
Articles
Immunogenicity and reactogenicity of heterologous
and homologous mRNA-1273 and BNT162b2
vaccination: A multicenter non-inferiority randomized
trial
C�ecile Janssen,a,e Marine Cachanado,b Laetitia Ninove,c Marie Lachatre,d,e Jocelyn Michon,e,f Olivier Epaulard,e,g

Zoha Maakaroun-Vermesse,e,h Christian Chidiac,e,i Bruno Laviolle,e,j Hugues Aumaitre,k Ady Assaf,e,l Karine Lacombe,e,m

Catherine Schmidt-Mutter,e,n Elisabeth Botelho-Nevers,e,o,p Magali Briere,q Thomas Boisson,r Paul Loubet,e,s Boris Bienvenu,e,t

Olivier Bouchaud,u Amel Touati,b Christine Pereira,d,e Alexandra Rousseau,b Laurence Berard,b Melissa Montil,b

Xavier de Lamballerie,c Tabassome Simon,b,v and Odile Launay d,e,w*, on behalf of the ARNCOMBI Study Group 1

aService de Maladies Infectieuses, Centre Hospitalier Annecy Genevois, Annecy 74370, France
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nCentre d'Investigation Clinique CIC INSERM 1434, CHU de Strasbourg, France
oService d'infectiologie, CIC1408, CHU de Saint-Etienne, Saint-Etienne 42055, France
pTeam GIMAP, CIRI, Inserm, U1111, CNRS, UMR530, Univ Lyon, Universit�e Jean Monnet, F42023 Saint-Etienne
qMaison de la M�edecine Pr�eventive, Service de M�edecine interne, Maladies Infectieuses, h�ematologie, Centre Hospitalier
Bretagne Atlantique, 20, boulevard Maurice Guillaudot, Vannes 56000, France
rService de M�edecine Interne, Centre Hospitalier Alpes L�eman, Contamine Sur Arve, France
sDepartment of Tropical and Infectious Diseases, Virulence Bact�erienne et Infection Chronique INSERM U1047, University
Montpellier, CHU N̂ımes, N̂ımes, France
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Background Although effective mRNA vaccines for SARS-CoV-2 infection have been deployed worldwide, their
interchangeability could facilitate the scale-up of vaccination programs. The objective of the trial was to assess
whether the immune response induced by a heterologous SARS-CoV-2 mRNA primo vaccination is non-inferior to
that of a homologous mRNA vaccination.

Methods We conducted a multicenter, randomized, open-label trial in adults 18 years of age and older who received
a first dose of SARS-CoV-2 mRNA vaccine. Participants were randomly assigned in a 1:1 ratio to receive a second
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dose of BNT162b2 or mRNA-1273, 28 to 49 days after the first dose. Randomization was stratified on the vaccine
received at the first vaccination. The primary endpoint was the anti-spike IgG antibodies titer measured 28 days after
the second vaccine dose. This study is registered with ClinicalTrials.gov, Trial, NCT04900467.

Findings Of the 414 randomized participants recruited from May 28 to July 2, 2021, 390 were included in the per
protocol analysis: 94 participants in group 1 (BNT162b2/BNT162b2), 96 in group 2 (BNT162b2/mRNA-1273), 97 in
group 3 (mRNA-1273/mRNA-1273), and 103 in group 4 (mRNA-1273/BNT162b2). The geometric mean titers ratios
of anti-spike IgG antibodies for each heterologous regimen relative to the corresponding homologous regimen were
1¢37 (two-sided 95% CI, 1¢10 to 1¢72) in the groups 1 and 2 and 0¢67 (two-sided 95% CI, 0¢55 to 0¢82) in the groups 3
and 4. Levels of neutralizing antibodies to the main circulating SARS-Cov-2 viral strains were higher with the vac-
cine regimen containing mRNA-1273. Participants who received mRNA-1273 as a second dose experienced a higher
rate of local adverse reactions and general symptoms than those who received BNT162b2 (p < 0¢0001).

Interpretation The two SARS-CoV-2 mRNA vaccines could be used with flexibility for the second dose of COVID-19
primo vaccination. Tolerance remains good regardless of vaccine sequence although mRNA-1273 was more
reactogenic.

Funding French Ministries of Solidarity and Health and Research. BNT162b2 was provided by Pfizer/BioNTech.
mRNA-1273 was provided by Moderna.

Copyright � 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Research in context

Evidence before this study

We searched PubMed through November 26, 2021, for
COVID-19 vaccine clinical trials using the search terms
"SARS-CoV-2," "vaccine," "immunogenicity," and "clinical
trial" without language restriction. Only peer-reviewed
publications were included. A few studies comparing the
immunogenicity of heterologous and homologous vac-
cine regimens combining ChAdOx1 nCoV-19 and SARS-
CoV-2 mRNA vaccines were found. We did not find any
randomized study to confirm the non-inferiority and
good tolerance of heterologous vaccine regimens com-
posed of mRNA vaccines in primary vaccination. How-
ever, the question needs to be addressed given the
frequent use of these combinations.

Added value of this study

In this first open-label, multicenter, non-inferiority, ran-
domized clinical trial, anti-spike IgG antibody titers for
the heterologous BNT162b2/mRNA-1273 combination
regimen were non-inferior to two doses of BNT162b2.
Neutralizing antibodies tended to be higher in regimens
including mRNA-1273. Reactogenicity was higher with
mRNA-1273 for the second dose.

Implications of all evidence available

The results of this study will help streamline vaccination
campaigns and schedules. Regardless of the availability of
any of the SARS-CoV-2 mRNA vaccines, vaccination cam-
paigns can continue and rapidly increase vaccination cov-
erage in all countries that are still under-vaccinated.
Introduction

To date, coronavirus disease 2019 (COVID-19), due to
the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has caused over 270 million cases and
eight million deaths worldwide.1 To fight the pandemic,
effective vaccines were rapidly developed and to date,
over eight billion doses have been administered.1 A
large number of people in the world still need to be vac-
cinated. Indeed, a number of high-income countries
have vaccine coverage of over 70% of the population,
but many countries have low vaccine coverage.2−4 Low-
and middle-income countries will still need to vaccinate
more than three-quarters of their population.5

As part of the COVID-19 vaccine campaign, the two
available mRNA SARS-CoV-2 vaccines, BNT162b2
(COMIRNATY�)6 and mRNA-1273 (SPIKEVAX�)7,
administered in two doses have shown over 90% effi-
cacy in preventing COVID-19 infection. Both vaccines
are based on similar technologies but were developed
independently.

In accordance with the vaccines licenses, the same
vaccine has been recommended for both doses. How-
ever, supply and logistical constraints may make it diffi-
cult to use the same vaccine for both doses used for
primo-vaccination. The WHO announced in April
20218 that, in the absence of available data, vaccine
interchangeability could not be recommended. In
France, the primo vaccination with two different SARS-
CoV-2 mRNA vaccines was authorized by the health
authorities9 when it was not possible to administer the
same mRNA vaccine for the second dose. However,
data are still needed to demonstrate the non-inferiority
of a heterologous vaccine schedule.
www.thelancet.com Vol 48 Month June, 2022
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The current trial was therefore designed to evaluate
whether the immunogenicity of a regimen combining
the two mRNA SARS-CoV-2 vaccines (i.e., either a sec-
ond dose of vaccine with mRNA-1273 COVID-19 vaccine
after a first dose of BNT162b2 COVID-19 vaccine, or a
second dose of the BNT162b2 COVID-19 vaccine after a
first dose of mRNA-1273 COVID-19 vaccine) is non-infe-
rior to a standard vaccination regimen with two doses of
the same mRNA SARS-Cov-2 vaccine.
Methods

Study design
We conducted an open-label, multicenter, non-inferior-
ity, randomized clinical trial (NCT04900467) across 17
centers in France. Participants were recruited from May
28, 2021 to July 2, 2021. The protocol was conducted in
accordance with the Declaration of Helsinki and French
law for biomedical research and was approved by the
“CPP Ile-de-France III” Ethics Committee (Paris,
France − Ref: 3859) on May 11, 2021 and the competent
authority “ANSM” (Ref: MEDAECNAT-2021−05−0011)
on May 19, 2021. This study was funded by the French
Ministry of Solidarity and Health and the French Minis-
try of Research and sponsored by Assistance Publique
Hôpitaux de Paris.
Participants
Adult persons were eligible to participate if they had
received a first dose of an mRNA SARS-CoV-2 vaccine
(mRNA-1273 or BNT162b2) and were scheduled for
receiving a second dose 28 to 49 days later. Main exclu-
sion criteria were pregnancy or breastfeeding, history of
SARS-CoV-2 infection, acute febrile infection within the
previous 72 h, symptoms suggestive of COVID-19 or
contact with a case within the last 14 days prior to the
inclusion visit, use of immunosuppressive medications
or any immunosuppression condition that may reduce
the immune response, history of severe post-vaccination
adverse events or severe allergic manifestations, having
received another vaccine within four weeks prior to the
first injection or who are scheduled to receive a licensed
vaccine within the next four weeks.

Written informed consent was obtained from each
participant before enrolment and randomization.
Randomization
Participants were randomly assigned in a 1:1 ratio to
receive one dose of mRNA-1273 or BNT162b2 vaccine
stratified on the vaccine received at the first dose. The
randomization was stratified by center and by the vac-
cine received at the first dose (BNT162b2 or mRNA-
1273 vaccine). We used a web-based randomization sys-
tem (CleanWeb e-CRF, Telemedecine Technologies, S.
A.S), with a centralized block randomization list with
www.thelancet.com Vol 48 Month June, 2022
blocks of size four (not communicated to the investigat-
ing team). The randomization list was generated by an
independent statistician from the trial clinical research
unit (URC-EST). Participants were randomized by the
investigator.
Procedures
Vaccines were administered intramuscularly by appro-
priately trained staff. Blood samples were planned for
quantification of anti-spike IgG antibodies, anti-N anti-
bodies, and neutralizing antibodies at D0 and D28.
Samples collected at each site were sent to a certified
core laboratory (CRB APHP.SU) before being sent for
virological analysis (Inserm-UMR190).

For serological analysis, we used the Euroimmun�

Anti-SARS-CoV-2 QuantiVac ELISA kit (L€ubeck, Ger-
many) run on the EUROLabWorkstation instrument, to
detect and quantify IgG antibodies titers directed against
the S1 domain of the SARS-CoV-2 spike protein. We
reported quantitative results as antibody unit (BAU)/mL
according to the WHO international standard (NIBSC
code 20/136). Antibodies neutralizing the SARS-CoV-2
were detected and quantified using a CPE (cytopathic
effect)-based virus neutralization test (VNT) in a 96-well
format, as previously described.10 The test uses 100
TCID50 per well of virus grown five days onto
TMPRSS2-expressing Vero cells. A human isolate of the
SARS-CoV-2 D614G European variant (strain BavPat1/
2020, obtained from the European Virus Archive, refer-
ence 026V-03,883) or Alpha, Beta and Delta variants of
SARS-CoV-2 provided by the French reference center for
respiratory viruses were used in a VNT100 (100% of
wells lysed in quadruplicate) format. The test was auto-
mated in a NSB3 laboratory for all dilution and dispens-
ing steps, and for CPE reading. Dilutions tested were 20,
40, 80, 160, 320, 640, 1280. The range was extended if a
titer of 1280 was observed in the first instance. All sera
were tested against the European variant strain. Measure-
ment of neutralizing antibodies against the specific var-
iants (Alpha, Beta, Delta) was performed on a
representative population of 30 subjects randomly
selected after stratification on vaccine schedule group,
age (<40 years, ≥40 years, and <55 years, ≥55 years), and
level of anti-spike IgG against the wild-type viral strains
at D28 (<1000 BAU/mL, ≥1000 BAU/mL, and
<5000 BAU/ml, ≥ 5000 BAU/mL).
Outcomes
The primary outcome was the immune response (anti-
spike IgG antibodies titer) 28 days after the second
injection of mRNA vaccine. Secondary outcomes were
(1) Adverse reaction, local and systemic reaction occur-
ring up to 28 days after the second injection, (2) addi-
tional analysis of other pre-specified immunologic
efficacy endpoints. These were: (1) increase in anti-spike
3
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IgG titers between pre- and four weeks post second vac-
cine dose and (2) neutralizing antibodies levels against
an early SARS-CoV-2 European strain (for all partici-
pants) and the Alpha, Beta, and Delta SARS-CoV-2 var-
iants (for 30 participants), 28 days after the second
vaccine dose.

Diary cards were provided to each participant to col-
lect tolerance and safety data of local and general reac-
tions previously reported during mRNA SARS-CoV-2
vaccine trials (i.e., fever, headache, asthenia, myalgia,
arthralgia, sickness, chills, nausea, vomiting, insomnia,
pain in the extremities, lymphadenopathy)6,7 within
one week after vaccination, as well as any unsolicited
adverse events occurring within 28 days after injection.
Statistical analysis
The statistical plan is available in supplement 1.

Preliminary data from our department suggested
that the geometric mean anti-spike antibody level mea-
sured by Elisa was 2¢4 log10 BAU/mL (253 BAU/mL)
with a standard deviation of 0¢54, 28 days after the sec-
ond dose. The sample size calculation, i.e., 100 subjects
per group and 400 in total, was based on a non-inferior-
ity margin corresponding to a geometric mean ratio
(GMR) of 0¢61 between vaccination with a second dose
of a heterologous vaccine regimen and a second dose of
the homologous vaccine (i.e., �0¢215 in absolute differ-
ence on a base ten logarithmic scale and a standard devi-
ation of the geometric mean of 0¢54 on a base ten
logarithmic scale), with power of 80% and a one-sided
alpha risk of 2¢5%.

The primary endpoint was analyzed under the
hypothesis of non-inferiority of vaccination with two
doses of different vaccines (combined vaccination) com-
pared to vaccination with two doses of the same vaccine
(standard vaccination) (i.e., BNT162b2/mRNA-1273 ver-
sus BNT162b2/BNT162b2 and mRNA-1273/BNT162b2
versus mRNA-1273/mRNA-1273) separately. For each
group, the anti-SARS-CoV-2 IgG antibody titers directed
against the S1 domain of the spike protein measured at
D0 and D28 were described as geometric means with
two-sided 95% confidence intervals (95% CI). The geo-
metric mean ratio (GMR) and its two-sided 95% CI
were calculated. Since this was a non-inferiority study,
the primary endpoint was assessed on the per protocol
population with an additional sensitivity analysis on the
as randomized population. The non-inferiority of vacci-
nation with two doses of different vaccines compared to
vaccination with two doses of the same vaccine was
demonstrated if the two analyses were consistent. The
as randomized population is all randomized subjects
except those with positive, uncertain or missing NP
antibody serology at inclusion. The per-protocol popula-
tion is all randomized, vaccinated subjects without
major protocol deviations (i.e., non-compliance with the
selection criteria or with the allocated vaccine or the
time between the two doses, missing primary endpoint,
or subjects with positive, doubtful or missing NP anti-
body serology at inclusion or day 28). Missing data for
the primary endpoint was replaced by the geometric
mean value of antibody levels observed in the group of
the concerned subject. Other missing data were not
replaced.

Safety assessment was analyzed among the safety
population (i.e., all randomized subjects). Adverse reac-
tions and events were described using frequencies and
percentages.

SAS software (version 9.4, SAS Institute, Cary, NC)
was used for the statistical analyses. R freeware (version
3.6.3) and GraphPad Prism software (version 9.2.0, San
Diego, California USA) were used for the graphs. Statis-
tical significance was considered when the lower bound
of the two-sided 95% CI of the primary endpoint was
above the pre-defined margin for non-inferiority analy-
ses, and when the p-value of the other endpoints was
below 0¢05. In case of multiple comparisons, Bonfer-
roni correction was performed. Supplemental statistical
analysis methods are reported in supplement 2.

This study is registered with ClinicalTrials.gov,
NCT04900467; N° EudraCT: 2021−002,174−52.
Role of the funding source
This study was supported by the French Ministry of Sol-
idarity and Health and the French Ministry of Research
and sponsored by Assistance Publique Hôpitaux de
Paris. The funder of the study had no role in study
design, data collection, data analysis, data interpreta-
tion, or writing of the report.
Results

Study participants
A total of 414 adults were randomized from May 28 to
July 2, 2021, of whom 203 had received BNT162b2 and
211 mRNA-1273 as their first injection. Of these, 101
subjects were allocated to the BNT162b2/BNT162b2
group, 102 to the BNT162b2/mRNA-1273 group, 105 to
the mRNA-1273/mRNA-1273 group, and 106 to the
mRNA-1273/BNT162b2 group. Details of exclusion
causes and follow-up not performed are described in
the flow diagram, Figure 1. We did not observe differen-
ces for baseline characteristics across study arms
(Table 1).

Overall, 390 (94%) participants were retained in the
per-protocol analysis (Figure 1).
Immunogenicity
Based on the non-inferiority margin of 0¢61, a second
dose of mRNA-1273 was non-inferior to a second dose
of BNT162b2 after a first dose of BNT162b2. Moreover,
a second dose of mRNA-1273 met criteria for superiority
www.thelancet.com Vol 48 Month June, 2022
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Per protocol
population
(n = 390)

BNT162b2/
BNT162b2
(n = 94)

BNT162b2/mRNA-1273
(n = 96)

mRNA-1273/mRNA-1273
(n = 97)

mRNA-1273/BNT162b2
(n = 103)

Age at inclusion, y

Mean (SD) 40¢3 (13¢0) 40¢2 (11¢7) 37¢6 (12¢7) 42¢0 (13¢4) 41¢4 (13¢6)
Range 18¢2−78¢9 19¢5−64¢4 18¢4−69¢0 18¢2−76¢8 18¢6−78¢9
Female gender, n (%) 163 (41¢8) 37 (39¢4) 39 (40¢6) 49 (50¢5) 38 (36¢9)
BMI, kg/m2

Mean (SD) 25¢0 (4¢4) 25¢1 (4¢5) 24¢3 (4¢2) 24¢5 (4¢5) 26¢0 (4¢4)
Range 14¢2−44¢1 17¢3−43¢9 16¢7−38¢8 14¢2−43¢5 18¢7−44¢1
Current smoker, n (%) 90 (23¢1) 17 (18¢1) 25 (26¢0) 25 (25¢8) 23 (22¢3)
Comorbidity, n (%)

Diabetes 7 (1¢8) 3 (3¢2) 0 (0) 1 (1¢0) 3 (2¢9)
Hypertension 18 (4¢6) 3 (3¢2) 4 (4¢2) 4 (4¢1) 7 (6¢8)
Obesitya 37 (9¢5) 9 (9¢6) 6 (6¢3) 5 (5¢2) 17 (16¢5)
Time between 1st and

2nd dose, n (%)

≤ 35 days 185 (47¢4) 42 (44¢7) 50 (52¢1) 45 (46¢4) 48 (46¢6)
> 35 days 205 (52¢6) 52 (55¢3) 46 (47¢9) 52 (53¢6) 55 (53¢4)

Table 1: Per protocol population description.
BMI, body mass index.

a BMI ≥ 30 kg/m2.
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compared with a second dose of BNT162b2 after a first
dose of BNT162b2 (lower bound of 95% CI >1¢00). The
GMT ratio of anti-spike IgG at 28 days for the combined
BNT162b2/mRNA-1273 regimen relative to the
BNT162b2/BNT162b2 regimen was 1¢37 (95% CI, 1¢10
to 1¢72) (Figure 2 and Supplementary Figure 1). In con-
trast, the non-inferiority of a second dose of BNT162b2
to a second dose of mRNA-1273 after a first dose of
mRNA-1273 was not demonstrated. The GMT ratio of
anti-spike IgG antibody at 28 days for the combined
mRNA-1273/BNT162b2 regimen relative to the mRNA-
1273/mRNA-1273 regimen was 0¢67 (95% CI, 0¢55 to
0¢82). Similar findings were observed in the as random-
ized population.

In a complementary analysis, the titers of anti-spike
antibodies were higher after the first injection of
mRNA-1273 (geometric mean, 474¢1; 95% CI, 400¢3 to
561¢6) than the titers after the first injection of
BNT162b2 (geometric mean, 137¢3; 95% CI, 113¢5 to
166¢0; p-value <0¢001) (Not shown). This difference
was persistent 28 days after the second injection
between BNT162b2/BNT162b2 (geometric mean,
2697¢9; 95% CI, 2277¢6 to 3195¢7) and mRNA-1273/
mRNA-1273 (geometric mean, 3995¢0; 95% CI, 3510¢9
to 4545¢8) regimens (p-value <0¢001) (Supplementary
Table 1).

The titers of anti-spike antibodies were higher in the
groups receiving mRNA-1273 as a second dose com-
pared to those receiving BNT162b2. The titers of the
anti-spike antibodies were higher (p = 0¢002) in the
BNT162b2/mRNA-1273 group (geometric mean,
3706¢1; 95% CI, 3201¢5 to 4290¢3) versus 2697¢9 (95%
CI, 2277¢6 to 3195¢7) for BNT162b2/BNT162b2. No
difference was demonstrated on anti-spike antibodies
between the BNT162b2/mRNA-1273 group (geometric
mean, 3706¢1; 95% CI, 3201¢5 to 4290¢3) and mRNA-
1273/BNT162b2 group (geometric mean, 2689¢9; 95%
CI, 2296¢2 to 3151¢1) groups (Supplementary Table 1).

Higher neutralizing antibodies titers were observed
after mRNA-1273 first dose (geometric mean, 82¢9;
95% CI, 72¢7 to 94¢4) compared with BNT162b2 (geo-
metric mean, 47¢3; 95% CI, 40¢1 to 55¢8; p-value
<0¢001) (Not shown). After 28 days, the geometric
mean of neutralizing antibodies was higher with
BNT162b2/mRNA-1273 (522¢9; 95% CI, 435¢8 to 627¢3)
than with BNT162b2/BNT162b2 (396¢3; 95% CI, 333¢3
to 471¢1) regimen (p-value = 0¢02). There was no differ-
ence between BNT162b2/mRNA-1273 (522¢9; 95% CI,
435¢8 to 627¢3) and mRNA-1273/BNT162b2 (439¢0;
95% CI, 372¢6 to 517¢3) regimen (p-value = 0¢28) (Sup-
plementary Table 2).

Neutralizing antibodies titers against SARS-CoV-2
variants were not different between the homologous
and heterologous vaccine groups (Figure 3).
Reactogenicity
Participants who received mRNA-1273 as a second dose
experienced a higher rate of local adverse reactions and
general symptoms than those who received BNT162b2
(p < 0¢0001) (Figure 4). Three hundred twelve (76¢3%)
participants reported local adverse events and 302
(73¢8%) reported general adverse events. Among the
local adverse events, pain at the injection site was
reported by nearly 100% of respondents, local edema
was described by 27¢8% of subjects after the double
www.thelancet.com Vol 48 Month June, 2022



Figure 2. Violin plots of anti-spike antibody titers determined by Elisa 28 days post dose 2 of vaccine.
Legend: Within each diagram, the geometric mean is represented by a point.
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Figure 3. Bar graphs neutralizing antibodies against wild type SARS-COV-2 (Pre-dose 2, 28 days post dose 2) and against Alpha, Beta and Delta variants (28 days post dose 2), per protocol
population.

Legend: Measurement of neutralizing antibodies against specific variants (alpha, beta, delta) was performed on a population of 30 subjects randomly selected from participants after
stratification on vacci e schedule group, age (< 40 y, ≥ 40 y and < 55 y, ≥ 55 y), and level of anti-spike IgG against wild-type viral strains at D28 (< 1000 BAU/ml, ≥ 1000 BAU/ml and <
5000 BAU/ml, ≥ 5000 AU/ml).

*PreD2: Pre-dose
**PostD2: Post do 2.
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Figure 4. Adverse events reported by healthy volunteers after the second COVID-19 mRNA vaccines injection between D0 and D7
Legend: G1 BNT162b2/ BNT162b2 (n = 101), G2 BNT162b2/mRNA-1273 (n = 102), G3 mRNA-1273/mRNA-1273 (n = 103), G4 m A-1273/BNT162b2 (n = 106)
Colors to grade adverse reactions from 1 to 4.
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dose of mRNA-1273 versus 8¢6% in the mRNA-1273/
BNT162b2 group, and erythema by 4¢3% of subjects for
the mRNA-1273/BNT162b2 group versus 21¢1% for dou-
ble dose mRNA-1273. Regarding systemic effects, asthe-
nia was reported in 73% of cases, headache in 57%,
myalgia in 46% and chills in 37%. The difference
between the groups was mainly due to more frequent
shivering in the mRNA-1273 vaccine groups at the sec-
ond injection (55¢6% with BNT162b2/mRNA-1273,
48¢8% with two injections of mRNA-1273 vs. 21¢4%
with mRNA-1273/BNT162b2, 12¢9% with two injections
of BNT162b2). No serious adverse events were reported.
Discussion
In this multicenter, non-inferiority, randomized, open-
label trial, the heterologous BNT162b2/mRNA-1273 vac-
cination for SARS-CoV-2 was non-inferior to the homol-
ogous scheme based on either BNT162b2 or mRNA-
1273 vaccine regimen. BNT162b2/mRNA-1273 was even
superior to BNT162b2/BNT162b2. We could not con-
clude for the heterologous regimen with mRNA-1273
vaccine as the first injection. The regimen based on a
second injection of mRNA-1273 induced a higher rate of
neutralizing antibodies against wild-type SARS-CoV-2,
Alpha, Beta, and Delta variants, than those with
BNT162b2. Although all vaccine regimens were well tol-
erated, those with a second injection of mRNA-1273
resulted in a higher rate of systemic adverse events. As
the expected minimum immunogenicity threshold is
reached by both vaccines and the tolerance is satisfac-
tory for both, we consider that they can be used indiffer-
ently. Although the statistical data do not formally
conclude this from a clinical point of view, our results
argue for flexibility in the use of mRNA-1273 or
BNT162b2 as a second dose of the primary vaccination,
which could facilitate the deployment of the vaccina-
tion.

Many studies11−14 have analyzed combination regi-
mens between mRNA and viral vector vaccines against
SARS-COV-2. However, to our knowledge, none com-
pared the combined regimens of mRNA vaccines. More-
over, there was no large-scale evidence supporting the
use of heterologous vaccination with prime-boost
mRNA vaccines against SARS-CoV-2 infection. Poz-
zetto et al.15 showed that a scheme combining the ChA-
dOx1-S adenoviral vector vaccine to the BNT162b2
mRNA vaccine was an acceptable alternative to the
BNT162b2/BNT162b2 regimen. They demonstrated
that such heterologous alternative combination con-
ferred better protection than the homologous combina-
tion by inducing a strong anti-spike antibody response
with higher neutralizing activity, regardless of SARS-
CoV-2 variants. Our study sheds light on the acceptabil-
ity of heterologous scheme based on mRNA vaccines,
especially those based on mRNA-1273 for the second
injection, yet without assessing its superiority to the
ChAdOx1-S/BNT162b2 combination.

Our finding of higher immunogenicity induced by a
regimen including a second dose of mRNA-1273 sup-
ports the results of Steensels et al.16 demonstrating
higher humoral immunogenicity with double dose of
mRNA-1273 compared to the BNT162b2 vaccine. In
addition, we found higher serum neutralization with
the BNT162b2/mRNA-1273 and homologous mRNA-
1273 regimen than with the homologous BNT162b2 reg-
imen. Noteworthy, the preliminary report of data on
heterologous boost vaccinations also found a greater
increase in seroneutralization with heterologous regi-
mens (6¢2- to 76-fold) compared to homologous ones
(4¢2 to 20-fold).17 A longer interval between priming
and enhancement for mRNA-1273 (28 days) versus
BNT162b2 (21 days) may explain this difference,18 but
we did not find any difference in response when adjust-
ing immunogenicity on timing between the two-vaccine
injection. Another explanation might be the higher
mRNA level in mRNA-1273 (100 µg)19 compared to
BNT162b2 (30 µg). Results of trial with half-dose vac-
cine will be essential to solve this issue. Finally, work on
nanoparticles structure and composition should clarify
their impact on the immunogenicity and reactogenicity
of mRNA vaccines.
Strengths
Our study is the first randomized study to compare in
primovaccination heterologous versus homologous regi-
mens of mRNA vaccines. We have demonstrated that,
in the primary vaccination setting, interchangeability of
SARS-COV-2 mRNA vaccines is possible from an
immunological perspective and with respect to reactoge-
nicity. Although all homo and heterologous mRNA vac-
cine regimens elicit a good immune response, the
composition of the mRNA-1273 vaccine allows for a
higher immunological response at the expense of
greater reactogenicity. These results are crucial, consid-
ering the need to simplify vaccination campaigns and
schedules to allow a rapid increase in vaccination cover-
age in all countries that are still under-vaccinated.
Limitations
First, the population of the current study was younger
and had a lower rate of high blood pressure and/or obe-
sity than the population at risk of severe forms of SARS-
CoV-2 infection. Second, the age distribution did not
allow to study the impact of immunosenescence on
immunological vaccine efficacy according to hetero or
homologous vaccine regimens. Third, we report the 28-
days results after the second mRNA vaccine injection,
but late immunogenicity assessment beyond six months
is planned. We were unable to study the clinical efficacy
of the vaccine regimens. We are thereby not able to
www.thelancet.com Vol 48 Month June, 2022
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assess whether waning immunity is different according
to the different regimens. However, one may suggest
that higher early immunogenicity will result in lower
waning immunity.

The two mRNA SARS-CoV-2 vaccines (BNT162b2
and mRNA-1273) could be used flexibly for COVID-19
primo vaccination. Second injection of mRNA-1273
results in higher immunogenicity and reactogenicity
than BNT162b2-based regimen, although tolerance
remains good regardless of the vaccine sequence.
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