infection rates; conversely, sites with high
infection rates showed less GMT ratio of PRNT50 titers with fourfold ser-
oconversion is only 3%, indicating the impact of seroprevalence on booster
vaccination (Supplementary Table 6). Similar results were foundwhen anti-
N-antibody titers analysed at high and low infection sites against ancestral
strains, indicating the varied occurrence of natural infection across the
geographical sites. But, the Omicron-specific N-antibody titers have not
shown a significant difference. Perhaps, due to less sample size or sample
testing against B.1.1.529, as opposed to BA.1, which was more prevalent at
the time of clinical trial initiation (Supplementary Table 6). Thus, the geo-
graphical heterogeneity due to seroprevalence played a key role in eluci-
dating the booster effect. In contrast, we previously conducted a phase 2 trial
where participants primed with Covaxin (28 days post first dose) and
boosted with Covaxin (third dose), 6 months later displayed a ~30-fold rise
in neutralizing antibodies38, during which prevailing infections were low.
Similarly, in phase 2 heterologous clinical study (CTRI/2021/08/035993)

conducted earlier, during August and September 2021, where the infection
rate was also low, both homologous (Covaxin vs Covaxin; BBV154 vs
BBV154) and heterologous combination with Covaxin (BBV154 followed
by Covaxin; Covaxin followed by BBV154) induced 14 to 24-fold higher
neutralization antibody titers compared with baseline (Supplementary
Table 7).However, the samehomologousbooster group in this heterologous
phase 3 trial (Group 2—Covaxin: Covaxin: Covaxin), demonstrated only a
2.5-fold increase from baseline titers 319.6 (GMTs, 95% CI 242.1, 421.7),
6months post 2-doses. This difference of variation inGMT ratio reflects the
time at which the clinical trial started and the level of hybrid immunity
occurred post natural boosting through natural exposure to circulating
variants. Thus, these prior infections seem to have impacted vaccine-
induced mucosal responses, as the magnitude of saliva IgA response in any
of the homologous or heterologous groups was not significant, except in
BBV154 recipients, with a slightly higher mucosal response. Possibly, these
results would have implications on the ability of BBV154 to block infection
and forward transmission of SARS-CoV-2 in the community, depending on
the severity of the infection. However, in this trial, no Covid-19 cases were
reported from any Group, no illness visits were scheduled, and routine
SARS-CoV-2 nucleic acid testing was not conducted. The results reported
here do not permit efficacy assessments and there is a need to evaluate the
effectiveness and impact on transmission in further studies. Due to the
ubiquitous nature of SARS-CoV-2 making it difficult to access a naïve
population, these would probably have to be done in a controlled human
infection model (CHIM).

Evaluation of safety outcomes and vaccine-induced thrombotic
thrombocytopenia (VITT)will requirepost-marketing safety surveillance in
a larger population, and follow-up study results are required to establish
immunogenicity in children and the elderly.

In conclusion, booster doses with either BBV154, Covaxin or Cov-
ishield showed similar immunological responses, and also all vaccines
showed neutralization against VOCs. Most importantly, this data demon-
strates that geographical diversity and seroprevalence played a dominant
role in determining the booster dose impact. However, BBV154 boosted
subjects showed significant enhancement of T cell memory and IgG/IgA-
secreting plasma B cells. Thus, BBV154 as a booster has the advantage over
the other vaccines in terms of inducing strong B&T cell memory response,
ease of administration, and excellent safety profile.

Data availability
BBV154 is a chimpanzee adenoviral-vectored SARS-CoV-2 intranasal
vaccine encoding a prefusion-stabilized spike protein with two proline
substitutions in the S2 subunit (GenBank:QJQ84760.1). The data generated
in this study are included in this article and in Supplementary Tables 2–7.
The source data for Fig. 2 is in SupplementaryData 1. Information about the
grading scale on adverse events is included in Supplementary Data 2. The
study protocol, statistical analysis plan, and individual participant (de-
identified) data, along with an informed consent form, will be made avail-
able upon a direct request to the corresponding author with an appropriate
research proposal. After consideration and the approval of such a proposal,
data will be shared through a secure online platform.
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