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Summary
Background In a parallel-group, international, phase 3 study (ClinicalTrials.gov NCT04762680), we evaluated prototype
(D614) and Beta (B.1.351) variant recombinant spike protein booster vaccines with AS03-adjuvant (CoV2 preS dTM-AS03).

Methods Adults, previously primed with mRNA (BNT162b2, mRNA-1273), adenovirus-vectored (Ad26.CoV2.S,
ChAdOx1nCoV-19) or protein (CoV2 preS dTM-AS03 [monovalent D614; MV(D614)]) vaccines were enrolled between
29 July 2021 and 22 February 2022. Participants were stratified by age (18–55 and ≥ 56 years) and received one of the
following CoV2 preS dTM-AS03 booster formulations: MV(D614) (n = 1285), MV(B.1.351) (n = 707) or bivalent
D614 + B.1.351 (BiV; n = 625). Unvaccinated adults who tested negative on a SARS-CoV-2 rapid diagnostic test
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(control group, n = 479) received two primary doses, 21 days apart, of MV(D614). Anti-D614G and anti-B.1.351 antibodies
were evaluated using validated pseudovirus (lentivirus) neutralization (PsVN) assay 14 days post-booster (day [D]15) in 18–
55-year-old BNT162b2-primed participants and compared with those pre-booster (D1) and on D36 in 18–55-year-old
controls (primary immunogenicity endpoints). PsVN titers to Omicron BA.1, BA.2 and BA.4/5 subvariants were also
evaluated. Safety was evaluated over a 12-month follow-up period. Planned interim analyses are presented up to 14
days post-last vaccination for immunogenicity and over a median duration of 5 months for safety.

Findings All three boosters elicited robust anti-D614G or -B.1.351 PsVN responses for mRNA, adenovirus-vectored
and protein vaccine-primed groups. Among BNT162b2-primed adults (18–55 years), geometric means of the
individual post-booster versus pre-booster titer ratio (95% confidence interval [CI]) were: for MV (D614), 23.37
(18.58–29.38) (anti-D614G); for MV(B.1.351), 35.41 (26.71–46.95) (anti-B.1.351); and for BiV, 14.39 (11.39–18.28)
(anti-D614G) and 34.18 (25.84–45.22 (anti-B.1.351). GMT ratios (98.3% CI) versus post-primary vaccination GMTs
in controls, were: for MV(D614) booster, 2.16 (1.69; 2.75) [anti-D614G]; for MV(B.1.351), 1.96 (1.54; 2.50) [anti-
B.1.351]; and for BiV, 2.34 (1.84; 2.96) [anti-D614G] and 1.39 (1.09; 1.77) [anti-B.1.351]. All booster formulations
elicited cross-neutralizing antibodies against Omicron BA.2 (across priming vaccine subgroups), Omicron BA.1
(BNT162b2-primed participants) and Omicron BA.4/5 (BNT162b2-primed participants and MV D614-primed
participants). Similar patterns in antibody responses were observed for participants aged ≥56 years. Reactogenicity
tended to be transient and mild-to-moderate severity in all booster groups. No safety concerns were identified.

Interpretation CoV2 preS dTM-AS03 boosters demonstrated acceptable safety and elicited robust neutralizing
antibodies against multiple variants, regardless of priming vaccine.

Funding Sanofi and Biomedical Advanced Research and Development Authority (BARDA).

Copyright © 2023 The Author(s). 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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Research in context

Evidence before this study
Given the constant threat of newly emerging severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) variants or
subvariants, COVID-19 vaccines that include strains that provide
broad cross-protection against emergent variants may offer
improved protection. We searched PubMed from database
inception up to 05 January 2022,with no language restrictions, for
studies reporting the safety and immunogenicity of protein-based
vaccine candidates used as boosters against SARS-CoV-2 using the
search terms ‘COVID-19 OR SARS-CoV-2’, ‘vaccine AND protein’,
‘adjuvant’ and ‘booster’, limiting the results to clinical trial data.
Among the published trials retrieved, booster doses of
recombinant S protein vaccines NVXCoV2373 (Novavax; phase 2
study), COVAX-19 (Cinnagen; phase 3 study) and MVC-COV1901
(phase 1 study), all ofwhich are basedon the ancestral SARS-CoV-2
S protein, were shown to elicit antibody responses against
ancestral vaccine strain and SARS-CoV-2 variants, including Alpha,
Beta, Delta, and Omicron (BA.1 and/or BA.2).
The current phase 3 study (ClinicalTrials.gov NCT04762680)
evaluated neutralizing antibody responses elicited by three
booster formulations of a SARS-CoV-2 recombinant protein
vaccine with AS03 adjuvant (CoV2 preS dTM-AS03) containing
the ancestral D614 or variant B.1.351 S protein (monovalent
[MV] D614 or MV B.1.351) or both (bivalent [BiV]
D614 + B.1.351) in adults who were previously primed with

mRNA (BNT162b2, mRNA-1273), adenovirus-vectored
(Ad26.CoV2.S, ChAdOx1nCoV-19) or protein (MV D614)
vaccines.

Added value of this study
In our study, all three CoV2 preS dTM-AS03 booster
formulations demonstrated acceptable safety and elicited robust
neutralizing antibodies against multiple variants, in young and
older adults previously primed with mRNA and adenovirus-
vectored vaccines. The cross-neutralization of Omicron
subvariants with a Beta-variant containing vaccine, with greater
neutralizing antibody responses against both BA.2 and BA.4/5
after boosting with MV B.1.351 than after the BiV or MV D614
formulations, is consistent with initial findings from the
independently conducted COVIBOOST phase 3 trial, in which the
MV B.1.351 booster achieved higher neutralizing antibody titers
against evaluated variants than either MV D614 or a third dose
of BNT162b2, when administered to adults previously
vaccinated with two doses of BNT162b2.

Implications of all the available evidence
These data support the use of Beta-containing CoV2 preS
dTM-AS03 boosters in individuals primed with globally
deployed vaccines to provide broad immunogenicity against
SARS-CoV-2 variants, including Omicron BA.4/5 subvariant,
which was circulating at time of study conduct.
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Introduction
The continued emergence of new variants of concern
(VoC) of the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), together with waning antibody-
mediated immunity and protection against mild and
moderately symptomatic infection, underscore the need
for new and updated booster vaccines to enhance and
broaden protection.1–6 Bivalent boosters, targeting the
prototype virus and Omicron BA.1 or BA.4 and BA.5
subvariants have recently been authorized for use in the
EU, USA and the UK.7–10 However, while these were
designed to include the predominant circulating strain
at the time, new subvariants have continued to emerge
and to replace the predominant strain.11 Thus an alter-
native approach is to include strains that provide broad
cross-protection against emergent variants.12

Sanofi and GSK have developed a SARS-CoV-2 re-
combinant protein vaccine with AS03 adjuvant (CoV2
preS dTM-AS03) using a baculovirus vector system to
express stabilized SARS-CoV-2 pre-fusion S protein.13 In
parallel with development of a D614 strain containing
booster and primary series vaccine,14–16 we developed a
CoV2 preS dTM-AS03 booster formulation containing
5 μg of B.1.351 variant S protein (monovalent [MV]
B.1.351) and a formulation containing 2.5 μg of D614
plus 2.5 μg of B.1.351 variants (bivalent [BiV]
D614 + B.1.351). Here, we present interim safety and
immunogenicity data for MV D614, MV B.1.351 and
BiV D614 + B.1.351 in participants who were previously
primed with authorized COVID-19 mRNA or
adenovirus-vectored vaccines, or with MV D614 (5, 10 or
15 μg of D614 antigen).

Based on data from the current study and an inde-
pendently conducted phase 3 trial showing higher
neutralizing antibody titers induced by MV B.1.351
booster than either MV D614 or a third dose of
BNT162b2 in adults previously vaccinated with two
doses of BNT162b2,17 the MV B.1.351 formulation has
been authorized for booster vaccination by the European
Medicines Agency (EMA) and the UK’s Medicines and
Healthcare products Regulatory Agency (MHRA).18,19
Methods
Study design and participants
In an amendment to a phase 2 randomized, dose-finding
study (NCT04762680),14 we added two supplemental co-
horts (cohorts 1 and 2), to be enrolled independently and
sequentially, for phase 3 evaluation of the safety and
immunogenicity of MV D614, MV B.1.351 and BiV
D614 + B.1.351 booster formulations (Fig. 1). We firstly
enrolled adults (≥18 years) who were previously vacci-
nated with approved mRNA or adenovirus-vectored vac-
cines into cohort 1 (between 29 July 2021 and 22 October
2021) to evaluate the MV D614 booster candidate, which
was available at that time. The variant-containing vaccine
candidates became available later and were evaluated in
www.thelancet.com Vol 62 August, 2023
cohort 2, with enrolment between 15 November 2021 and
22 February 2022. In cohort 2, we evaluated: (i) MV
B.1.351 or BiV D614 + B.1.351 as a booster following
primary vaccination with an approved mRNA or
adenovirus-vectored vaccine and (ii) MV D614 or MV
B.1.351 as boosters following primary vaccination 4–10
months earlier with two doses of MV D614 in the original
phase 2 study (Fig. 1). For both booster cohorts, adults
from France, the USA, the UK, Australia and Spain, who
had completed a primary series of an authorized or
approved D614 mRNA vaccine (2 injections of BNT162b2
[30 μg; Pfizer/BioNTech] or mRNA-1273 [100 μg; Mod-
erna]) or adenovirus-vectored vaccine (2 injections of
ChAdOx1 nCoV-19 [5 × 1010 vp; Oxford University/
AstraZeneca] or 1 injection of Ad26.CoV2.S [5 × 1010 vp;
J&J/Janssen]) at least 4 months and no longer than 10
months prior to enrolment, were included. Cohort 2
additionally included a subgroup of adults from the USA
and Honduras who were primed 4–10 months earlier
with two injections of MV D614 in the original phase 2
study. Unvaccinated adults, with a target age range of
18–55 years, who tested negative for antibodies to SARS-
CoV-2 with a rapid diagnostic test (COVID-19 IgG and
IgM Rapid Test Cassette; Healgen Scientific, Houston,
TX, USA), were enrolled from the USA and Australia into
a parallel, non-randomized control group. Enrolment into
the control group was contemporaneous with cohort 1
(29 July–22 October 2021). Participants were stratified by
priming vaccine (booster groups only) and by age
category (18–55 years; ≥56 years). Individuals with pre-
existing medical conditions, those who were immuno-
compromised (except those with organ transplant in the
past 180 days, chemotherapy in the past 90 days or with
HIV and CD4 counts <200/mm3) and those with a
potentially increased risk for severe COVID-1920 were
eligible for inclusion. Exclusion criteria for both cohorts
and controls are described in full in the Appendix. Vac-
cine administration was open-label in cohort 1 booster
and control groups and was modified double-blind
(observer-blinded) in cohort 2.

Here, we report interim immunogenicity data up to
14 days after last vaccination in all participants and
safety data up to cut-off dates 18 February 2022 (cohort
1) and 13 May 2022 (cohort 2 and control group).

Ethics
The study was undertaken in compliance with the In-
ternational Conference on Harmonization guidelines
for Good Clinical Practice and the principles of the
Declaration of Helsinki. The protocol and amendments
were approved by applicable Independent Ethics Com-
mittees/Institutional Review Boards (listed in the
Appendix) and regulatory agencies as per local regula-
tions; ethical approval was received for each site
involved in the study. Written informed consent was
obtained from all participants before any study proced-
ures were performed.
3
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Fig. 1: Study design. Footnote: *Naïve or non-naïve status (control group) was determined based on serological detection of anti-S antibodies
on study day 1 and detection of SARS-CoV-2 nucleic acid in nasopharyngeal swabs on days 1 and 22. Participants were categorized as naïve if
both tests showed negative results on day 1 and day 22. †Participants were primed with two injections of a monovalent CoV2 preS dTM-AS03
D614 formulation containing 5, 10 or 15 μg antigen as part of the original phase 2 study. ‡mRNA COVID19 priming vaccines: BNT162b2 or
mRNA-1273; adenovirus-vectored COVID19-priming vaccine: ChAdOx1nCoV-19 or Ad26.CoV2.S. §Age groups: 18–55 years and ≥56 years mo,
months; MV, monovalent.
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Procedures
In cohort 1, all participants primed with an mRNA or
adenovirus-vectored vaccine were offered a dose of MV
D614. In cohort 2, participants primed with an mRNA
or adenovirus-vectored vaccine were randomized 1:1,
using interactive response technology, to receive MV
B.1.351 or BiV D614 + B.1.351. Those in cohort 2 who
were previously primed with MV D614 were random-
ized 9:1 (18–55-year-olds) or 1:1 (≥56-year-olds) to
receive MV D614 or MV B.1.351, respectively. Partici-
pants in the control group received two injections, 21
days apart (D1 and D22), of MV D614 containing 10 μg
of D614 antigen (Fig. 1).

MV D614 was described previously.13,14 Preparation
of the booster formulations and intramuscular admin-
istration are described in the Appendix.

Immunogenicity
SARS-CoV-2 neutralizing antibody responses were
measured using a lentivirus-based pseudovirus
neutralization (PsVN) assay expressing the full-length S
protein of the SARS-CoV-2 D614G, Beta (B.1.351) or
Omicron BA.1, BA.2 or BA.4/5 variants (Monogram
Biosciences LabCorp, South San Francisco, CA, USA;
Appendix).21 The assay lower limit of quantification
(LLOQ) was a PSVN titer of 40. For values less than the
LLOQ, the computed value LLOQ/2 (20) was used.
Primary immunogenicity endpoints were PsVN titers
pre- (D1) and post-booster (D15) in BNT162b2-primed
adults (18–55 years) in each booster group: anti-
D614G titers for MV D614 booster, anti-B.1.351 titers
for MV B.1.351 and both anti-D614G and anti-B.1.351
titers for the bivalent booster were measured. PsVN
titers against D614G were measured at D36 for the
control group. Secondary immunogenicity endpoints
included the measurement of D614G and/or B.1.351
titers pre- and post-booster for participants who previ-
ously received primary vaccination with mRNA or
adenovirus-vectored vaccines, or MV D614, in all
booster groups. Other secondary endpoints included
seroresponse rates at D15 (a four-fold or greater rise in
PsVN titers relative to D1) and individual PsVN titer
fold-rise at D15 (relative to D1) in all study groups. The
study endpoints are detailed in full in the study protocol.

Safety
Safety was assessed for each treatment group and by age
(18–55 or ≥56 years). Safety endpoints were described
in the original phase 2 study,14 with the list of adverse
events (AEs) of special interest (AESIs) revised per the
Safety Platform for Emergency Vaccines updates.22,23

AEs were graded from grade 1 (mild) to 3 (severe; pre-
vents normal daily activities) and assessed by the site
principal investigator as related or unrelated to the study
www.thelancet.com Vol 62 August, 2023
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vaccine. Safety is being monitored for up to 12 months
following last vaccination.

Statistics
Results are presented by booster vaccine candidate,
overall and by priming vaccine group. Co-primary
immunogenicity objectives were to demonstrate, for
BNT162b2-primed participants 18–55 years of age: i) the
non-inferiority of post-booster D614G PsVN responses
following MVD614, post-booster B.1.351 PsVN re-
sponses following MV B.1.351 or both responses
following BiV, compared to the D614G PsVN response
elicited by primary vaccination in the control group; and
ii) the superiority of the post-booster relative to pre-
booster PsVN response. Statistical inference was based
on the use of two-sided 98.3% CIs. Non-inferiority in
terms of neutralizing antibody titers was concluded if
the lower bound of the 98.3% CI for the between-group
(booster versus control) GMT ratio was >0.67. Superi-
ority in terms of neutralizing antibody titers was
concluded if the lower limit of the 2-sided 98.3% CI of
the geometric mean of the individual titer ratio (GMTR;
post-booster versus pre-booster) was >2. Exploratory
endpoints included individual serum PsVN titers
against Omicron subvariants BA.1, BA.2 for each
booster formulation in available samples in BNT162b2-
primed participants (BA.1) or across all priming vaccine
subgroups (BA.2). Individual serum PsVN titers against
BA.4/5 were assessed for MV B.1.351 and BiV
D614 + B.1.351 in available samples from BNT162b2-
primed participants and for MV D614 and MV B.1351
in MV D614-primed participants. The study objectives
assessed here are described in more detail in the
Appendix, together with the sequential testing strategy
and statistical analyses performed. A full list of all ob-
jectives for this study is available in the study protocol
(link).

Immunogenicity was assessed in the per-protocol
analysis set (PPAS) and safety in the safety analysis set
(SafAS). In the control group, immunogenicity analyses
were performed on SARS-CoV-2 naïve participants from
the PPAS. Naïve or non-naïve status was determined
based on serological detection of anti-S antibodies on D1
and detection of SARS-CoV-2 nucleic acid in nasopha-
ryngeal swabs on D1 and D22 (Appendix).

For full details on statistical considerations,
including planned sample sizes, see the Appendix.

Role of the funding source
Funding was provided by Sanofi and by federal funds
from the Biomedical Advanced Research and Develop-
ment Authority, part of the office of the Administration
for Strategic Preparedness and Response at the U.S.
Department of Health and Human Services under
Contract # HHSO100201600005I, and in collaboration
with the U.S. Department of Defense Joint Program
Executive Office for Chemical, Biological, Radiological
www.thelancet.com Vol 62 August, 2023
and Nuclear Defense under Contract #W15QKN-16-9-
1002. The funders were involved in the study design,
data collection, data analysis, data interpretation, writing
of the report, and the decision to submit the paper for
publication. GSK provided access to, and use of, the
AS03 Adjuvant System.
Results
Participants and participant disposition
Booster doses were administered to 803 of 806 partici-
pants in the MV D614 group, 705 of 707 participants in
the MV B.1.351 group and 621 of 625 in the BiV group.
In the control group, 473 of 479 enrolled SARS-CoV-2-
naïve participants received at least one primary dose of
MV D614. A total of 18 MV D614 booster recipients,
34 MV B.1.351 booster recipients, 26 BiV recipients and
43 control group participants discontinued the study
before the analysis cut-off (Figure S1). The median in-
terval between last primary and booster doses was
slightly shorter for MV D614 recipients (5.75 months)
than for MV B.1.351 or BiV recipients (6.96 and 6.50
months, respectively) (Table S1a). Across the three
booster groups (SafAS), the mean age (standard devia-
tion [SD]) ranged from 43.7 (14.3) to 50.4 (15.0) years
and the proportion of those aged ≥56 years old ranged
from 22.2% to 37.5%. Control group participants had a
mean age of 37.5 (11.2) years. The majority of partici-
pants were white and just over half had at least one high-
risk medical condition (Table S1a), of which obesity was
the most common (Table S2). The subgroup of MV
D614-primed participants had a longer median primary
to booster vaccination interval (8.2 months, in both the
MV D614 and MV B.1.351 booster groups) than the
other priming vaccine groups (Table S1b and S1c). MV
D614-primed participants also tended to be older (mean
age [SD]: 54.9 [14.8] years for MV D614-primed, MV
D614-boosted participants; and 65.9 [11.5] years for MV
D614-primed, MV B.1.351-boosted participants).
Among booster groups in the PPAS, prior SARS-CoV-2
infection based on anti-nucleoprotein seropositivity at
baseline was detected for 68/734 (9.3%) of MV D614
recipients, 138/615 (22.4%) of MV B.1.351 recipients
and 124/561 (22.1%) of BiV recipients.

Immunogenicity
Monovalent D614 booster
Among participants aged 18–55 years, the D614G PsVN
GMTs (95% CI) for BNT162b2-primed participants
increased from 339 (285; 402) at D1 to 7894 (6993; 8911)
at D15 following MV D614, demonstrating superiority
of the PsVN response post-booster compared to pre-
booster (post/pre-booster ratio, 23.37 [98.3% CI: 18.58;
29.38]) and non-inferiority compared to primary vacci-
nation with MV D614 in the control group (GMT ratio
[post-booster/control]: 2.16 [98.3% CI: 1.69; 2.75]) to the
control group. Thus, the co-primary objectives for the
5
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A. Monovalent D614 booster group

Priming vaccine or vaccine platform subgroup Booster D15 Control D36 Post-booster vs control Post-booster vs pre-booster

Strain M Strain M GMT ratio 98.3% CI NIa M GMTR 98.3% CI Superiorityb

BNT162b2 D614G 202 D614G 302 2.16 1.69; 2.75 Yes 189 23.37 18.58; 29.38 Yes

mRNA vaccine platform D614G 269 D614G 302 2.09 1.66; 2.64 Yes 255 18.08 14.75; 22.16 Yes

Pooled Ad virus vectored platform D614G 131 D614G 302 1.89 1.43; 2.49 Yes 108 30.18 20.56; 44.31 Yes

MV D614 D614G 52 D614G 302 7.27 5.34; 9.89 Yes 45 51.63 22.29; 119.57 Yes

B. Monovalent B.1.351 booster group

Priming vaccine or vaccine platform subgroup Booster D15 Control D36 Post-booster vs control Post-booster vs pre-booster

Strain M Strain M GMT ratio 98.3% CI NIa M GMTR 98.3% CI Superiorityb

BNT162b2 B.1.351 279 D614G 302 1.96 1.54; 2.50 Yes 256 35.41 26.71; 46.95 Yes

B.1.351 279 B.1.351 291 17.36 13.39; 22.50 Yesc – – – –

mRNA vaccine platform B.1.351 347 D614G 302 2.06 1.62; 2.61 Yes 321 34.19 26.58; 43.98 Yes

C. Bivalent D614+B.1.351 booster group

Priming vaccine or vaccine platform subgroup Booster D15 Control D36 Post-booster vs control Post-booster vs pre-booster

Strain M Strain M GMT ratio 98.3% CI NIa M GMTR 98.3% CI Superiorityb

BNT162b2 D614G 276 D614G 302 2.34 1.84; 2.96 Yes 269 14.39 11.34; 18.28 Yes

B.1.351 276 D614G 302 1.39 1.09; 1.77 Yes 248 34.18 25.84; 45.22 Yes

B.1.351 276 B.1.351 291 12.31 9.50; 15.97 Yesc – – – –

mRNA vaccine platform D614G 343 D614G 302 2.52 2.00; 3.16 Yes 332 13.04 10.56; 16.11 Yes

B.1.351 342 D614G 302 1.47 1.16; 1.85 Yes 309 31.19 24.33; 39.97 Yes

D, study day; M, number of participants with available data for the analysis; NI, non-inferiority. The two-sided 98.3% confidence intervals presented were adjusted for multiple testing using Bonferroni
method to adjust the Type 1 error at 0.025 (one-sided) over the 3 comparisons (each booster candidate versus the control group). aNon-inferiority of a booster response against D614G or B.1.351
compared to a response against D614G in the control group was concluded if the lower bound of the 98.3% CI for the between-group (booster versus control) GMT ratio was >0.67. bSuperiority of a
booster response compared to a pre-booster response was concluded if the lower limit of the 2-sided 98.3% CI of the fold-rise (post-booster versus pre-booster) was >2. cSuperiority, rather than non-
inferiority, was demonstrated for this comparison (conditional secondary objective). The superiority of a booster dose response against B.1.351 of monovalent B.1.351 or bivalent D614+B.1.351 in
BNT162b2 primed participants aged 18-55 years compared to a response against B.1.351 in the control group was concluded if the lower limit of the 2-sided 98.3% CI of the ratio of GMTs between groups
was > 1.5.

Table 1: Non-inferiority and superiority of PsVN titers against D614G and B.1.351 following monovalent and bivalent boosters compared with MV D614 primary vaccination or
compared with pre-booster PsVN titers–PPAS.
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MV D614 group were met (Table 1A; see Table S3 for
PsVN titers in the control group).

Non-inferiority versus the control group was
demonstrated for the pooled mRNA vaccine-primed
group, the pooled adenovirus vectored vaccine-primed
group and the MV D614-primed group (lower bound
of the 98.3% CI for the between-group GMT ratio was
>0.67; Table 1A). Superiority versus the pre-booster
response was also demonstrated for all three vaccine
priming groups (lower limit of the 2-sided 98.3% CI of
post-booster versus pre-booster GMTR was >2;
Table 1A). The magnitude of D614G PsVN titers at D15
following MV D614 booster in 18–55-year-olds was
similar in the mRNA- and adenoviral-vectored priming
groups but higher in the group primed with MV D614
(Fig. 2A; Table S4). Seroresponse rates (95% CI) to
D614G ranged from 71.2% (58.7; 81.7) to 93.1% (88.5;
96.3) across priming vaccine subgroups following MV
D614 booster and was 99.0% (on D36) in the control
group among 18–55-year-olds (Tables S3 and S4).

A similar pattern in D614G PsVN titers was observed
in older adults (≥56 years) (Figure S2). While post-
booster GMTs in older adults tended to be of lower
magnitude than those in younger adults, they were still
numerically higher than D36 GMTs post-primary
vaccination in the control group, for all vaccine-primed
subgroups (Table S4).

Monovalent B.1.351 booster
In BNT162b2-primed participants aged 18–55 years,
B.1.351 PsVN GMTs (95% CI) increased from 200 (157;
254) at D1 to 7172 (6363; 8083) at D15 after MV B.1.351
(Fig. 2B), demonstrating superiority to pre-booster titers
(Table 1B). B.1.351 PsVN titers post-booster were non-
inferior to D614G PsVN titers post-primary vaccina-
tion and superior to B.1.351 PsVN titers post-primary
vaccination (Table 1B).

.Among participants aged 18–55 years, B.1.351 PsVN
GMTs (95% CI) increased post-booster with MV B.1.351,
with D15/D1 GMTRs (95% CIs) ranging from 28 to 108
across the four mRNA and adenovirus-vectored priming
vaccine subgroups (Table S5). Post-booster D15 GMTs
were 1.5- to 2.5-fold higher than D614G PsVN GMTs
following primary vaccination in the control group. PsVN
GMTs (95% CI) against D614G also increased in the MV
B.1.351 booster group (18–55 years) across mRNA or
www.thelancet.com Vol 62 August, 2023
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Fig. 2: Booster pseudovirus neutralizing antibody responses against D614G or B.1.351 strains for (A) monovalent D614 (B) monovalent B.1.351
and (C and D) bivalent D614 + B.1.351 among 18–55-year-olds, by prior priming vaccine – PPAS. Antibody levels were measured using a
lentivirus-based pseudovirus neutralization assay. Graphs are annotated with geometric mean titers (above each bar) and geometric means of
individual titer ratios (above grouped bars), calculated based on paired post-vaccination/pre-vaccination results. Error bars denote 95% CIs for
the GMTs. *95% confidence not calculated due to small number of participants analyzed (n = 4). Table shows number of participants with
available data for at each timepoint. D1, study day 1 (pre-booster); D15, study day 15 (14 days post-booster); BNT, BNT162b2-primed; Mod,
mRNA-1273-primed; ChAd, ChAdOx1nCoV-19-primed; Ad26, Ad26.CoV2.S-primed; MVD614, CoV2 preS dTM-AS03 monovalent (D614)-
primed.
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adenovirus-vectored priming vaccine subgroups from be-
tween 165 (105; 258) and 1331 (917; 1931) at D1 to be-
tween 6817 (5453; 8521) and 13,189 (9836; 17,684) at D15.
Seroresponse rates (95% CI) to B.1.351 ranged from
71.4% (47.8; 88.7) to 96.5% (87.9; 99.6) across priming
vaccine subgroups (Table S5).

PsVN GMTs against B.1.351 and D614G following
MV B.1.351 booster also increased among older adults
www.thelancet.com Vol 62 August, 2023
(≥56 years), with D15 GMTs in all vaccine priming
subgroups exceeding those following primary vaccina-
tion in the control group (Figure S2; Table S5). D15
GMTs in older adults tended to be lower than those in
younger participants in all but the mRNA-1273-primed
group. Notably, the increase in post-booster PsVN ti-
ters following MV B.1.351 booster was particularly
marked for MV D614-primed participants (≥56 years;
7
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N = 68), with PsVN GMTs (95% CI) rising to 24,407
(17,705; 33,647) (anti-D614G) and 13,180 (9571; 18,151)
(anti-B.1.351). This marked increase in titers was also
seen in the 18–55 years age category for a small number
(n = 4) of participants (Table S5).

Bivalent D614 + B.1.351 booster
Among BNT162b2-primed participants aged 18–55 years,
PsVN GMTs (95% CI) to D614G increased from 585
(477; 718) at D1 to 8550 (7638; 9571) at D15 and PsVN
GMTs to B.1.351 increased from 151 (119; 191) at D1 to
5087 (4511; 5737) at D15 following BiV booster,
demonstrating superiority of D614G and B.1.351 booster
responses at D15 compared to pre-booster (Fig. 2C and
D; Table 1C). The non-inferiority of PsVN titers against
D614G and B.1.351 following BiV compared to post-
primary D614G PsVN titers in the control group was
also demonstrated, as was the superiority of B.1.351
PsVN titers induced by BiV compared with B.1.351 PsVN
titers in the control group (Table 1C).

Among 18–55-year-olds, D614G and B.1.351 PsVN
GMTs following BiV increased substantially across all
vaccine priming subgroups, with GMTRs (D15/D1)
ranging 9–53 for anti-D614G and 21–107 for anti-B.1.351
(Fig. 2C and D). Seroresponse rates (95% CI) to D614G
ranged from 61.9% (48.8; 73.9) to 89.1% (77.8; 95.9) and
those to B.1.351 ranged from 78.3% (56.3; 92.5) to 96.4%
(87.7; 99.6) across subgroups (Table S6).

Increases in neutralizing antibody titers (against
B.1.351 and against D614G) following BiV were also
seen among older adults (≥56 years) (D15 GMTs:
2025–10035 [B.1.351]; 4492–22531 [D614G] across
priming vaccine subgroups), with similar or lower PsVN
titers compared to younger adults in all but the
Ad26.CoV2.S-primed subgroup, in which GMTs were
higher in older adults (Table S6).

Neutralizing antibody responses to Omicron subvariant
strains (exploratory analysis)
In a subset of participants aged 18–55 years from the
PPAS (MV D614, N = 132; MV B.1.351, N = 160; BiV,
N = 156), baseline BA.2 PsVN titers were higher in the
MV B.1.351 and BiV groups than in the MV D614
group, with the highest titers induced by MV B.1.351
(2663 [95% CI: 2260; 3137]) (Fig. 3A). BA.2 PsVN
GMTRs (D15/D1) ranged from 19 (for MV B.1.351) to
25 (for MV D614) across the three booster groups.
Similar results were obtained for booster responses
against the Omicron BA.1 subvariant in BNT162b2-
primed participants (Fig. 3B).

In BNT162b2-primed participants aged 18–55 years,
PSVN titers against BA.4/5 increased from a GMTs
(95% CI) of 75.2 (54.7; 104) at D1 to 1344 (1125; 1604) at
D15 after a MV B.1.351 booster and from 46.9 (36.2;
60.8) to 961 (828; 1115) after BiV D614 + B.1351
(Fig. 3C). Similar magnitudes of titers were observed for
older adults (aged ≥56 years) following MV B.1.351.
Among 18–55-year-old participants primed and boosted
with MV D614, anti-BA.4/5 GMTs were slightly higher
at baseline (147 [33.8; 643]) than in the other groups and
increased to 1212 (720; 2041) at D15 following booster.
MV B.1.351 induced a large increase in anti-BA.4/5 ti-
ters, reaching a GMT of 3204 (95% CI not calculated) at
D15, albeit for only four available participant samples in
the 18–55 years age group. Large increases in BA.4/5
GMTs, with GMTRs of 53 and 97, were also achieved
after MV D614 and MV B.1.351 booster, respectively,
among older adults (Fig. 3C).

Safety
In each booster group, ≥98.0% of participants
completed at least 2 months of safety follow-up by the
analysis cut-off dates (median duration of safety follow-
up, 144–150 days across booster groups). In the control
group, 70.9% completed ≥2 months safety follow-up
(median duration, 148 days).

AEs for each booster formulation are summarized in
Table S7. There were no immediate unsolicited AEs re-
ported in any booster group. Within 7 days post-booster,
grade 3 solicited injection reactions were reported by
2.5% participants in the MV D614 group, 3.3% in the MV
B.1.351 group and 1.9% in the BiV group (Fig. 4); grade 3
solicited systemic reactions were reported by 6.6%, 6.9%
and 6.3%, respectively (Fig. 5). Most solicited reactions
were transient (lasting 1–3 days) and self-limited; all
participants fully recovered. Within 21 days post-booster,
7.1–8.8% participants reported at least one unsolicited
adverse reaction. Across priming vaccine subgroups,
solicited systemic reactions tended to be more frequently
reported for MV D614-primed participants than for other
priming vaccines (Figure S3). Solicited and unsolicited
events were mostly reactogenicity-type events and
generally more common in the 18–55 years than the ≥56
years group, in both booster cohorts (Table S7).

One of 28 SAEs reported up to the analysis cut-off
date was assessed as related to the study vaccine
(serum sickness-like reaction in a participant primed with
mRNA-1273 and boosted with bivalent D614 + B.1.351),
which resolved 11 days after onset following treatment
(antihistamines and steroid cream). One participant aged
≥56 years, primed with MV D614 and boosted with MV
B.1.351, reported an AESI (trigeminal neuralgia),
assessed as unrelated to vaccination. Of 356 MAAEs re-
ported by 264 booster recipients, eight (2 in 2 participants
in the MV D614 booster group, 5 in 3 participants in the
MV B.1.351 group and 1 in 1 participant in the BiV
group) were assessed as related. All MAAEs resolved. No
deaths and no AEs leading to study discontinuation were
reported. No cases of unintentional exposure during
pregnancy were reported in any booster group.

The safety profile of the control group is described in
the Appendix and summarized in Table S8. Solicited
injection site and systemic reactions are shown in
Figs. 4 and 5, respectively.
www.thelancet.com Vol 62 August, 2023
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Fig. 3: Cross-neutralizing titers elicited by monovalent and bivalent CoV2 preS dTM-AS03 formulations against Omicron subvariants (A) BA.2
(B) BA.1 and (C) BA.4/5, by age category. BiV, bivalent; MV, monovalent. Antibody levels were measured using a lentivirus-based pseudovirus
neutralization assay. Graphs are annotated with geometric mean titers (above each bar) and geometric means of individual titer ratios (above
grouped bars), calculated based on paired post-vaccination/pre-vaccination results. Error bars denote 95% CIs for the GMTs, calculated using
normal approximation of log-transformed titers. Tables show number of participants with available data at each timepoint. *Assessed on
available samples across all vaccine priming vaccine subgroups; †Assessed on available samples in BNT162b2-primed subgroups; ‡Assessed on
available samples in BNT162b2-primed subgroups and in CoV2 preS dTM-AS03 primed subgroups.
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Fig. 3: (Continued)
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Discussion
In this study, boosters containing the prototype D614 and/
or Beta (B.1.351) variants MV D614, MV B.1.351 and BiV
were well tolerated and elicited robust neutralizing anti-
body responses against variants including Omicron in
younger and older adults, regardless of the vaccine plat-
form used for primary vaccination.

The cross-neutralization of Omicron subvariants
with the monovalent B.1.351- containing vaccine,
whereby neutralizing antibody levels against BA.2 and
BA.4/5 tended to be higher than after either of the
D614-containing formulations, is consistent with initial
findings from an independently conducted phase 3 trial
in adults previously vaccinated with two doses of
BNT162b2, in which the monovalent B.1.351-containing
booster achieved higher neutralizing antibody titers
against Beta, Delta and Omicron BA.1 variants than the
monovalent D614 booster or a third dose of BNT162b2
in.17 Notably, data from that previous study, together
with those from the current study, led to authorization
of the monovalent B.1.351 formulation for use as a
booster in Europe and the UK.

Although rare, higher than expected frequencies of
myocarditis and pericarditis have been reported
following receipt of COVID-19 mRNA vaccines24 or the
protein-based vaccine NVX-CoV2373,25,26 and an
increased risk of thrombosis with thrombocytopenia
following receipt of adenovirus-vectored vaccines.27

While we did not identify any safety concerns in the
current study, this will continue to be monitored in
larger sample sizes. Reactogenicity in all booster groups
tended to be transient and mild-to-moderate in severity.
The frequency of reactogenicity events (any grade or
grade 3) in all booster groups appeared to be similar to
or lower than after licensed COVID-19 boosters
(BNT162b2, mRNA-1273, NVX-CoV2373).28–30

This study benefits from a large global study pop-
ulation, inclusive of high-risk groups, closely repre-
senting the potential target populations. The inclusion
of participants previously primed with different vac-
cine platforms (mRNA, adenovirus-vectored and
adjuvant recombinant protein vaccines), including
globally deployed vaccines, allowed a comprehensive
analysis of prime-boosting options and make our
findings applicable to a broad population. While our
immunogenicity results are promising, further evalu-
ation on the durability of the responses observed in
this study will be needed, along with effectiveness
against disease outcomes. Some limitations should
also be noted. The later enrolment of cohort 2 will
www.thelancet.com Vol 62 August, 2023
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Fig. 4: Solicited injection site reactions up to 7 days following vaccination in CoV2 preS dTM-AS03 booster groups and the control group, by age
category – SafAS. The percentages of participants experiencing at least one of the specified reactions are shown. Error bars denote 95% CIs for
the percentages after any injection, calculated using the Clopper-Pearson method. MV, monovalent; BiV, bivalent.

Articles
have increased the likelihood of the exposure of par-
ticipants to prior infection in this cohort compared to
cohort 1. Given the separation of cohort enrolment in
time, comparisons between the cohorts need to be
done with caution. Additionally, due to the limited
number of participants anticipated to be available from
the CoV2 preS dTM-AS03-primed arms and the need
to support the then-current regulatory strategy, it was
decided not to randomise the CoV2 preS dTM-AS03
D614-primed group to the bivalent booster to focus
on the evaluation of the MV D614 and MV B.1.351
vaccines. The inclusion of participants who were
immunocompromised in this study may have affected
the observed responses. The variability in the interval
between last primary vaccine dose and booster may
also have affected the antibody responses to booster
vaccination. Indeed, recent BNT162b2 booster
www.thelancet.com Vol 62 August, 2023
vaccination data suggest that a longer interval (35
weeks or more) may increase vaccine effectiveness,3

and previous data have suggested that extended in-
tervals between doses in a primary series of COVID-19
vaccination result in higher neutralizing antibody ti-
ters.31 Additionally, while the control group was age-
matched for the 18–55 years age category, they were
not age-matched for older participants. We also
acknowledge that our data could be extended to assess
the more recent circulating BQ.1.1, BA.2.75 and XBB
Omicron subvariants.

In summary, B.1.351-containing CoV2 preS dTM-
AS03 boosters in individuals primed with globally
deployed vaccines elicited strong cross-neutralizing
antibody responses against SARS-CoV-2 variants,
including Omicron subvariants BA.2 and BA.4/5, and
had acceptable safety profiles. Further humoral and
11
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cellular analysis may support the deployment of MV
B.1.351 as a universal booster against COVID-19.
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