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A B S T R A C T   

Objectives: COVID-19 vaccine breakthrough infections were frequently reported during circulation of the Omi
cron variant. The ANRS|MIE CoviCompareP study investigated these infections in adults vaccinated and boosted 
with BNT162b2 [Pfizer-BioNTech] and with/without SARS-CoV-2 infection before vaccination. 
Methods: In the first half of 2021, healthy adults (aged 18–45, 65–74 and 75 or older) received either one dose of 
BNT162b2 (n = 120) if they had a documented history of SARS-CoV-2 infection at least five months previously, 
or two doses (n = 147) if they had no history confirmed by negative serological tests. A first booster dose was 
administered at least 6 months after the primary vaccination, and a second booster dose, if any, was reported in 
the database. Neutralizing antibodies (NAbs) against the European (D614G) strain and the Omicron BA.1 variant 
were assessed up to 28 days after the first booster dose. A case-control analysis was performed for the 252 
participants who were followed up in 2022, during the Omicron waves. 
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Results: From January to October 2022, 78/252 (31%) had a documented symptomatic breakthrough infection 
after full vaccination: 21/117 (18%) in those who had been infected before vaccination vs. 57/135 (42%) in 
those who had not. In a multivariate logistic regression model, factors associated with a lower risk of break
through infection were older age, a higher number of booster doses, and higher levels of Omicron BA.1 NAb titers 
in adults with infection before vaccination, but not in those without prior infection. 
Conclusion: Our results highlight the need to consider immune markers of protection in association with infection 
and vaccination history.   

1. Introduction 

The evolution of SARS-CoV-2 has led to the emergence of several 
variants with modified transmissibility and immune-evasive properties. 
While immunity due to SARS-CoV-2 infection or vaccination has 
generally provided protection against the severe outcomes of COVID-19 
caused by the different variants [1–3], it has had limited impact on 
infection by the recently emerged and highly immune-evasive Omicron 
variants [4,5]. Breakthrough infections in fully vaccinated individuals 
have raised questions about the determinants of vaccine failure and the 
underlying immunological mechanisms [6–9]. 

In France, circulation of Omicron variants was detected from 
December 2021 onward and rapidly increased despite screening, contact 
tracing efforts and intensification of the booster vaccination campaign. 
The objective of our study was to investigate the vaccine breakthrough 
infections that occurred after vaccination among participants in the 
ANRS|MIE CoviCompareP comparative trial assessing the immunoge
nicity and safety of the BNT162b2 [Pfizer|BioNtech] vaccine in younger 
versus older adults [10,11]. The study was performed from January to 
October 2022, a period characterized by predominant circulation of the 
BA.1 and BA.2 sublineages of the Omicron variant, although the Delta 
variant was still present, albeit to a lesser extent, in early 2022. 

Differences in immunological markers of protection [12,13], namely, 
the levels of neutralizing antibodies against the ancestral strain and the 
Omicron BA.1 variant, between vaccinated individuals infected during 
dominant circulation of Omicron and uninfected controls were assessed. 
Overall, the role of SARS-CoV-2 infection in 2020 before the first vaccine 
dose was evaluated [14–17] likely modulated the effect of neutralizing 
antibodies in subsequent breakthrough infections. 

2. Methods 

2.1. Participants 

Participants were healthy adults or those with a stable medical 
condition (defined as an illness that had not required a change in 

treatment or hospitalization due to worsening of the illness in the three 
months prior to registration, nor any significant change expected in the 
foreseeable future) included in the ANRS002S CoviCompareP trial 
(ClinicalTrials.gov NCT04824638). CoviCompareP is a nationwide open 
phase II trial aimed at evaluating the immunogenicity and safety of the 
COVID-19 mRNA BNT162b2 [Pfizer|BioNTech] vaccine in young 
(18–45 years old) and elderly (65–74, 75 or older) participants, either 
those not infected prior to vaccination (NPI) confirmed by negative 
serological tests and who received one dose on Day 1 (D1) and on D29, 
or those with previous biologically confirmed SARS-CoV-2 infection 
(positive RT-PCR or antigenic test) dating back to more than 5 months 
before (PI) and who received only one dose on D1 (Fig. 1). The trial 
started in March 2021. An additional dose (or booster) of BNT162b2 
vaccine was administered to trial participants approximately eight 
months later (from mid-October 2021). Later, in 2022, a second mRNA 
booster vaccination according to age and risk group could be adminis
tered in accordance with French recommendations and was reported in 
the trial database. 

2.2. Design and event of interest in the ancillary study 

To analyze breakthrough infections that occurred in the Covi
CompareP study during dominant Omicron circulation, a case-control 
analysis was performed on vaccinated participants who were not 
infected in 2021 and were still being monitored in 2022. Breakthrough 
cases involved participants with symptomatic biologically confirmed 
SARS-CoV-2 infection (positive RT-PCR or antigen test) between 
January and October 2022. Controls were participants with no symp
tomatic infection between January and October 2022. Cases were 
defined as symptomatic breakthrough infections at least 7 days after 
booster doses or after primary vaccination. Mild COVID-19 disease was 
defined by infection with various symptoms, such as fever, cough, sore 
throat, malaise, headache, muscle pain, gastrointestinal symptoms, loss 
of taste and smell, asthenia and rhinorrhea. In addition to these symp
toms, moderate severity was defined by evidence of lower respiratory 
tract disease (with oxygen saturation higher than 94 %). Severe disease 

Fig. 1. ANRS002S CoviCompareP Study design. National (France) open phase II trial assessing immunogenicity and safety of COVID-19 mRNA BNT162b2 [Pfizer| 
BioNTech] vaccine in young (aged 18–45) and elderly (65–74, 75 or older) healthy participants, previously infected (PI) at least 5 months prior to vaccination or not 
previously infected (NPI). Set-up of mRNA vaccine boosters for different age and risk groups according to the French recommendations. 

C. Durier et al.                                                                                                                                                                                                                                  

http://ClinicalTrials.gov


Infectious Diseases Now 54 (2024) 104886

3

was defined as more severe lower respiratory tract disease (typically 
oxygen saturation below 94 %) [18]. 

2.3. Immunogenicity assessments 

Serum samples were tested for neutralizing antibodies (NAbs) 
against the European B.1 (D614G) SARS-CoV-2 strain and the Omicron 
BA.1 variant at D1, D29, D57, and M6 after the primo-vaccination (one 
or two doses, respectively, in participants infected or not before vacci
nation), the day of the first booster and 28 days after, by the micro
neutralization method as described elsewhere [11,19]. In brief, the test 
used clinical strains of SARS-CoV-2 (0.5 TCID50/µL of serum dilution) 
and TMPRSS2-expressing VeroE6 cells. It relied on cytopathic effect 
(CPE) detection at five days post-infection, and positive sero- 
neutralization was defined as an NAb titer ≥ 20. 

Pseudo-neutralization for the original Wuhan strain and the Omicron 
BA.1 variant was likewise tested at D1, D29, D57 and M6. This test 
[20,21] measured neutralization of lentiviral pseudo-types carrying the 
SARS-CoV-2 Spike protein and expressing a luciferase reporter after 
60–72 h of transduction in 293T–ACE2 cells. Luciferase activity was 
related to the signal obtained with negative sera. Positive pseudo- 
neutralization was defined as a pseudo-neutralizing antibody titer 
(pNAb) ≥ 10. 

Two neutralization assays were carried out to globally confirm the 
antibody results. Pseudo-neutralization was a less time-consuming assay 
and did not require a Biosafety Level 3 laboratory. In these data, all 
antibodies were measured prior to the reported breakthrough infections. 
If an infection occurred, the antibody measurement schedule for that 
individual was interrupted. 

2.4. Statistical analysis 

We first drew the cumulative curve of cases by status of infection 
prior to vaccination. We investigated differences between cases and 
controls for pre-vaccination characteristics, vaccine regimens, and 
SARS-CoV-2 antibody titers (European B.1 (D614G) for NAb and Wuhan 
for pNAb, Omicron BA.1 variant for both) at different time points 
following vaccination, separately in participants infected prior to 
vaccination (PI) or not (NPI). Vaccine regimens (before infection) were 
categorized as 1) primary vaccination only, i.e., two doses for the NPI 
group and one dose for the PI group, 2) primary vaccination plus one 
booster and 3) primary vaccination plus two boosters. Categorical data 
are presented as frequency counts and percentages, and continuous 
variables are presented as medians and interquartile ranges (and ranges 
for some data). Percentages were compared by Fisher’s test, and anti
body titers were compared by the Wilcoxon test. 

Univariate logistic regression models were applied to study the crude 
association between breakthrough infection and prior infection status, 
age group (aged 18–45, 65–74, 75 or over), sex at birth, comorbidities at 
inclusion, vaccine regimens and the most recent NAb titers (log2 
transformed). A multivariate logistic regression model was built to 
examine the association between breakthrough infection and prior 
infection status, adjusted for age group, vaccine regimen and the most 
recent Omicron NAb titer. We tested an interaction term between the 
NAb titer and a prior infection. The cutoff date for analysis was 
November 18, 2022. Statistical analyses were performed using SAS 
(version 9.4, SAS Institute, Cary, NC). 

3. Results 

3.1. Breakthrough infections 

In the CoviCompareP trial, 267 participants were vaccinated in 2021 
(N = 147 not previously infected (NPI), N = 120 previously infected 
(PI)). Ten participants developed biologically confirmed SARS-CoV-2 
infections in 2021 (all in the NPI group), four others were lost to 

follow-up early in 2021, and one participant died in 2021 (NPI group). 
Excluding these participants, the analysis included 252 participants still 
followed in 2022 (117/120 from the PI group and 135/147 from the NPI 
group). 

During the period of predominant Omicron BA.1 circulation between 
January and October 2022, 78 participants (30.9 %) reported a symp
tomatic breakthrough infection, which was significantly more frequent 
in not previously infected than in previously infected participants: 42.2 
% (57/135), 95 % confidence interval (CI) = (33.8, 51.0 %) and 17.9 % 
(21/117), 95 % CI = (11.5, 26.1 %), respectively (p < 0.0001) (Fig. 2). 
By age groups, the symptomatic breakthrough infections in NPI and PI 
participants were 56.8 % (25/44) and 27.1 % (27/48), 42.3 % (22/52) 
and 14.3 % (7/49), 25.6 % (10/39) and 5 % (1/20) in those aged 18–45, 
65–74, 75 or over respectively, with highly significant differences for the 
two younger groups (18–45 and 65–74) with p < 0.01, but not signifi
cant for older patients (p = 0.12). Within the NPI group, the distribution 
of clinical forms was 50 (88 %) mild, 7 (12 %) moderate and 0 severe 
cases, similar to the PI group, with 17 (81 %) mild, 4 (19 %) moderate 
and 0 severe cases. 

Comparing participant characteristics (Table 1), breakthrough in
fections were significantly more frequent among younger participants in 
the NPI group, and the same trend was observed in the PI group. As all 
but six participants had received at least one booster dose, this differ
ence between age groups was not associated with first booster vacci
nation. The association with the absence of comorbidities was nearly 
significant in the NPI group. The proportion of participants with at least 
one comorbidity increased with age in both groups (p < 0.0001): for the 
NPI group, 11 % of those aged 18–75, 56 % of those aged 65–74 years, 
64 % of those aged 75 and over, and for the PI group, 12.5 %, 49 %, and 
70 %, respectively (Table 2). In conjunction with the first waves of 
Omicron, breakthrough infections were mostly reported after the first 
booster dose, 91 % and 76 % in the NPI and PI groups, respectively, 
within a median delay of 4–5 months after the last vaccine dose (range: 
3–4 weeks to 10 months in both groups). Calendar dates of vaccination 
(first and last doses) were similar in patients with breakthrough in
fections and in controls. For the PI group, there was no significant as
sociation between severity of the previous infection and occurrence of a 
breakthrough infection. 

Regarding age groups (Table 2), subjects from the two oldest groups 
received their most recent vaccination a few weeks before the younger 

Fig. 2. Cumulative curve of SARS-CoV-2 infections among the two groups of 
the ANRS002S CoviCompareP trial since March 2021 at the start of vaccina
tions. The blue curve corresponds to participants without previous SARS-CoV-2 
infection (NPI) and the red curve corresponds to participants with previous 
SARS-CoV-2 infection before vaccination (PI). The date of infection (X-axis) is 
the date of first symptoms (confirmed by positive test) or the date of positive 
test. Ten participants infected in 2021 were not included in the ancillary study. 
From January 2022, the Omicron variants were dominant. 
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participants, but with no statistically significant difference in terms of 
time to breakthrough infection. Participants aged 75 and over were 
vaccinated with a second booster dose (25.6 % and 35 % in the NPI and 
PI groups, respectively) in similar proportions to those aged 65–74 years 
(34.6 % and 40.8 % in the NPI and PI groups). Notably, no young 
participant in the NPI group and only two young participants in the PI 
group had received two booster doses. The vaccination campaign with 
bivalent vaccines was launched in France on October 14, 2022, and four 
controls only (one in NPI, three in PI) were probably boosted with a 
bivalent vaccine. 

3.2. Neutralizing antibodies 

A graphical summary with boxplots of the neutralization and pseudo- 
neutralization results showed similar results for the two assays (Fig. 3) 

and, more specifically, six months after the first dose (M6), the 
Spearman correlation coefficient between European B.1 (D614G) 
neutralizing Ab and Wuhan pseudo-neutralizing Ab titers was 0.74 (p <
0.0001). By both techniques, the levels of antibodies to Omicron BA.1 
did not increase after primary vaccination in participants with no prior 
infection. In contrast, in participants infected before vaccination, anti
body levels, particularly against Omicron BA.1, increased after primary 
vaccination. They were lower in those who had a breakthrough infection 
than in those who did not, with statistically significant differences one 
and six months after primary vaccination and one month after booster 
(Fig. 3) based on all time points before the breakthrough. Ages were 
used to obtain graphs, which showed similar results across different age 
groups, even though differences between breakthrough infections and 
non-breakthrough infections were more difficult to assess (Fig. S1). 

To study the relationship between neutralizing antibodies and 

Table 1 
Characteristics of the ANRS002S CoviCompareP participants by SARS-CoV-2 infection prior to vaccination status and comparisons between symptomatic breakthrough 
infection status during Omicron-dominant circulation.   

Not previously infected 
(NPI; N = 135) 

Previously infected 
(PI; N = 117)  

Breakthrough infection  Breakthrough infection   

No (N = 78) Yes (N = 57) P-value3 No (N = 96) Yes (N = 21) P- 
value3 

Age group, n (%)    0.017    0.076 
18–45 years old 19 (24.4) 25 (43.9)  35 (36.5) 13 (61.9)  
65–74 years old 30 (38.5) 22 (38.6)  42 (43.8) 7 (33.3)  
75 or older 29 (37.2) 10 (17.5)  19 (19.8) 1 (4.8)   

Sex at birth, n (%)    0.73    0.47 
Male 40 (51.3) 27 (47.4)  52 (54.2) 9 (42.9)  
Female 38 (48.7) 30 (52.6)  44 (45.8) 12 (57.1)   

Comorbidities1, n (%)    0.053    0.21 
At least one 40 (51.3) 19 (33.3)  39 (40.6) 5 (23.8)  
None 38 (48.7) 38 (66.7)  57 (59.4) 16 (76.2)   

Vaccine regimen2, n (%)    <0.0001    0.0076 
1 Booster 53 (67.9) 52 (91.2)  68 (70.8) 16 (76.2)  
2 Boosters 25 (32.1) 3 (5.3)  27 (28.1) 2 (9.5)  
Primary vaccination 0 (0.0) 2 (3.5)  1 (1.0) 3 (14.3)   

First Covid-19 vaccine date       
Median (IQR) 24MAR21 (16MAR21, 

30MAR21) 
25MAR21 (18MAR21, 
31MAR21)  

13APR21 (29MAR21, 
19APR21) 

06APR21 (25MAR21, 
20APR21)   

Most recent Covid-19 vaccine date       
Median (IQR) 07DEC21 (17NOV21, 

14JUN22) 
26NOV21 (16NOV21, 
16DEC21)  

20DEC21 (25NOV21, 
22JUN22) 

09DEC21 (19NOV21, 
16DEC21)  

Range 29OCT21, 14OCT22 22APR21, 01JUL22  07APR21, 04NOV22 22MAR21, 29JUN22   

Days between infection and most 
recent dose       

Median (IQR)  126 (70, 172)   146 (65, 219)  
Range  21, 319   33, 318   

Previous SARS-CoV-2 infection 
severity, n (%)       

0.32 

Asymptomatic    17 (17.7) 6 (28.6)  
Moderate    43 (44.8) 10 (47.6)  
Severe    36 (37.5) 5 (23.8)  

From January 2022 to October 2022, the Omicron variants were dominant. 
1 Comorbidities: Arterial hypertension (n = 59), Hypercholesterolemia (39), Cancer (15), Diabetes (15), Coronary artery disease (10), COPD and/or respiratory 

failure (7), Chronic renal failure (5), Stroke (4), Auto-inflammatory/autoimmune diseases (4), Heart failure (3), Hematological diseases (2), Chronic liver diseases (2). 
2 Vaccine regimen: Primary vaccination is one mRNA BNT162b2 vaccine dose for previously infected (PI) and two mRNA BNT162b2 doses for not previously 

infected participants (NPI) at least 14 days before breakthrough infection; one booster or two boosters are primary vaccination plus first or second mRNA booster doses 
at least seven days before breakthrough infection. 

3 Fisher Exact or Wilcoxon p-value; IQR: interquartile range. 
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infection, the cumulative percentage of breakthrough infections was 
plotted according to the most recent level of the European B.1 (D614G) 
strain (Fig. 4a) or Omicron BA.1 NAb titer (Fig. 4b). The curve between 

antibody levels and observed percentages of breakthrough infection was 
steep in previously infected and less steep in not previously infected 
participants, especially for the Omicron BA.1 variant. Breakthrough 

Table 2 
Comorbidities, vaccination regimen and most recent vaccine dose date of ANRS002S CoviCompareP participants by SARS-CoV-2 infection status prior to vaccination 
and comparisons between age groups.   

Not previously infected (NPI; N = 135) Previously infected (PI; N = 117)  

18–45 years 65–74 years 75 or older  18–45 years 65–74 years 75 or older   
(N = 44) (N = 52) (N = 39) P-value (N = 48) (N = 49) (N = 20) P-value 

Comorbidities, n (%)    <0.00011    <0.00011 

At least one 5 (11.4) 29 (55.8) 25 (64.1)  6 (12.5) 24 (49.0) 14 (70.0)  
None 39 (88.6) 23 (44.2) 14 (35.9)  42 (87.5) 25 (51.0) 6 (30.0)  
Vaccine regimen, n (%)    <0.00011    <0.00011 

1 Booster 42 (95.5) 34 (65.4) 29 (74.4)  43 (89.6) 28 (57.1) 13 (65.0)  
2 Boosters 0 (0.0) 18 (34.6) 10 (25.6)  2 (4.2) 20 (40.8) 7 (35.0)  
Primary vaccination 2 (4.5) 0 (0.0) 0 (0.0)  3 (6.3) 1 (2.0) 0 (0.0)   

Most recent Covid-19 
vaccine date         

Median (IQR) 13DEC21 
(20NOV21, 
27DEC21) 

22NOV21 
(15NOV21, 
17JUN22) 

25NOV21 
(16NOV21, 
22MAR22)  

21DEC21 
(02DEC21, 
06JAN22) 

09DEC21 
(19NOV21, 
07JUL22) 

01DEC21 
(16NOV21, 
22JUN22)  

Range 22APR21, 
12JAN22 

02NOV21, 
14OCT22 

29OCT21, 
04AUG22  

22MAR21, 
19OCT22 

07APR21, 
01SEP22 

05NOV21, 
04NOV22  

Days between infection 
and most recent dose    

0.312    0.882 

N infected 25 22 10  13 7 1  
Median (IQR) 102 (62, 166) 128 (70, 167) 164.5 (112, 212)  122 (60, 255) 146 (112, 219) 165  
Range 29, 257 21, 237 61, 319  33, 296 56, 318 165   

1 Chi p-value; 2Kruskal-Wallis p-value; IQR: inter-quartile range. 

Fig. 3. (a) Neutralizing antibody titers against the European B.1 (D614G) strain and Omicron BA.1 variant. (b) Pseudo-neutralizing antibody titers against Wuhan 
strain and Omicron BA.1 variant in “not previously infected” (NPI) and “previously infected” (PI). N is the number of participants evaluated at each timepoint and 
Median is their median titer. ▴ show vaccination timepoints. Grey lines represent positivity thresholds. ** Wilcoxon P < 0.01, * Wilcoxon P < 0.05. 
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infections were notably less frequent in the PI group than the NPI group 
when the NAb titers were high. The most recent NAb titers for controls 
and cases were evaluated at similar visits, generally 28 days after the 
first booster (all in all 234/252, 93 %) and at similar calendar dates 
(September 2021 to February 2022). Taken as a whole, antibody levels 
against the European B.1 (D614G) strain were higher than those against 
the Omicron BA.1 variant, and among previously infected individuals, 
they were significantly lower in those with breakthrough infection 
(Table 3). 

Using logistic regressions (Table 4), unadjusted analyses showed that 
younger age, absence of comorbidities, no infection before vaccination, 
vaccine regimen, and the most recent NAb titers for both the European 
B.1 (D614G) and Omicron BA.1 variants were associated with break
through infection. As the European B.1 (D614G) and Omicron BA.1 
variant titers were correlated (Spearman correlation = 0.64), we chose 
to enter the Omicron BA.1 titer into the multivariate model. This model 
also included an interaction between prior infection status and Omicron 
BA.1 NAb titer. In this model, participants aged 75 or older still had 
reduced odds of breakthrough infection (OR = 0.37, p = 0.026), 
whereas this was not the case for those aged 65–74 years (OR = 1) 
compared to those aged 18–45 years (Fig. 5a). Participants who received 
two boosters had reduced odds of breakthrough infection (OR = 0.17, p 
= 0.001) compared to those who had received one booster. Those who 
received no booster had increased odds of breakthrough infection (OR =
13.7, p = 0.047) compared to those who had received one booster. The 
interaction term between prior infection and NAb titer was statistically 
significant (p = 0.011): in the previously infected group, higher NAb 
titers were associated with decreased odds of breakthrough infection 
(OR = 0.60 per log2 increase in NAb titer, p = 0.002), which was not the 
case for participants who were not previously infected (OR = 1.03, p =

0.83). Predicted probabilities (Fig. 5b) more extensively illustrate the 
results of this interaction based on the risk of infection: for low antibody 
levels (Omicron BA.1 NAb titer = 40), the two groups had similar odds 
of breakthrough infection (NPI vs. PI, OR = 1.84, 95 % CI=(0.80–4.24)), 
while for higher antibody levels (Omicron BA.1 NAb titer = 160), PI 
participants were less likely than NPI participants to be infected during 
Omicron circulation (NPI vs. PI, OR = 9.42, 95 % CI = (3.28–27.1)). 
Graphically, the model is fully congruent with the data observed in 
Fig. 4b. 

4. Discussion 

The aim of this ancillary study of the ANRS002S CoviCompareP trial 
was to investigate symptomatic breakthrough infections during Omi
cron variant dominant circulation for participants vaccinated and 
boosted with the BNT162b2 mRNA vaccine. The cumulative incidence 
of breakthrough infections was 31 % in January-October 2022, while 98 
% of participants had received a booster. Breakthrough infections were 
mostly of mild severity (86 %) and were more frequent in the group with 
no infection before vaccination (42 %) than in the group with infection 
before primary vaccination (18 %). These infections tended to occur in 
younger participants and those with no comorbidity, and they were less 
frequent in participants infected before vaccination with a higher pre
vious number of boosters and with higher Omicron neutralizing and 
pseudo-neutralizing titers. In a multivariate analysis, factors associated 
with a lower risk of breakthrough infection were older age and a higher 
number of booster doses, and in participants infected before vaccination 
only, a higher most recent Omicron BA.1 NAb titer. 

Consistent results were observed across all age groups. However, due 
to the smaller sample sizes resulting from dividing the total population 

Fig. 3. (continued). 
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by age, data analysis by age group was not performed in this study. 
Multivariate logistic regression was utilized to analyze all participants 
simultaneously and increase statistical power. Interaction between 
infection before vaccination and neutralizing antibodies could be 
accounted for and interpretation of the results required consideration of 
the combined effects of the predictors. 

The youngest individuals (aged 18–45 years) were significantly more 
likely to have symptomatic infections during Omicron-dominant circu
lation. While this is likely due to intrafamilial and professional in
teractions identified as predictive factors for infection in the first waves 
[22,23], our study did not explore these exposures. Older participants 
(aged 75 or over) experienced significantly fewer symptomatic in
fections, although this difference was not related to the first booster in 
this population. Health recommendations regarding medical and 
nonmedical intervention measures have always been stronger for them, 
and older people may have taken individual preventive measures to 
limit their risk of infection. The trend toward fewer participants with 
comorbidities in the cases examined was probably related to age. A 
second mRNA booster vaccine was associated with less frequent 
breakthrough infections, even after adjustment for age, prior infection 
status and NAb titer. This is in line with publications in which a second 
booster partially protected against infection and, notably, severe infec
tion, particularly in older individuals [24–28]. Participants were also 
less likely to receive a second booster if they were infected in 2022. 

Neutralizing antibody titers have been found to be correlates of 
protection after two doses of the BNT162b2 [Pfizer|BioNTech] vaccine 
[12,13]. Our study focused on immune responses to the first booster, 
rather than to the primary vaccination with BNT162b2, which has more 
frequently been studied as a correlate of protection (CoP). To our 
knowledge, no large-scale studies have been published on booster doses 
of this vaccine. In some publications with limited data [29,30], none of 
the usual immune parameters, including NAb titers against the Omicron 
variant, predicted individual risk of infection. In line with these results, 
we found that the most recent Omicron BA.1 NAb titer was not associ
ated with breakthrough infection in the group of participants not 
infected before vaccination, and that Omicron infection mainly occurs 
after the first booster dose for heterogeneous NAbs. Neutralization and 
pseudo-neutralization techniques for anti-SARS-CoV-2 antibodies had 
similar results and correlated well in our study. Pseudo-neutralization is 
easier to develop and adapt to new variants without requiring new virus 
strains in the laboratory. Its safety also makes it easier to implement in 
hospital laboratories. 

Recently, several studies and meta-analyses have shown that hybrid 
immunity (infection plus vaccination) provides the strongest protection 
against SARS-CoV-2 infection [14–16], especially against Omicron 
variant infection [17]. Primary infection reduces the risk of symptom
atic reinfection and severe disease [31], although no differences in 
clinical presentation have been shown between primary infection and 

Fig. 4. Observed cumulative percentage of symptomatic infections during Omicron-dominant circulation by the level at most recent assessment of (a) European B.1 
(D614G) strain NAb titer (b) Omicron BA.1 NAb titer. For each antibody titer, breakthrough infection (%) is the cumulative number of infections divided by N, the 
total number of participants shown on the graph. The most recent assessment for NPI group: 1 at M6, 5 at day of boost, 129 at 28 days after boost; for PI group: 10 at 
M6, 2 at day of boost, 105 at 28 days after boost. 
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reinfection [32]. In our study, infection before vaccination also reduced 
the risk of reinfection, while prior disease severity was not associated 
with symptomatic breakthrough infection. Based on a limited sample 
size, we confirmed that NAb titers against the ancestral strain and the 
BA.1 variant were higher in participants with hybrid immunity than in 
those with vaccine-only immunity [16]. Finally, in participants with 
hybrid immunity (infection prior to vaccination) and one primary dose 
plus a booster, Omicron NAb titers correlated with protection against 
reinfection during Omicron BA.1- dominant circulation. This result 
warrants further investigation to assess whether other immune re
sponses, such as cellular responses, are associated with reinfection. Our 
results underline the need to consider immune markers of protection 
with regard to infection and vaccination history. 

5. ANRS002S CoviCompareP Group 

5.1. Study sites 

Maeva Lefebvre4, Odile Launay5, Zoha Maakaroun–Vermesse6, 
Jean–François Nicolas7,8, Renaud Verdon9, Jacques Kiladjian10, Paul 
Loubet11, Catherine Schmidt–Mutter12, Christian Dualé13, Séverine 
Ansart14, Giovanna Melica15. 

5.2. Biological resource centers 

Béatrice Parfait20,21, Frida Mirandolie20,21, Gilbert Mchantaf20,21, 
Berthe–Marie Imbert–Marcille22, Samantha Montagne23, Bijan Gha
leh–Marzban24, Alexandra Traverse–Glehen25, Denis Vivien26, Bruno 
Cassinat27, Alexandre Evrard28, Catherine Metzger29, Michèle Billing29, 
Jean–Marc Lessinger30, Marc Berger31 & Christophe Leroyer32. 

20 Fédération des Centres de Ressources Biologiques – Plateforme de 
Ressources Biologiques APHP –Université de Paris, Centre de Ressources 
Biologiques Cochin, Hôpital Cochin, Paris, France. 

21 CRB Site Cochin, AP–HP, Hôpital Cochin, Paris, France. 
22 Laboratoire de Virologie, CHU Nantes, Nantes, France. 
23 CRB du CHRU de Tours, Tours, France. 
24 PRB, AP–HP, Hôpital Henri Mondor, Créteil, France. 
25 HCL, CRB Lyon Sud, Lyon, France. 
26 CRB InnovaBIO, CHU Caen Normandie, Caen, France. 

27 Service de Biologie Cellulaire, AP–HP, Hôpital Saint Louis, Paris, 
France. 

28 CRB du CHU de Nîmes, Nîmes, France. 
29 Unité de Coordination de la Biologie des Essais Cliniques, HUS, 

Nouvel Hôpital Civil, Strasbourg, France. 
30 Laboratoire de Biochimie et Biologie Moléculaire, HUS, Nouvel 

Hôpital Civil, Strasbourg, France. 
31 CRB Auvergne, Hôpital Estaing, CHU ClermontFerrand, Cler

mont–Ferrand, France. 
32 CRB Site CIC INSERM CIC1412, Hôpital de la Cavale Blanche, 

CHRU Brest, Brest, France. 

5.3. Laboratories 

Eric Tartour18, Victor Appay33, Isabelle Pellegrin34, Frédéric Bat
teux35, Béhazine Combadière36, Xavier de Lamballerie2, Guy Gor
ochov36, Stéphane Paul37, Sylvie Van Der Werf3, Christiane S. 
Eberhardt38, Claire–Anne Siegrist38, Michel Cogné39 & Marc Eloit40. 

33 INSERM CNRS UMR 5164, Université de Bordeaux, Bordeaux, 
France. 

34 Service d’Immunologie et Immunogénétique, CHU Bordeaux, 
Bordeaux, France. 

35 Immunologie Biologique, Hôpital Cochin, INSERM U1016, CNRS 
UMR 8104, Université de Paris, Paris, France. 

36 INSERM U1135, Centre d’Immunologie et des Maladies Infec
tieuses Sorbonne Université, Paris, France. 

37 CIC 1408 INSERM/ANRS, Faculté de Médecine, CHU Saint- 
Etienne, Saint–Priest En Jarez, France. 

38 Centre de Vaccinologie, Hôpitaux Universitaires de Genève, 
Suisse, Geneve, Switzerland. 

39 INSERM U1236 B Cell Ig Remodeling Singularities (BIGRES) 
Faculty of Medicine, French Blood Center (EFS Bretagne), University 
Hospital, Rennes, France. 

40 Pathogen Discovery Laboratory, Institut Pasteur, Paris, France. 

5.4. Trial coordination 

Clinical Trial Unit: Corinne Desaint1,5, Emmanuelle Netzer1, Martine 
Resch1, Marine Saouzanet1, Diane Carette1, Rebecca Bauer1, Christine 

Table 3 
Description of most recent neutralizing antibody titers and comparisons between symptomatic breakthrough infection status during Omicron-dominant circulation in 
ANRS002S CoviCompareP participants.   

Not previously infected 
(NPI; N = 135) 

Previously infected 
(PI; N = 117)  

Breakthrough infection  Breakthrough infection   

No (N = 78) Yes (N = 57) P- 
value2 

No (N = 96) Yes (N = 21) P-value2 

Most recent NAb1Visit, n (%)       
6 months after first vaccine dose 

(M6) 
1 (1.3) 4 (7.0)  8 (8.3) 2 (9.5)  

Day of boost 0 (0.0) 1 (1.8)  0 (0.0) 2 (9.5)  
28 days after boost 77 (98.7) 52 (91.2)  88 (91.7) 17 (81.0)   

Date       
Median (IQR) 16DEC21 (13DEC21, 

03JAN22) 
17DEC21 (13DEC21, 
10JAN22)  

25DEC21 (14DEC21, 
15JAN22) 

07JAN22 (17DEC21, 
13JAN22)  

Range 14SEP21, 11FEB22 09SEP21, 08FEB22  27SEP21, 11FEB22 27SEP21, 08FEB22   

European B.1 (D614G) NAb 
titer    

0.089    0.018 

Median (IQR) 1280 (640, 2560) 1280 (320, 2560)  5120 (2560, 10240) 2560 (1280, 5120)  
Omicron BA.1 

NAb titer    
0.95    <0.0001 

Median (IQR) 40 (40, 160) 80 (40, 80)  160 (80, 480) 80 (40, 160)   

1 NAb: neutralizing antibody titer; 2Wilcoxon p-value; IQR: Interquartile range. 
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5.5. Scientific Committee 

Maeva Lefebvre4, Odile Launay5, Jacques Kiladjian10, Séverine 
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Table 4 
Univariate and multivariate logistic regression analyses to predict symptomatic 
breakthrough infection during Omicron-dominant circulation in ANRS002S 
CoviCompareP participants.  

Characteristic  N Breakthrough 
infection, n 
(%) 

Unadjusted 
Odds Ratios 
(95% CI) 

Adjusted 
Odds Ratios 
(95%CI) 

Sex at birth      
Male  128 36 (28.1) ref  
Female  124 42 (33.9) 1.31 

(0.77–2.24)  
Comorbidities      
At least one  103 24 (23.3) ref  
None  149 54 (36.2) 1.87 

(1.06–3.29)   

Age group      
18–45 years old  92 38 (41.3) ref ref 
65–74 years old  101 29 (28.7) 0.57 

(0.31–1.04) 
1.00 
(0.49–2.03) 

75 or older  59 11 (18.6) 0.33 
(0.15–0.71) 

0.37 
(0.15–0.89)  

Vaccine 
regimen1      

1 Booster  189 68 (36.0) ref ref 
2 Boosters  57 5 (8.8) 0.17 

(0.065–0.45) 
0.17 
(0.059–0.49) 

Primary 
vaccination  

6 5 (83.3) 8.90 
(1.02–77.73) 

13.73 
(1.03–182.2)  

Prior SARS-CoV- 
2 infection      

Previously 
infected (PI)  

117 21 (17.9) ref  

Not previously 
infected (NPI)  

135 57 (42.2) 3.34 
(1.87–5.99)  

European B.1 
(D614G) 
NAb2titer (per 
log2)    

0.68 
(0.57–0.80)  

Omicron BA.1 
NAb titer (per 
log2)    

0.72 
(0.61–0.85) 

–  

Interaction 
between prior 
infection and 
Omicron BA.1 
NAb titer     

NPI vs. PI 
according to 
Omicron BA.1 
NAb titer 

Titer: 40   1.84 
(0.80–4.24)  

Titer: 
160   

9.42 
(3.28–27.1) 

Omicron BA.1 
NAb titer (per 
log2) within 
group of Prior 
infection 

PI group   0.60 
(0.42–0.84)  

NPI 
group   

1.03 
(0.81–1.30)  

1 Vaccine regimen: Primary vaccination is one mRNA BNT162b2 vaccine dose 
for previously infected (PI) and two mRNA BNT162b2 doses for not previously 
infected participants (NPI) at least 14 days before breakthrough infection; one 
booster or two boosters are primary vaccination plus first or second mRNA 
booster doses at least seven days before breakthrough infection 

2 NAb: neutralizing antibody titer. N: total number of participants in the 
study: number of participants with breakthrough infection (%: n/N*100). Un
adjusted odds ratio (OR) and 95 % Wald confidence interval (CI) by univariate 
logistic regression analyses. Adjusted OR (95 % CI) by multivariate regression 
model including age group, vaccine regimen, prior infection status, the most 
recent Omicron NAb titer and an interaction term between NAb titer and a prior 

infection. An OR greater than 1 indicates an increased risk of infection with the 
presence of the characteristic or an increase in NAb titer. 
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