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Heterogeneous SARS‑CoV‑2 
humoral response after COVID‑19 
vaccination and/or infection 
in the general population
Fabrice Carrat  1*, Paola Mariela Saba Villarroel2, Nathanael Lapidus1, Toscane Fourié2, 
Hélène Blanché3, Céline Dorival4, Jérôme Nicol4, Jean‑François Deleuze3, Olivier Robineau4, 
SAPRIS-SERO Study Group*, Mathilde Touvier5, Gianluca Severi6,7, Marie Zins8,9 & 
Xavier de Lamballerie2

Assessment of the intensity, dynamics and determinants of the antibody response after SARS-
CoV-2 infection or vaccination in the general population is critical to guide vaccination policies. This 
study characterized the anti-spike IgG titers in 13,971 participants included in a French multicohort 
population-based serological survey on COVID-19 between April and October 2020 and followed-up 
with serological testing between May and October 2021. Eight follow-up profiles were defined 
depending on SARS-CoV-2 infection (0, 1 or 2) and COVID-19 vaccination (0, 1, 2 or 3). The anti-spike 
titer was lower in adults with no vaccination even in case of infection or reinfection, while it was higher 
in adults with infection followed by vaccination. The anti-spike titer was negatively correlated with 
age in vaccinated but uninfected adults, whereas it was positively correlated with age in unvaccinated 
but infected adults. In adults with 2 vaccine injections and no infection, the vaccine protocol, age, 
gender, and time since the last vaccine injection were independently associated with the anti-spike 
titer. The decrease in anti-spike titer was much more rapid in vaccinated than in infected subjects. 
These results highlight the strong heterogeneity of the antibody response against SARS-CoV-2 in the 
general population depending on previous infection and vaccination.

Since December 2019, the world has been experiencing the COVID-19 pandemic, and thanks to a historically 
unprecedented effort, vaccines were developed in less than one year and have been used for mass vaccination 
since December 2020. In December 1, 2021 more than 7.7 billion doses had been administered worldwide1. In 
France, vaccination against SARS-CoV-2 began on December 27, 2020, first for individuals living in nursing 
homes and healthcare professionals in contact with these patients, then gradually to the entire population aged 
12 years or older, by June 20212. Three vaccines have mainly been used, BNT162b2 (Pfizer-BioNTech, PFI), 
mRNA-1273 (Moderna, MOD) and ChAdOx1 nCoV-19 (Astra-Zeneca, AST) while the Ad26.COV2.S (Janssen) 
vaccine has been authorized since mid-March 2021. On December 1, 2021, 89.3% of the French adult population 
had received two-doses of SARS-CoV-2 vaccines3.

Numerous studies have shown a progressive decrease in antibodies induced by vaccination4–6 or natu-
ral infection7,8, in particular neutralizing antibodies. Correlates of protection have been established9–11. An 
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assessment of the serological status of the general population and the factors associated with the level of antibody 
titers considered to be protective are critical to guide vaccination policy.

Our objective was to characterize the humoral status of participants from general population-based cohorts 
in relation to vaccination or infection or both, and to explore the associated factors.

Methods
Design, participants and methods.  We used data from the SAPRIS (“SAnté, Perception, pratiques, Rela-
tions et Inégalités Sociales en population générale pendant la crise COVID-19”)—SERO survey in France. The 
study has been described elsewhere12,13. It is based on a consortium of prospective cohort studies (Constances, 
E3NE4N and Nutrinet-Santé) in the general population including 279,478 adult volunteers with regular access 
to electronic (internet) questionnaires.

Two self-administered questionnaires covering the first wave of the pandemic were sent as of April 1, 2020 and 
returned before May 27, 2020. The questionnaires included socio-demographics, household size and composition, 
history of COVID-19 diagnosis and SARS-CoV-2 RT-PCR testing (information on whether or not the RT-PCR 
performed was quantitative was not collected, so the term RT-PCR is used for qualitative RT-PCR or RT-qPCR 
throughout the manuscript), a detailed description of the participant’s symptoms in the previous weeks, and 
an invitation to perform a serology by self-sampling dried-blood spot (DBS). Participants living in mainland 
France who completed the questionnaires and who agreed to the serology received a DBS kit to be returned to the 
centralized biobank between May and November, 2020, after capillary blood collection (CEPH Biobank, Paris, 
France). The Elisa test (Euroimmun®, Lübeck, Germany) was used to detect anti-SARS-CoV-2 antibodies (IgG) 
directed against the S1 domain of the spike protein of the virus. In accordance with the manufacturer’s instruc-
tions, a test was considered to be positive with an optical density ratio (ODR) ≥ 1.1, indeterminate between 0.8 
and 1.1, and negative, < 0.8. All samples with a ODR ≥ 0.7 were also tested with an in-house micro-neutralization 
assay to detect neutralizing anti-SARS-CoV-2 antibodies (SN), as described elsewhere, with a positive SN defined 
as a titer ≥ 4014. The reported sensitivity and specificity of the anti-spike IgG test at the 1.1 threshold (consider-
ing indeterminate results as negative) is 87% and 97.5%, respectively15. More details on serological methods can 
be found in Ref.12. At the end of the first wave of the pandemic, 100,719 participants living in mainland France 
had completed the two baseline questionnaires (overall participation rate, 36%) and 82,521 had performed a 
serology (93% of those invited). A total of 77,580 of these participants had a baseline serology result and had 
completed 2 questionnaires: 3433 (4.4%) had a positive anti-spike IgG test, 1233 (1.6%) had an indeterminate 
test and 72,914 (94.0%) had a negative test.

A follow-up self-questionnaire was received from all participants between June 2, 2021 and October 21, 2021. 
The questionnaire included detailed information on vaccination (full description of the vaccine protocol, includ-
ing the type of vaccine, dates of injection, except in the E3N and E4NG1 cohorts where only the last injection was 
described), diagnosis of SARS-CoV-2 infection, symptoms and healthcare use since the baseline questionnaires. 
Altogether, 56,064 (72%) participants completed the follow-up questionnaire. All participants with a positive or 
indeterminate baseline ELISA-S test, a positive SN result or who reported a positive dated diagnosis of SARS-
CoV-2 infection by RT-PCR (n = 4755) and a random sample of 11,000 participants with a negative baseline anti-
spike IgG test result and no diagnosis of SARS-CoV-2 infection during the first wave of the pandemic were also 
invited to perform a follow-up serology by DBS. The anti-spike IgG test was used to evaluate serological status 
at follow-up using the same positivity threshold as at baseline and with a maximum value of 13 ODR. Detection 
of neutralizing anti-SARS-CoV-2 antibodies was not available on these follow-up samples. In participants with 
a positive anti-spike IgG test, antibody concentrations were expressed in units per milliliter and converted to 
binding antibody units (BAU), using the conversion factor (3.2) recommended by the manufacturer16. Samples 
with values > 384 BAU/mL were diluted 1:20 allowing a range extension up to 7680 BAU/mL.

Outcomes.  Our main outcome was the anti-spike IgG result on the follow-up sample. An anti-spike IgG 
titer ≥ 264 BAU/mL was considered to be associated with 80% vaccine efficacy against symptomatic infection 
to the Alpha (B.1.1.7) variant9 and was used to divide participants into two groups. Participants with negative 
or indeterminate anti-spike IgG test results were considered to have a standardized titer below 264 BAU/mL.

Covariate definitions.  Participants infected during the first wave were defined as those who reported a 
positive RT-PCR dated before the first DBS, or with a positive anti-spike IgG test or positive SN at the first 
sampling. Eight follow-up profiles were defined according to whether the participant had been vaccinated at the 
follow-up sample (0: NoVac, 1: 1Vac or 2/3: 2/3Vac doses, with 14 days between the last vaccine dose and DBS 
for a dose to count) and whether the participant had been infected during the first wave of the pandemic or had 
received a RT-PCR-confirmed diagnosis of SARS-CoV-2 infection during follow-up (NoDiag: neither infection 
nor diagnosis, 1Diag: either infection or diagnosis, 2Diag: infection during the first wave and diagnosis during 
follow-up).

Statistics.  The anti-spike IgG value (in ODR or BAU/mL) was log-transformed in all quantitative analyses. 
In a first analysis, we explored the factors associated with the value of anti-spike IgG (in ODR) in all participants 
with available follow-up serological results. We used a generalized linear model with Bonferroni adjustments 
for multiple comparisons to compare the log-transformed anti-spike IgG value between groups. The Spearman 
correlation coefficient was used to test associations between age and anti-spike IgG in groups. To explore the 
longitudinal dynamics of anti-spike IgG (ODR) in participants infected during the first wave of the pandemic, 
we used a linear mixed-model as well as a power-law model17 with random per participant parameters. Locally 
weighted polynomial smoothing (LOESS) was used to explore the relationship between the log-transformed 
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anti-spike IgG value at follow-up and the time since the last vaccine injection. Slope estimates of the decrease in 
log-titers with the time since the last injection were performed by generalized linear modelling adjusted for age, 
gender, chronic diseases, BMI and time between the first and second vaccine injection. Comparisons of slopes 
between vaccine protocols were performed by testing the interaction term between the vaccine protocol and 
time since the last injection. We used logistic regression to identify factors associated with anti-spike IgG ≥ 264 
BAU/mL (versus < 264 BAU/mL) in participants with 2 vaccine injections and no diagnosis of a SARS-CoV-2 
infection. Age, time since the last injection and time between the first and second vaccine injection were entered 
as continuous covariates into the logistic model and linearity was checked by comparing the model estimation 
using a single linear regression coefficient with the model using a thin-plate regression spline for the tested 
covariate (based on the Akaike Information Criteria). All covariates significantly associated with anti-spike 
IgG ≥ 264 BAU/mL in univariable analysis were included in the multivariable model. We did not use imputation 
methods for missing covariates because analysis of all cases represented 96.0% of the original dataset. All statis-
tical tests were two-tailed with a type I error of 5%. Statistical analysis was performed using SAS v9.4 software® 
(SAS Institute, Cary, NC, USA).

Ethics approval/consent to participate.  Ethical approval and written or electronic informed consent 
were obtained from each participant before enrolment in the original cohort. The SAPRIS-SERO study was 
approved by the Sud-Mediterranée III ethics committee (approval #20.04.22.74247) and electronic informed 
consent was obtained from all participants for DBS testing. The study was registered (#NCT04392388). All 
methods were performed in accordance with the relevant guidelines and regulations.

Results
Of 15,755 participants who were invited to perform a follow-up serology, 14,968 returned the DBS, 13,971 (88%) 
had interpretable serologic results as well as a follow-up questionnaire and were evaluated in this analysis.

Participant characteristics are described in Supplementary Table S1. Participants’ median age was 58 (Q1–Q3: 
45–71) years, with 66% women. A total of 2913 participants (20.9%) were infected during the first wave of the 
pandemic (2275 anti-spike IgG positive, 963 SN positive, 212 positive dated RT-PCR). The follow-up sample was 
collected a median of 330 (Q1–Q3: 317–358) days and the follow-up questionnaire a median of 332 (Q1–Q3: 
317–373) days after the initial sample. Overall, 743 (5.3%) participants reported a positive diagnosis of SARS-
CoV-2 infection during follow-up, a median of 182 (Q1–Q3: 104–245) days before follow-up serology, 149 in 
2913 participants who had been infected during the first wave of the pandemic (5.1%) and 594 in 11,058 partici-
pants with no infection during the first wave (5.4%). Three thousand one hundred thirty (22.4%) participants 
remained unvaccinated while 5088 (36.4%), 5725 (41.0%) and 28 (0.2%) had received one, two or three vaccine 
injections, respectively. The first, second and third vaccine doses were received a median of 60 (Q1–Q3: 39–88), 
55 (35–95) and 35 (26–45) days before the follow-up serology, respectively.

The follow-up profiles and the corresponding distributions of anti-spike IgG (ODR) are described in Table 1 
and Fig. 1. The mean log-IgG values were different in all pairwise comparisons of follow-up profiles (Bon-
ferroni adjusted P < 0.05) except between the (1or 2Vac- > Diag) versus (2 or 3Vac, NoDiag) (P = 0.9842) and 
(Diag- > 1Vac) (P = 0.1702) subgroups and between the (NoVac, 1Diag) and the (NoVac, 2Diag) subgroups 

Table 1.   Follow-up profiles. a 23 received 3 vaccine injections. b 29 received 1 vaccine injection, 8 received 2 
vaccine injections. c 5 received 3 vaccine injections.

Follow-up profiles n = 13,971

No vaccination, no diagnosis of SARS-CoV-2 infection (NoVac, NoDiag) 1932 (13.8%)

1 vaccine injection, no diagnosis of SARS-CoV-2 infection (1Vac, NoDiag) 3463 (24.8%)

2 or 3 vaccine injections, no diagnosis of SARS-CoV-2 infection (2or3Vac, NoDiag)a 5069 (36.3%)

No vaccination, diagnosis of SARS-CoV-2 infection (NoVac, 1Diag) 1116 (8.0%)

Infected during the first pandemic wave 834

Infected during the follow-up 282

No vaccination, 2 diagnoses of SARS-CoV-2 infection (NoVac, 2Diag) 82 (0.6%)

Infected during the first pandemic wave 82

Infected during the follow-up 82

1 or 2 vaccine injections before a diagnosis of SARS-CoV-2 infection (1or2Vac- > Diag)b 37 (0.3%)

Infected during the first pandemic wave 4

Infected during the follow-up 37

Diagnosis of SARS-CoV-2 infection before 1 vaccine injection (Diag- > 1Vac) 1596 (11.4%)

Infected during the first pandemic wave 1350

Infected during the follow-up 303

Diagnosis of SARS-CoV-2 infection before 2 or 3 vaccine injection (Diag- > 2or3Vac)c 676 (4.8%)

Infected during the first pandemic wave 643

Infected during the follow-up 39



4

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8622  | https://doi.org/10.1038/s41598-022-11787-4

www.nature.com/scientificreports/

(P = 0.0717) (Fig. 1a). The proportion of participants with anti-spike IgG ≥ 264 BAU/mL was 3.2% (95% CI 2.5%; 
4.1%) in the (NoVac, NoDiag), 39% (95% CI 37%; 41%) in the (1Vac, NoDiag), 78% (95% CI 77%; 80%) in the (2 
or 3Vac, NoDiag), 13% (95% CI 11%; 15%) in the (NoVac, 1Diag), 15% (95% CI 8%; 24%) in the (NoVac, 2Diag), 
65% (95% CI 47%; 80%) in the (1 or 2Vac- > Diag), 75% (95% CI 73%; 77%) in the (Diag- > 1Vac) and 93% (95% 
CI 91%; 95%) in the (Diag- > 2or3Vac), P < 0.0001 (Fig. 1b, Supplementary Table S2). The association of anti-spike 
IgG distribution (ODR) varied with age (Fig. 2). The correlation with age was negative when there was no SARS-
CoV-2 infection during the first wave or diagnosis during follow-up, while it was positive in participants with an 
infection or diagnosis, except in reinfected participants (NoVac, 2Diag) as well as in participants with two vaccine 
injections after infection or diagnosis (Diag- > 2or3Vac). The relationships between age and follow-up profiles 
were similar in the proportion of participants with anti-spike IgG ≥ 264 BAU/mL (see Supplementary Fig. S1). 
The decrease in the anti-spike IgG over time was relatively slow in both linear and non-linear mixed model esti-
mates in 834 participants infected during the first wave of the pandemic who were unvaccinated at the follow-up 
serology (see Supplementary Fig. S2). However, only 514 (64%, 95% CI (61%; 68%)) of 801 remained anti-spike 
IgG positive (ODR) at the follow-up sample and only 74 (8.9%, 95% CI (7.0%; 11%)) had anti-spike IgG ≥ 264 
BAU/mL. Although the anti-spike IgG titer was lower with one than with two vaccine injections in participants 
who were vaccinated after infection or a diagnosis (difference between 1 versus 2 vaccine injections =  − 0.31, 

Figure 1.   Distribution (boxplot) of anti-spike IgG (ODR) according to follow-up profiles. (a) Anti-spike IgG 
(ODR). The dashed lines show the threshold values for a positive (≥ 1.1), indeterminate [0.8–1.1[ or negative 
(< 0.8) test result. (b) Proportion of participants with anti-spike IgG ≥ 264 BAU/mL according to follow-up 
profiles. Error bars represent 95% Confidence Intervals calculated using an exact method.

Figure 2.   Distribution (boxplot) of anti-spike IgG (ODR) according to age groups by follow-up profiles (a–h). 
The dashed lines show the threshold values for a positive (≥ 1.1), indeterminate [0.8–1.1[ or negative (< 0.8) test 
result. Spearman correlation coefficients between age and log-IgG titer are presented.
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95% CI − 0.45; − 0.19) log(BAU/mL), the decrease over time since the last injection was not significant with one 
injection (adjusted slope estimate = 0.06, 95% CI − 0.01; 0.14) log(BAU/mL) for every 4 weeks, while it was − 0.24 
(95% CI − 0.18; − 0.30) log(BAU/mL) for every 4 weeks after the second injection (see Supplementary Fig. S3).

Two thousand nine hundred eighty-nine participants with 2 vaccine injections and no diagnosis of SARS-
CoV-2 infection were selected for the second analysis. Twenty-three participants who received 3 vaccine injec-
tions, 1995 participants from the E3N and E4NG1 cohorts and another 62 participants with missing data on 
vaccine type or vaccine date were excluded: 2964 (99.2%, 95% CI (98.8%; 99.5%)) had a positive anti-spike 
IgG (ODR) and 2482 (83.0%, 95% CI (81.6%; 84.4%)) had an anti-spike IgG ≥ 264 BAU/mL. The median time 
since the last injection was 44 (Q1–Q3: 29–72) days and the median time between the two vaccine doses was 
28 (Q1–Q3: 27–40) days. There was a strong association between the anti-spike IgG level (in ODR or BAU/
mL) and the vaccine protocol with lower titers in participants vaccinated with two doses of ChAdOx1 nCoV-19 
(AST-AST, n = 280), compared to two-doses of BNT162b2 (PFI-PFI, n = 2265) (P < 0.0001), and lower titers in 
the latter group compared to two-doses of mRNA-1273 (MOD-MOD, n = 273) (P < 0.0001) or the combinations 
of one dose of ChAdOx1 nCoV-19 with one dose of BNT162b2 (AST-PFI, n = 143) (P < 0.0001) or with one dose 
of mRNA-1273 (AST-MOD, n = 28) (P = 0.0290 for anti-spike IgG in ODR, P = 0.0012 for anti-spike IgG in BAU/
mL) (Fig. 3a). Similar associations were observed for the proportion of participants with anti-spike IgG ≥ 264 
BAU/mL (Fig. 3b) The decrease in the log-titer was linearly associated with time since the last injection (Fig. 4), 
with an adjusted slope estimate of − 0.46 (95% CI − 0.48; − 0.43) log(BAU/mL) for every 4 weeks after the second 
vaccine injection. The slopes did not differ significantly between the vaccine protocols (P = 0.0674).

The vaccine protocol, age, gender, and time since the last vaccine injection were independently associated 
with the probability of anti-spike IgG ≥ 264 BAU/mL in the follow-up sample (Table 2).

Discussion
Our analysis using data from a population-based multi-cohort study showed that there were strong differences 
in the level of anti-spike IgG titers in the study participants which were associated with several factors including 
age, gender, diagnosis of SARS-CoV-2 infection, vaccination date and type, and the combinations of these fac-
tors. Based on predefined profiles, the level of the anti-spike IgG was, as expected, lowest in adults with neither a 
vaccination nor a SARS-CoV-2 diagnosis but more strikingly, highest in those with a diagnosis of SARS-CoV-2 
infection before vaccination (Fig. 1). Age was negatively associated with the level of the anti-spike IgG when 
there was no SARS-CoV-2 infection while it was positively associated with age in unvaccinated participants with 
infection at the first wave or diagnosed during follow-up (Fig. 2). In an analysis of participants who received two 
doses of vaccine, we found that the level of anti-spike IgG was linked to the vaccine protocol and inversely associ-
ated with age, male gender and time since the last vaccine injection. The combination of one dose of adenovirus 
vaccine (AST) followed by one dose of mRNA vaccine (PFI or MOD) or the combination of two-doses of MOD 
appeared to be associated with the strongest humoral response (Fig. 3).

Numerous studies have reported a weaker humoral response after vaccination in relation to increasing age18–21, 
while the humoral response after infection appeared to be inconsistently stronger in older individuals than in 
younger ones13,22,23. However, the level of humoral response remained significantly weaker after infection with-
out vaccination than after vaccination without infection in all age groups except the oldest (see Supplementary 
Fig. S1).

Figure 3.   Distribution (boxplot) of anti-spike IgG according to vaccine protocol. Abbreviations for first and 
second vaccine doses are AST = ChAdOx1 nCoV-19; MOD = mRNA-1273; PFI = BNT162b2. (a) Anti-spike IgG 
(ODR). The dashed lines show the threshold values for a positive (≥ 1.1), indeterminate [0.8–1.1[ or negative 
(< 0.8) test result. (b) Proportion of participants with anti-spike IgG ≥ 264 BAU/mL according to the vaccination 
protocol. Error bars represent 95% Confidence Intervals calculated using an exact method.
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A stronger immune response to moderate COVID-1924 or after vaccination with the BNT162b2 or mRNA-
1273 vaccines6,18,23,25,26 has been reported in women than in men. These findings support sex-based immunologi-
cal differences contributing to variations in susceptibility to infectious diseases and response to vaccines27. A 
stronger humoral response was also reported with the mRNA-1273 than with the BNT162b2 vaccine18,28 which 
results in greater vaccine effectiveness against documented infection, symptomatic COVID-19, hospitalization or 
ICU admission29. One explanation for the difference in immunogenicity observed with the different mRNA vac-
cine schedules could be related to the amount of mRNA used in the respective vaccines, with 30 μg in BNT162b2 
and 100 μg in mRNA-127330. Similarly, the SARS-CoV-2 anti-spike IgG concentrations in heterologous schedules 
combining a first dose of ChAdOx1 with an mRNA vaccine were clearly higher than those with the licensed two-
dose ChAdOx1 vaccine schedule31. Finally, and consistent with other studies, vaccination following infection 
was associated with a high level of anti-spike IgG32,33 and better protection against reinfection34.

There is accumulating evidence of waning immunity and protection against infection after prior infection35, 
after two-doses of mRNA vaccines6,36–38 or after the ChAdOx1 vaccine39. However, the decline in antibody titers 
in infected subjects appears to be slower than that observed in uninfected vaccinated subjects. This finding may 
be related to differences in general characteristics between these two groups (median age was 48 (Q1–Q3: 41–61) 
years in infected vs 71 (Q1–Q3: 61–74) years in uninfected vaccinated subjects, P < 0.0001). It is also in line with 
a study showing a higher initial antibody level followed by a faster decline in uninfected subjects vaccinated 
with the BNT162b2 vaccine compared to patients who had been infected with the SARS-CoV-2 virus40. This 
suggests that the components of immunity that contribute to antibody persistence are different between infection 
and vaccination. Among potential mechanisms that could explain the differences between antibody dynamics, 
infected individuals have a more diverse pool of memory B cells against SARS-CoV-2 than uninfected vaccinated 
individuals41, with higher rates of maturation and more stable memory B cells population on the long term42.

As reported in other studies, there was a significant association between the anti-spike IgG in BAU/mL and 
the time between the two vaccine doses43, however, the association was no longer significant when adjusted for 
other factors.

One of the main strengths of our study is that the participants were recruited from the general population 
with a lower risk of selection bias than in hospital or medical cohorts. All serological analyses were performed 
blind to the patient’s status (infection, vaccination) and the results are highly consistent with the literature, which 
supports the robustness of our results.

Our study was limited by the use of a single serological method, in particular we did not measure neutralizing 
antibodies against the different SARS-CoV-2 variants. The estimation of the dynamics of decreasing antibody 
levels after vaccination was not based on an average of individual dynamics but on a single cross-section sample 
because no serological sample was collected at the time of vaccination. Nevertheless, our results are observed 

Figure 4.   Scatter plot of anti-spike IgG (BAU/mL) according to time since the second vaccine dose by vaccine 
protocol, and locally weighted polynomial smoothing (LOESS) trend estimates. Abbreviations for first and 
second vaccine doses are AST = ChAdOx1 nCoV-19; MOD = mRNA-1273; PFI = BNT162b2. The dashed line at 
264 BAU/mL was estimated to be associated with 80% vaccine efficacy against symptomatic infection with the 
Alpha (B.1.1.7) variant9. Seventeen samples not shown.
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for 4 to 5 months after the second dose of vaccine and show a linear decrease in the logarithm of the titers over 
time. These results can be used to guide vaccination policies.

Our results support vaccination or re-vaccination with an mRNA vaccine in subjects who have been vacci-
nated with two doses of adenovirus vaccine, and because of the rapid decay in antibody titers after vaccination, 

Table 2.   Factors associated with an anti-spike IgG titer ≥ 264 BAU/mL at the follow-up in participants with 
two vaccine doses and no diagnosis of SARS-CoV-2 infection. a P-Value of the type 3 Wald Chi-Square test for 
the association between the covariate and an anti-spike IgG titer ≥ 264 BAU/mL. b 2872 were selected in the 
multivariable logistic model; 117 were deleted due to missing information on some covariates. c Not included 
in the multivariable model because not significant in univariable analysis. d Adjusted on vaccine protocol. 
e AST = ChAdOx1 nCoV-19; MOD = mRNA-1273; PFI = BNT162b2. f These two groups were combined for OR 
estimates.

Anti-spike IgG 
 ≥ 264 BAU/mL
n/N (%) Univariable odds-ratio (OR (95%CI)) P-valuea Multivariable adjusted odds-ratio (95%CI)b P-valuea

Age group Per 10 years increase  < 0.0001 Per 10 years increase  < 0.0001

[20–30] 35/37 (95) 0.78 (0.72;0.85) 0.79 (0.70;0.88)

[30–40] 136/153 (89)

[40–50] 313/342 (92)

[50–60] 457/555 (82)

[60–70] 771/947 (81)

[70–80] 720/883 (82)

80+ 50/72 (69)

Gender  < 0.0001 0.0016

Male 920/1161 (79) Ref Ref

Female 1562/1828 (85) 1.54 (1.27; 1.87) 1.49 (1.16; 1.91)

BMI (kg/m2) 0.0165 0.5143

< 25 1465/1736 (85) Ref Ref

[25; 30] (overweight) 735/896 (82) 0.84 (0.68; 1.05) 1.13 (0.86; 1.47)

≥ 30 (obese) 226/290 (78) 0.65 (0.48; 0.89) 0.91 (0.61; 1.34)

Missing 67

Smoking status 0.1414

Non smoker 1069/1264 (85) Ref –c –

Active smoker 232/282 (82) 0.85 (0.60; 1.19)

Ex-smoker 1136/1390 (82) 0.82 (0.67; 1.00)

Missing 53

Alcohol use (in g/day) 0.1297

 < 5 947/1111 (85) Ref –c –

[5,10] 441/536 (82) 0.80 (0.61; 1.06)

[10,20] 530/644 (82) 0.81 (0.62; 1.05)

[20,30] 240/300 (80) 0.69 (0.50; 0.96)

≥ 30 166/206 (81) 0.72 (0.49; 1.05)

Missing 192

Chronic diseases 0.0052 0.4690

No 1508/1780 (85) Ref Ref

Yes 952/1184 (80) 0.74 (0.61; 0.90) 0.88 (0.69; 1.11)

Don’t know 15/16 (94) 2.70 (0.36; 20.5) 1.76 (0.21; 14.7)

Missing 9

Time between since last vaccine injection (per 
4 weeks increase) 0.63 (0.59; 0.67)  < 0.0001 0.43 (0.39; 0.47)  < 0.0001

Time between the two vaccine doses (per 
1 week increase) 1.19 (1.08; 1.31)d 0.0003 0.91 (0.82; 1.00) 0.0542

Vaccine protocole  < 0.0001  < 0.0001

AST-AST 107/280 (38) Ref Ref

PFI-PFI 1937/2265 (86) 9.55 (7.30; 12.5) 20.5 (10.6; 39.6)

MOD-MOD 270/273 (99) 145.4 (45.5; 465.1) 170.7 (46.4; 627.5)

AST-PFIf 140/143 (98) 90.5 (28.2; 290.8) 86.2 (26.0; 285.7)

AST-MODf 28/28 (100)
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they promote a third dose 4 to 5 months after the second in all vaccinated individuals. In individuals with a his-
tory of SARS-CoV-2 infection, 2 doses of vaccine provide effective coverage. The timeline of subsequent booster 
doses remains to be determined.

Data availability
In regards to data availability, data from the study are protected under the protection of health data regulation 
set by the French National Commission on Informatics and Liberty (Commission Nationale de l’Informatique 
et des Libertés, CNIL). The data can be made available upon reasonable request to the corresponding author 
(fabrice.carrat@iplesp.upmc.fr), after a consultation with the steering committee of the SAPRIS-SERO study. 
The French law forbids us to provide free access to SAPRIS-SERO data; access could however be given by the 
steering committee after legal verification of the use of the data. Please, feel free to come back to us should you 
have any additional question.

Received: 7 February 2022; Accepted: 28 April 2022

References
	 1.	 World Health Organization. WHO Coronavirus (COVID-19) Dashboard 2021. https://​covid​19.​who.​int (Accessed 1 December 

2021).
	 2.	 Ministère des solidarités et de la santé. Le calendrier de la Campagne vaccinale contre la Covid-19. Mise à jour le 26 novembre 2021. 

https://​solid​arites-​sante.​gouv.​fr/​grands-​dossi​ers/​vaccin-​covid-​19/​je-​suis-​un-​parti​culier/​artic​le/​foire-​aux-​quest​ions-​le-​calen​drier. 
(Accessed 1 December 2021).

	 3.	 Ministère des solidarités et de la santé. Vaccins. Mise à jour du 29 novembre 2021. https://​www.​gouve​rneme​nt.​fr/​info-​coron​avirus/​
vacci​ns (Accessed 1 December 2021).

	 4.	 Goel, R. R. et al. mRNA vaccines induce durable immune memory to SARS-CoV-2 and variants of concern. Science 374, 0829. 
https://​doi.​org/​10.​1126/​scien​ce.​abm08​29 (2021).

	 5.	 Cromer, D. et al. Neutralising antibody titres as predictors of protection against SARS-CoV-2 variants and the impact of boosting: 
A meta-analysis. Lancet Microbe 3, e52–e61. https://​doi.​org/​10.​1016/​S2666-​5247(21)​00267-6 (2022).

	 6.	 Levin, E. G. et al. Waning immune humoral response to BNT162b2 covid-19 vaccine over 6 months. N. Engl. J. Med. 385, e84. 
https://​doi.​org/​10.​1056/​NEJMo​a2114​583 (2021).

	 7.	 Wheatley, A. K. et al. Evolution of immune responses to SARS-CoV-2 in mild-moderate COVID-19. Nat. Commun. 12, 1162. 
https://​doi.​org/​10.​1038/​s41467-​021-​21444-5 (2021).

	 8.	 Gallais, F. et al. Evolution of antibody responses up to 13 months after SARS-CoV-2 infection and risk of reinfection. EBioMedicine 
71, 103561. https://​doi.​org/​10.​1016/j.​ebiom.​2021.​103561 (2021).

	 9.	 Feng, S. et al. Correlates of protection against symptomatic and asymptomatic SARS-CoV-2 infection. Nat. Med. 27, 2032–2040 
(2021).

	10.	 Khoury, D. S. et al. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 
infection. Nat. Med. 27, 1205–1211 (2021).

	11.	 Dimeglio, C., Herin, F., Martin-Blondel, G., Miedouge, M. & Izopet, J. Antibody titers and protection against a SARS-CoV-2 
infection. J. Infect. 84, 248–288 (2022).

	12.	 Carrat, F. et al. Antibody status and cumulative incidence of SARS-CoV-2 infection among adults in three regions of France fol-
lowing the first lockdown and associated risk factors: A multicohort study. Int. J. Epidemiol. 50, 1458–1472 (2021).

	13.	 Carrat, F. et al. Age, COVID-19-like symptoms and SARS-CoV-2 seropositivity profiles after the first wave of the pandemic in 
France. Infection 50, 257–262 (2022).

	14.	 Gallian, P. et al. Lower prevalence of antibodies neutralizing SARS-CoV-2 in group O French blood donors. Antiviral Res. 181, 
104880 (2020).

	15.	 Patel, E. U. et al. Comparative performance of five commercially available serologic assays to detect antibodies to SARS-CoV-2 
and identify individuals with high neutralizing titers. J. Clin. Microbiol. 59, e02257–e02320. https://​doi.​org/​10.​1128/​JCM.​02257-​20 
(2021).

	16.	 EuroImmun. Anti-SARS-CoV-2 QuantiVac ELISA (IgG). https://​www.​coron​avirus-​diagn​ostics.​com/​docum​ents/​Indic​ations/​Infec​
tions/​Coron​avirus/​EI_​2606_D_​UK_E.​pdf (Accessed 28 Februray 2022).

	17.	 Fraser, C. et al. Modeling the long-term antibody response of a human papillomavirus (HPV) virus-like particle (VLP) type 16 
prophylactic vaccine. Vaccine 25, 4324–4333 (2007).

	18.	 Steensels, D., Pierlet, N., Penders, J., Mesotten, D. & Heylen, L. Comparison of SARS-CoV-2 antibody response following vaccina-
tion with BNT162b2 and mRNA-1273. JAMA 326, 1533–1535 (2021).

	19.	 Munro, A. P. S. et al. Safety and immunogenicity of seven COVID-19 vaccines as a third dose (booster) following two doses of 
ChAdOx1 nCov-19 or BNT162b2 in the UK (COV-BOOST): A blinded, multicentre, randomised, controlled, phase 2 trial. Lancet 
398, 2258–2276 (2021).

	20.	 Muller, L. et al. Age-dependent immune response to the Biontech/Pfizer BNT162b2 COVID-19 vaccination. Clin. Infect. Dis. 73, 
2065 (2021).

	21.	 Tut, G. et al. Profile of humoral and cellular immune responses to single doses of BNT162b2 or ChAdOx1 nCoV-19 vaccines in 
residents and staff within residential care homes (VIVALDI): An observational study. Lancet Healthy Longev. 2, e544–e553. https://​
doi.​org/​10.​1016/​S2666-​7568(21)​00168-9 (2021).

	22.	 Wu, F. et al. Evaluating the association of clinical characteristics with neutralizing antibody levels in patients who have recovered 
from mild COVID-19 in Shanghai, China. JAMA Intern. Med. 180, 1356–1362 (2020).

	23.	 Wei, J. et al. Antibody responses to SARS-CoV-2 vaccines in 45,965 adults from the general population of the United Kingdom. 
Nat. Microbiol. 6, 1140–1149 (2021).

	24.	 Takahashi, T. et al. Sex differences in immune responses that underlie COVID-19 disease outcomes. Nature 588, 315–320 (2020).
	25.	 Lustig, Y. et al. BNT162b2 COVID-19 vaccine and correlates of humoral immune responses and dynamics: A prospective, single-

centre, longitudinal cohort study in health-care workers. Lancet Respir. Med. 9, 999–1009 (2021).
	26.	 Shachor-Meyouhas, Y. et al. Immunogenicity trends one and three months after second BNT162B2 vaccination among healthcare 

workers in Israel. Clin. Microbiol. Infect. https://​doi.​org/​10.​1016/j.​cmi.​2021.​11.​014 (2021).
	27.	 Klein, S. L. & Flanagan, K. L. Sex differences in immune responses. Nat. Rev. Immunol. 16, 626–638 (2016).
	28.	 Tang, P. et al. BNT162b2 and mRNA-1273 COVID-19 vaccine effectiveness against the SARS-CoV-2 Delta variant in Qatar. Nat. 

Med. 27, 2136–2143 (2021).
	29.	 Dickerman, B. A. et al. Comparative effectiveness of BNT162b2 and mRNA-1273 vaccines in US veterans. N. Engl. J. Med. 386, 

105–115 (2022).

https://covid19.who.int
https://solidarites-sante.gouv.fr/grands-dossiers/vaccin-covid-19/je-suis-un-particulier/article/foire-aux-questions-le-calendrier
https://www.gouvernement.fr/info-coronavirus/vaccins
https://www.gouvernement.fr/info-coronavirus/vaccins
https://doi.org/10.1126/science.abm0829
https://doi.org/10.1016/S2666-5247(21)00267-6
https://doi.org/10.1056/NEJMoa2114583
https://doi.org/10.1038/s41467-021-21444-5
https://doi.org/10.1016/j.ebiom.2021.103561
https://doi.org/10.1128/JCM.02257-20
https://www.coronavirus-diagnostics.com/documents/Indications/Infections/Coronavirus/EI_2606_D_UK_E.pdf
https://www.coronavirus-diagnostics.com/documents/Indications/Infections/Coronavirus/EI_2606_D_UK_E.pdf
https://doi.org/10.1016/S2666-7568(21)00168-9
https://doi.org/10.1016/S2666-7568(21)00168-9
https://doi.org/10.1016/j.cmi.2021.11.014


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8622  | https://doi.org/10.1038/s41598-022-11787-4

www.nature.com/scientificreports/

	30.	 Richards, N. E. et al. Comparison of SARS-CoV-2 antibody response by age among recipients of the BNT162b2 vs the mRNA-1273 
Vaccine. JAMA Netw. Open 4, e2124331. https://​doi.​org/​10.​1001/​jaman​etwor​kopen.​2021.​24331 (2021).

	31.	 Liu, X. et al. Safety and immunogenicity of heterologous versus homologous prime-boost schedules with an adenoviral vectored 
and mRNA COVID-19 vaccine (Com-COV): A single-blind, randomised, non-inferiority trial. Lancet 398, 856–869 (2021).

	32.	 Ebinger, J. E. et al. Antibody responses to the BNT162b2 mRNA vaccine in individuals previously infected with SARS-CoV-2. Nat. 
Med. 27, 981–984 (2021).

	33.	 Saadat, S. et al. Binding and neutralization antibody titers after a single vaccine dose in health care workers previously infected 
with SARS-CoV-2. JAMA 325, 1467–1469 (2021).

	34.	 Abu-Raddad, L. J. et al. Association of prior SARS-CoV-2 infection with risk of breakthrough infection following mRNA vaccina-
tion in Qatar. JAMA 326, 1930–1939 (2021).

	35.	 Lumley, S. F. et al. The duration, dynamics, and determinants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
antibody responses in individual Healthcare Workers. Clin. Infect. Dis. 73, e699–e709. https://​doi.​org/​10.​1093/​cid/​ciab0​04 (2021).

	36.	 Chemaitelly, H. et al. Waning of BNT162b2 vaccine protection against SARS-CoV-2 infection in Qatar. N. Engl. J. Med. 385, e83. 
https://​doi.​org/​10.​1056/​NEJMo​a2114​114 (2021).

	37.	 Tartof, S. Y. et al. Effectiveness of mRNA BNT162b2 COVID-19 vaccine up to 6 months in a large integrated health system in the 
USA: A retrospective cohort study. Lancet 398, 1407–1416 (2021).

	38.	 Goldberg, Y. et al. Waning immunity after the BNT162b2 vaccine in Israel. N. Engl. J. Med. 385, e85. https://​doi.​org/​10.​1056/​
NEJMo​a2114​228 (2021).

	39.	 Shrotri, M. et al. Spike-antibody waning after second dose of BNT162b2 or ChAdOx1. Lancet 398, 385–387 (2021).
	40.	 Israel, A. et al. Large-scale study of antibody titer decay following BNT162b2 nRNA vaccine or SARS-CoV-2 infection. Vaccines 

(Basel) 10, 74. https://​doi.​org/​10.​3390/​vacci​nes10​010074 (2022).
	41.	 Goel, R. R. et al. Distinct antibody and memory B cell responses in SARS-CoV-2 naïve and recovered individuals after mRNA 

vaccination. Sci. Immunol. 6, 6950. https://​doi.​org/​10.​1126/​sciim​munol.​abi69​50 (2021).
	42.	 Sokal, A. et al. mRNA vaccination of naive and COVID-19-recovered individuals elicits potent memory B cells that recognize 

SARS-CoV-2 variants. Immunity 54, 2893–2907 (2021).
	43.	 Voysey, M. et al. Single-dose administration and the influence of the timing of the booster dose on immunogenicity and efficacy 

of ChAdOx1 nCoV-19 (AZD1222) vaccine: A pooled analysis of four randomised trials. Lancet 397, 881–891 (2021).

Acknowledgements
We thank Ms Dale Roche-Lebrec for her help in copy-editing. In the virology department, Dr Nadège Brisbarre 
and the technical staff for impeccable management of samples and serological assays. The authors warmly thank 
all the volunteers of the Constances, E3N–E4N, and NutriNet-Santé cohorts. We thank the staff of the Con-
stances, E3N–E4N and NutriNet-Santé cohorts that have worked with dedication and engagement to collect and 
manage the data used for this study and to ensure continuing communication with the cohort participants. We 
thank the CEPH-Biobank staff for their adaptability and the quality of their work. We thank all members from 
the SAPRIS-Sero study group (see Supplementary Note S1).

Author contributions
F.C., N.L., J.-F.D., M.T., G.S., M.Z., X.d.L. conceived and designed the study; P.M.S.V., T.F., H.B., C.D., J.N., col-
lected and processed self-sampling dried-blood spot; J.-F.D., O.R., M.T., G.S., M.Z., made substantial contribu-
tions to the acquisition of data and data analyses; P.M.S.V., T.F., H.B., P.M.S.V., X.d.L. designed experiments; F.C. 
wrote the paper and all authors reviewed and edited the paper.

Funding
This study ANR (Agence Nationale de la Recherche, #ANR-20-COVI-000, #ANR-10-COHO-06), Fondation pour 
la Recherche Médicale (#20RR052-00), Inserm (Institut National de la Santé et de la Recherche Médicale, #C20-
26). The sponsor and funders facilitated data acquisition but did not participate in the study design, analysis, 
interpretation or drafting. Cohorts funding The CONSTANCES Cohort Study is supported by the Caisse Nationale 
d’Assurance Maladie (CNAM), the French Ministry of Health, the Ministry of Research, the Institut national de 
la santé et de la recherche médicale. CONSTANCES benefits from a grant from the French National Research 
Agency [Grant Number ANR-11-INBS-0002] and is also partly funded by MSD, AstraZeneca, Lundbeck and 
L’Oreal. The E3N-E4N cohort is supported by the following institutions: Ministère de l’Enseignement Supérieur, 
de la Recherche et de l’Innovation, INSERM, University Paris-Saclay, Gustave Roussy, the MGEN, and the French 
League Against Cancer. The NutriNet-Santé study is supported by the following public institutions: Ministère 
de la Santé, Santé Publique France, Institut National de la Santé et de la Recherche Médicale (INSERM), Institut 
National de la Recherche Agronomique (INRAE), Conservatoire National des Arts et Métiers (CNAM) and 
Sorbonne Paris Nord. The CEPH-Biobank is supported by the «Ministère de l’Enseignement Supérieur, de la 
Recherche et de l’Innovation».

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​11787-4.

https://doi.org/10.1001/jamanetworkopen.2021.24331
https://doi.org/10.1093/cid/ciab004
https://doi.org/10.1056/NEJMoa2114114
https://doi.org/10.1056/NEJMoa2114228
https://doi.org/10.1056/NEJMoa2114228
https://doi.org/10.3390/vaccines10010074
https://doi.org/10.1126/sciimmunol.abi6950
https://doi.org/10.1038/s41598-022-11787-4
https://doi.org/10.1038/s41598-022-11787-4


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8622  | https://doi.org/10.1038/s41598-022-11787-4

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to F.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022, corrected publication 2022

 

SAPRIS-SERO Study Group

Fabrice Carrat1, Marie Zins8,9, Gianluca Severi6,7, Mathilde Touvier5, Hélène Blanché3, 
Jean‑François Deleuze3, Xavier de Lamballerie2, Clovis Lusivika‑Nzinga4, Gregory Pannetier4, 
Nathanael Lapidus1, Isabelle Goderel4, Céline Dorival4, Jérôme Nicol4, Olivier Robineau4, 
Sofiane Kab9, Adeline Renuy9, Stéphane Le‑Got9, Céline Ribet9, Mireille Pellicer9, Emmanuel 
Wiernik9, Marcel Goldberg9, Fanny Artaud6, Pascale Gerbouin‑Rérolle6, Mélody Enguix6, 
Camille Laplanche6, Roselyn Gomes‑Rima6, Lyan Hoang6, Emmanuelle Correia6, Alpha 
Amadou Barry6, Nadège Senina6, Julien Allegre5, Fabien Szabo de Edelenyi5, Nathalie 
Druesne‑Pecollo5, Younes Esseddik5, Serge Hercberg5, Mélanie Deschasaux5, Hélène 
Blanché3, Jean‑Marc Sébaoun3, Jean‑Christophe Beaudoin3, Laetitia Gressin3, Valérie Morel3, 
Ouissam Ouili3, Jean‑François Deleuze3, Laetitia Ninove2, Stéphane Priet2, Paola Mariela 
Saba Villarroel2, Toscane Fourié2, Souand Mohamed Ali2, Abdenour Amroun2, Morgan 
Seston2, Nazli Ayhan2 & Boris Pastorino2

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Heterogeneous SARS-CoV-2 humoral response after COVID-19 vaccination andor infection in the general population
	Methods
	Design, participants and methods. 
	Outcomes. 
	Covariate definitions. 
	Statistics. 
	Ethics approvalconsent to participate. 

	Results
	Discussion
	References
	Acknowledgements


