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Background. Establishing correlates of protection often requires large cohorts. A rapid and adaptable case-control study design
can be used to identify antibody correlates of protection against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection in serum and saliva.

Methods. We designed a case—control study to compare antibody levels between cases of SARS-CoV-2 infection within 5 days
of symptom onset and uninfected controls. Controls were matched on age, number of coronavirus disease 2019 vaccine doses, time
since last dose, and past episodes of infection. We quantified anti-SARS-CoV-2 and seasonal coronavirus immunoglobulin (Ig) G in
serum and saliva at inclusion, 1 month, and 6 months.

Results.  We included 90 cases and 62 controls between February and September 2022. A boost and decay pattern of serum
antibodies was observed in cases at 1 and 6 months, respectively, but not in controls. Anti-SARS-CoV-2 antibody levels were
significantly higher in controls at inclusion both in serum (particularly antinucleocapsid I1gG: 4.14 times higher compared with
cases; 95% CI, 2.46-6.96) and saliva (particularly antispike for Delta variant IgG: 4.89 times higher compared with cases; 95%
CI, 2.91-9.89). Saliva antibodies generally outperformed serum antibodies for case/control differentiation.

Conclusions. In this case-control study, we provided evidence of correlates of protection of anti-SARS-CoV-2 IgG in saliva and
serum, with saliva antibodies often outperforming serum. The finding that antibodies in saliva are a better correlate of protection
than antibodies in serum may inform vaccine development by highlighting the importance of robust induction of mucosal immune
responses. This study design may be used during future epidemics for the prompt assessment of correlates of protection.

Keywords. antibody; case—control study; COVID-19; protection; saliva; serum.

Establishing correlates of protection is essential to the design of
vaccine policies and to the study of the effectiveness of new vac-
cines that cannot be evaluated against placebo when an effective
and indicated alternative exists. Correlates of protection against
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection have been identified for anti-SARS-CoV-2 antibodies
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measured in blood samples, mainly in cohort studies [1, 2].
These often require prospective data with samples available at
the beginning of the follow-up period. Such studies have been
able to assess the evolution of antibody correlates of protection
against the Omicron variant [3]. Case-control studies can also
help define correlates of protection [4]. They offer cheaper and
quicker alternatives to cohort studies but require either the exis-
tence of preexisting samples or inclusion immediately after ex-
posure to SARS-CoV-2 for cases before any potential boost in
immunity by the infection. In the very early days of infection
(<6 days), the boosting of the immune response remains limited,
potentially allowing the analysis of preexisting immunity in the
few days following symptom onset [5, 6].

This study is part of the CORSER studies led by Institut
Pasteur: in its capacity as an overarching study, CORSER
(CORonavirus SERo-epidemiology) plays a pivotal role in co-
ordinating and harmonizing various sero-epidemiological in-
vestigations conducted at Institut Pasteur. By unifying these
diverse studies under a single framework, CORSER facilitates
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efficient collaboration, standardization of methodologies, and
maximization of resources.

Serological analyses based on a combination of antibodies to
different antigens of interest can yield better identification of
people who are infected compared with a single antibody [7].
To our knowledge, this approach has not been applied to
the identification of correlates of protection for respiratory
viruses. Furthermore, the analysis of saliva IgG can provide
an easily accessible alternative to serum sampling. Antibodies
to SARS-CoV-2 have been demonstrated to persist in saliva fol-
lowing infection [8], but their role as a correlate of protection
against infection has not been extensively studied. The role of
mucosa-associated lymphatic tissue has been shown to be
central to immunity against SARS-CoV-2 infection [9]. Thus,
mucosal immunoglobulin (Ig) G could prove reliable correlates
of protection.

In the present case-control study, we aimed to identify if se-
rum and saliva IgG antibodies against a series of SARS-CoV-2
and non-SARS-CoV-2 antigens were correlated with protec-
tion against symptomatic SARS-CoV-2 infection.

METHODS

Participants Enroliment and Case—Control Matching

Study subjects were recruited among the participants of a
case—control study (ComCor study) that was conducted
online in mainland France and included cases with recent
SARS-CoV-2 infection matched with controls enrolled by a
market research opinion company and comparing exposures
between cases and controls to identify settings at risk of trans-
mission [10]. Between February and September 2022, we iden-
tified cases participating in this case-control study who resided
in the greater Paris area. We included cases for the present
study within 5 days of symptom onset to avoid the boosting ef-
fect of the ongoing infection [5, 6]. Among controls of the
ComCor study (ie, without ongoing SARS-CoV-2 infection),
we invited those who met the matching criteria with included
cases. Both cases and controls were sampled at inclusion (se-
rum and saliva antibodies, reverse transcriptase polymerase
chain reaction [RT-PCR] on nasal swab to check case or control
status), followed by 2 visits 1 and 6 months later. Saliva was
sampled using a Lollisponge assay (Labelians)—this collection
method was demonstrated to lead to lower variability in mea-
sured antibody levels compared with saliva collected directly
into tubes. At each visit, we collected further information on
comorbidities and exposures associated with risk of infection
(public transport, presence of children in the household, in-
person working, etc.) [11, 12]. The Omicron variant and its
subvariants were the most frequent in France during the study
period, mainly BA.2, until BA.5 became predominant in June
2022, according to weekly sequencing of a random selection
of samples nationwide.

A total of 152 participants were included, consisting of 90
cases and 62 controls. Controls were recruited to reflect both
cases’ demographics and risk factors for coronavirus disease
2019 (COVID) exposure at the time of symptom onset.
Matching was conducted based on 5 categorical variables: age
group (younger/older than 60 years), number of documented
COVID infections, vaccination history, time since last vaccina-
tion (less than a month, between 1 and 3 months, between
3 and 6 months, more than 6 months, no vaccination), and
month of inclusion.

Processing of Biological Samples

Samples were received and stored by the Integrated Collections
for Adaptive Research in Biomedicine biobank (Institut Pasteur,
Paris, France). SARS-CoV-2 RNA in nasopharyngeal swabs were
detected by RT-PCR by the National Center of Infectious
Respiratory Disease (Institut Pasteur, Paris, France). Antibody
levels in saliva and sera were measured on a Luminex Magpix
platform, with a bead-based assay that captures fluorescence in-
tensities directly proportional to the quantity of antibodies
bound to antigens coupled on individually color-coded beads.
A total of 24 different antigens were used for the multiplex assay:
16 SARS-CoV-2 antigens (wild-type [WT] and variants, for nu-
cleocapsid protein [NP], spike [S], receptor-binding domain
[RBD], and membrane envelope [ME]) and 8 antigens from sea-
sonal coronaviruses (OC43, NL63, HKU1, and 229E for NP and
S proteins). All antigens were sourced from the Native Antigen
Company (Oxford, UK). This assay has previously been used
to study the kinetics of the antibody response following infection
with SARS-CoV-2 [7, 13]. Serum samples were run at a dilution
of 1/200. Serum samples that had a saturation of fluorescence in-
tensity were rerun at a higher dilution of 1/1600. Saliva samples
were run at a dilution of 1/2. Saliva samples from month 6 were
not available at the time of analysis. We have previously reported
a strong correlation between neutralization titers and antibody
titers, especially those targeting the spike and RBD [14].

Statistical Analyses

Median fluorescence intensities (MFIs) were converted to rela-
tive antibody units (RAUs) for serum and saliva samples to nor-
malize the measured antibody response. This was done using a
5-parameter logistic curve fitted to the standard curve generated
with a pool of 27 positive sera prepared from individuals with
PCR-confirmed SARS-CoV-2, on the same plate to account
for interassay variation, as validated in a prior study [13].

We matched cases with controls using optimal matching
without caliper [15] on the following criteria: age (younger
than 60 years or 60 years and older), number of documented
past SARS-CoV-2 infections, number of past vaccine doses,
time since last vaccination (less than a month, between 1 and
3 months, between 3 and 6 months, more than 6 months, no
vaccination), and month of inclusion.
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At each time point, antibody levels were compared between
cases and controls using Wilcoxon signed-rank tests. The
longitudinal trajectories were studied with generalized linear
mixed models with a random effect accounting for
within-individual variations. The outcome of these models
was participant status (case or control), and explanatory covar-
iates consisted of available antibody measurements. When
comparing levels between cases and controls at each time point,
fold-changes were calculated as the ratio of RAUs in matched
pairs (FCy , = % is the fold-change in a pair [control,
case] at time point ¢ for antibody a). Confidence intervals for
mean fold-changes were calculated under the assumption
that log-RAUs were normally distributed, and therefore their
paired difference (ie, the log-fold-change) would follow a
Student distribution with degree of freedom derived from
the number of available pairs of cases and controls. The
Student-derived point estimates and confidence intervals
were subsequently back-transformed to the linear RAU scale.

Random forests were used for unsupervised learning and
further classification of individual statuses using the Boruta al-
gorithm for feature selection [16]. Briefly, the Boruta algorithm
performs feature selection based on importance weighting of
observed variables compared with repeated random permuta-
tions that simulate their distribution under the null hypothesis
of independence with the outcome. The limit for number of
permutations was set at 10 000 for the Boruta algorithm. The
performance of the resulting classifiers was assessed [7] with re-
ceiver operating characteristic (ROC) curves denoting the
trade-off between false-positive (1-specificity) and true-
positive (sensitivity) rates. Areas under the curve (AUC) were
also calculated. To assess the robustness of the findings to the
choice of analysis method, the data were analyzed using logistic
regression models (Supplementary Methods).

All analyses were performed using R (version 4.2.3) [17] and
packages lme4 (version 1.1-32) [18], randomForest (version
4.7-1.1), pROC (version 1.18.2) [19], and Boruta (version
8.0.0) [16].

Ethics

The study was led by the Institut Pasteur (ClinicalTrials.gov
identifier NCT04325646) and received ethical approval from
the Comité de Protection des Personnes Ile-de-France IIT on
February 19, 2020. The study was conducted in accordance
with the MR-001 reference methodology defined by the data pro-
tection authority (Commission Nationale de I'Informatique et
des Libertés). All participants provided written informed consent.
Participants received €30 of compensation for each visit to the
Institut Pasteur for travel and time spent.

RESULTS

Participants/Follow-up

Between March 24 and September 12, 2022, a total of 152 par-
ticipants were enrolled, consisting of 90 cases and 62 controls.
Propensity score optimal matching yielded 62 case-control
pairs, leaving 28 cases unmatched due to absence of control in-
dividuals deemed comparable enough. Among the enrolled
participants, 89 cases and 61 controls were followed up at 1
month and, respectively, 84 and 59 at 6 months. Attrition
was therefore very low and did not differ across groups
(Fisher exact test, P=.74 at 6 months).

The study population was 60% female, and the median age
(interquartile range [IQR]) was 48 (37-57) years. Most partic-
ipants (90.8%) had a full vaccination scheme at enrollment (3
doses at the time), with the last dose having been administered
more than 3 months before enrollment for most (96.1%).
Table 1 presents the demographics and epidemiological charac-
teristics of the study. Notably, cases and controls did not differ
in the variables used for propensity score matching.

SARS-CoV-2 Antibody Levels Over Time in Serum

IgG antibodies to 16 SARS-CoV-2 antigens and 8 seasonal co-
ronavirus antigens were measured in the full set of serum sam-
ples from infected and noninfected participants (n = 450 serum
samples).

Antibody levels to SARS-CoV-2 proteins were raised at 1
month among cases while they remained flat in controls, con-
sistent with the immunological boost expected from the infec-
tion. Notably, there was substantial interindividual variation,
with antibody levels varying by orders of magnitude between
participants (Figure 1). For anti-S and anti-RBD antibodies, it
was not possible to assess the waning of antibody levels due
to saturation of our assay even after reruns at a lower dilution
factor (see Figure 1 for S [WT and Omicron] and RBD [WT]).
A significant decay was observed for NP (WT) at 6 months in
cases, though levels remained significantly higher than at inclu-
sion (Wilcoxon signed-rank test, M1 vs M0: P <.0001; M6 vs
MO: P <.001). Contrary to what was observed for antibodies
against SARS-CoV-2, levels remained flat throughout the study
in both cases and controls for antibodies against the 4 human
seasonal coronaviruses (NL63, 229E, OC43, and HKU1).

SARS-CoV-2 Antibody Levels Over Time in Saliva
The analyses presented above were extended by incorporating
saliva samples. Data from a total of 302 saliva samples from MO
and M1 (saliva samples from month 6 were not available at the
time of analysis) were added to the previous data from 450 se-
rum samples at M0, M1, and M6.

The general trends observed with serum samples were pre-
served, notably the raising of SARS-CoV-2-related antibody ti-
ters in cases at M1 and overall lower titers in cases than
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Table 1. Case—Control Summary and Demographics

Case (n=90) Controls (n=62) P Value
Sex, No. (%) Female 58 (64.4) 34 (54.8) .307
Male 32 (35.6) 28 (45.2)
Age, mean (SD), y 48.18 (18.13) 48.05 (13.98) .962
Age category, No. (%) <60y 73 (81.1) 46 (74.2) 414
>60y 17 (18.9) 16 (25.8)
No. of past vaccine doses (%) 0 2(2.2) 2(3.2) 677
1 1(1.1) 0(0.0)
2 5 (5.6) 3(4.8)
3 82 (91.1) 56 (90.3)
4 0(0.0) 1(1.6)
Time since last vaccine dose, No. (%) No vaccination 2(2.2) 2(3.2) .098
<1 mo ago 0(0.0) 1(1.6)
1-3 mo ago 1(1.1) 0(0.0)
3-6 mo ago 61 (67.8) 30 (48.4)
>6 mo ago 26 (28.9) 29 (46.8)
Past SARS-CoV-2 infection, No. (%) No, none 73 (81.1) 52 (83.9) 201
Yes, once 9(10.0) 6(9.7)
Yes, twice 1(1.1) 3(4.8)
Does not know 7(7.8) 1(1.6)
Days elapsed from symptom onset to sample, No. (%) 1 3(3.3) NA NA
2 7 (7.8) NA
3 31 (34.4) NA
4 40 (44.4) NA
5 9(10.0) NA

Nonparametric tests are used for comparison between cases and controls (Kruskal test for non-normal continuous variables and Fisher exact test for categorical variables).

Abbreviation: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

controls. The magnitudes of RAUs were overall lower than for
serum and less prone to saturation, with clearer peak values. In
addition, cases showed a similar significant spiking trend at M1
for all 4 seasonal coronaviruses (P < .0001 for all), while the
corresponding signal remained flat in controls (Figure 2).

Fold-Change Antibody Levels Analysis in Serum and Saliva at Inclusion

In serum only, controls had increased levels of anti-SARS-CoV-2
antibodies compared with cases at inclusion, as indicated by
fold-changes being systematically above 1 (Figure 3). That dif-
ference was found to be significant in serum samples for NP
WT (FC, 4.14; 95% CI, 2.46-6.96), spike Alpha (FC, 3.23;
95% CI, 1.73-6.05), spike Omicron (FC, 2.98; 95% CI, 1.61-
5.51), spike Delta (FC, 2.44; 95% CI, 1.21-4.90), S2 subdomain
WT (FC, 2.11; 95% CI, 1.23-3.63), and RBD Beta (FC, 1.81;
95% CI, 1.05-3.73). In addition, antibodies against human co-
ronavirus OC43 spike and NP were also significantly higher
(respectively, FC, 1.74; 95% CI, 1.21-2.69; and FC, 1.60; 95%
CIL, 1.01-2.47), as were antibodies against 229E NP (FC, 1.56;
95% CI, 1.06-2.07). The 9 largest fold-changes for serum sam-
ples corresponded to SARS-CoV-2 WT and variant antigens.
Notably, 4 of the 5 largest fold-changes in serum sample titers
between controls and cases were found in anti-SARS-CoV-2
spike antibodies to variants of concern/interest (Alpha,

Omicron, Delta, and Zeta, in decreasing order, as well as the
borderline significant WT).

All antibodies measured from saliva had fold-changes signif-
icantly above 1. This gain in resolution may be attributed to op-
timized measurement scaling, especially in cases, no longer
subjected to an upper limit of quantification. Fold-changes de-
rived from salivary samples were found to be systematically
above their serum counterpart (Figure 3), with most values
ranging from 3 to 5 (same order of magnitude as for serum).
SARS-CoV-2 fold-changes were higher than those for seasonal
coronaviruses, with the exception of NP (229E) and spike
(OC43). Figure 3 shows that antibodies, when tested in saliva
samples, present a higher baseline difference than serum
samples for most of the antibodies tested in the assay.
Anti-SARS-CoV-2 antibodies have the largest fold-changes
(saliva and serum combined), but antibodies to seasonal
coronavirus antigens have been shown to have significant
fold-changes for saliva samples, in opposition to serum. The
15 largest fold-changes correspond to SARS-CoV-2 WT and
variant antibodies.

Identifying Correlates of Protection in Serum

A comprehensive analysis of the highly dimensional, multicor-
related antibody measurements at inclusion was conducted us-
ing random forests for classification in conjunction with the
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marize the pairwise comparisons (M0 vs M1, M1 vs M6, M0 vs M6) in each study group or the comparisons between study groups at MO using the Wilcoxon signed-rank
test. The annotations on significance brackets correspond to P values: NSps 05; ***P< .001; **P< .01; *P< .05. Abbreviations: NS, nonsignificant; RAU, relative
antibody units.
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coronaviruses; circle: serum; triangle: saliva). The vertical dashed line represents equality of antibody levels in controls and cases. Larger values (to the right) correspond
to increased titers among controls. Confidence intervals are at 95%. Abbreviation: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Boruta feature selection algorithm. It identified 11 antibodies
contributing significant information to a participant’s group,
that is, the ability to distinguish between cases and controls
based solely on preboost M0 IgG levels. Among these 11 anti-
bodies, 9 were SARS-CoV-2-specific, with the remaining 2 be-
ing NP for seasonal coronaviruses 229E and OC43. Notably, the
top 4 features by order of Boruta importance were the same as
their counterparts in the univariable fold-change analysis
(Figure 4A).

An inflexion point in Z-score distributions can be noted
starting at that fourth feature (spike [Alpha]), which denotes
marginal improvement in predictive accuracy of the classifier
as an individual progresses across the corresponding tree no-
des. Figure 4B presents the ROC curves for antigens deemed
of significant Boruta importance, either taken individually or
combined into a trained random forest. The AUC for even
the antigen with the best predictive value (NP [WT]: AUC,
0.714) remained lower than that of the random forest trained
on the set of features selected by Boruta (AUC, 0.779).

Identifying Correlates of Protection in Serum and Saliva
The same analysis plan as above was implemented on the com-
bined serum and saliva data. The Boruta algorithm identified

17 antibody responses significantly predictive of a participant’s
status (case or control). Among these, 5 were from seasonal co-
ronaviruses: 229E (NP from saliva and serum), OC43 (spike
and NP both from saliva), and HKUI1 (spike from saliva). We
note that NPs (229E and OC43) from saliva were consistent
with our previous findings when including only serum samples.
The 12 remaining were SARS-CoV-2-related, with the 3 of
highest Boruta importance being ME (WT), NP (WT), and
spike (Delta) from saliva.

Contrary to the analysis on serum antibodies alone, the ran-
dom forest classifier based on pooled serum and saliva samples
did not improve classification accuracy over a single-antigen pre-
dictor (AUCgg, 0.811; and AUCyg sa1, 0.810). Figure 5B presents
the ROC curves for antibodies deemed of significant Boruta im-
portance. These findings are robust to the choice of statistical
analysis method, with logistic regression models also demon-
strating that anti-ME and anti-NP antibodies in saliva had the
strongest association with protection (Supplementary Data).

DISCUSSION

By including cases within 5 days of symptom onset, we aimed to
measure antibody levels before any infection-induced
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Figure 4. Feature selection and performance of classifiers trained with serum antibody responses. A, Boxplots of variable importance Z-scores calculated with the Boruta

feature selection algorithm applied on the subset of serum antibodies against SARS-CoV-2 and seasonal coronaviruses. Antibodies are ordered from left to right by ascending

median Z-score. Variable importance is defined as the Z-score of the mean decrease

in accuracy of the classifier when that variable is shuffled to simulate the null (normalized

permutation importance). Colors correspond either to antibodies against SARS-CoV-2 (red) or seasonal coronaviruses (blue), or to composite variables (gray) created by the
Boruta algorithm to separate random noise from true classifier performance. Boxplots without transparency correspond to features deemed of importance by the feature
selection algorithm. B, ROC curves for considered antibodies along with corresponding AUC. ROC curves are shown for threshold-based classification using single antibodies
(translucent lines except for the 3 best: NP [WT] and spike [Omicron and Alpha]) and the final random forest (nontranslucent). Curves in gray correspond to the other 8 an-
tibodies, with significant Z-scores as assessed using the Boruta algorithm. An AUC of 0.5 indicates a classifier that performs no better than random, while an AUC of 1
indicates a perfect classifier. Abbreviations: AUC, area under the curve; NP, nucleocapsid protein; ROC, receiver operating characteristic; SARS-CoV-2, severe acute respi-

ratory syndrome coronavirus 2; WT, wild-type.

immunity boost, based on data from previous studies [5, 6, 19].
A key assumption is that antibody levels measured within the
first days of symptoms have not changed significantly from pre-
infection antibody levels. Similar to Regev-Yochay et al., we
were able to identify correlates of protection using a case—con-
trol approach [4]. Inclusion of potential cases right after expo-
sure or symptom onset requires reactive inclusion and
sampling. Compared with cohort studies, case-control studies
require smaller sample sizes, are quicker to complete, and pro-
vide the additional advantage of studying immune response at
time points very close to the infection. This design could prove
useful for future epidemics, as it could be implemented rapidly
to assess correlates of protection.

In this case-control study, we found that serum and saliva
IgG levels against several SARS-CoV-2 antigens correlated
with protection against SARS-CoV-2 infection with the
Omicron variant. Antibody levels differed significantly be-
tween cases who were sampled within 5 days of symptom onset
and uninfected controls who were matched for age, vaccine,
and past infection. Differences in antibody levels between cases
and controls were often greater in saliva than in serum. In the
analysis investigating the association between antibodies in se-
rum and saliva and protection against COVID-19, the top 3 se-
lected biomarkers were anti-SARS-CoV-2 antibodies measured
in saliva (Figure 5A). The stronger association between

protection against COVID-19 and antibody levels in saliva, com-
pared with antibodies levels in serum, may be attributable to the
physical location of saliva close to the cells in the respiratory tract
where viral invasion occurs. The observation that including data
on antibodies measured in serum does not improve prediction
performance (Figure 5B) is consistent with the hypothesis that se-
rum antibodies have no direct role in protection against
COVID-19. It is possible that other immune biomarkers such
as IgA antibody responses or T-cell responses could have even
stronger associations with protection against COVID-19.

At the time of the study, the predominant strains were the
subvariants of Omicron, mainly BA.2 and BA.5. Participants
had received vaccines designed on the wild-type strain. RBD
is a subunit of the spike protein and displays higher variability
among variants than the other subunits. This indicates a more
variant-specific nature of the anti-RBD antibodies [20]. The full
spike protein, being less variant-specific overall, could serve as a
superior correlate of protection. A similar rationale applies to
the NP and ME proteins, which play minimal roles in cell inva-
sion by SARS-CoV-2 and, consequently, are less stressed by se-
lection pressures. Moreover, ME (WT) and NP (WT) may act
as indicators of prior infection. The higher mean anti-ME
and anti-NP levels observed at baseline in controls suggest
that a higher proportion of controls than cases had previously
been infected with SARS-CoV-2 (or mounted a more
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Figure 5.

Feature selection and performance of classifiers informed with serum antibody responses. A, Boxplots of variable importance Z-scores calculated with the Boruta

feature selection algorithm applied on the subset of serum and saliva antibodies against SARS-CoV-2 and seasonal coronaviruses. Antibodies are ordered from left to right by

ascending median Z-score as previously shown in Figure 4. Colors correspond either to

antibodies against SARS-CoV-2 (red) or seasonal coronaviruses (blue), or to composite

variables (gray). Boxplots without transparency correspond to features deemed of importance by the feature selection algorithm. B, ROC curves for considered antibodies along
with corresponding AUC. ROC curves are shown for threshold-based classification using single antibodies (translucent lines) and the final random forest (nontranslucent except for

the 3 best: ME [WT], NP [WT], and spike [Delta]). Curves in gray correspond to the 14 anti
An AUC of 0.5 indicates a classifier that performs no better than random, while an AUC

bodies with the lowest, yet significant Z-scores, as assessed using the Boruta algorithm.
of 1 indicates a perfect classifier. Abbreviations: AUC, area under the curve; ME, mem-

brane envelope; NP, nucleocapsid protein; ROC, receiver operating characteristic; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; WT, wild-type.

immunogenic response to infection), despite our matching on
the number of declared past episodes of infection, potentially
resulting from undetected and possibly asymptomatic infec-
tions in controls. The role played by antibody responses to

the ME antigen is poorly understood; however, we suspect
that anti-ME antibodies are acting as correlates of the broader
immune response rather than providing any direct functional
protection. Most participants had received a complete vaccine
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primary series and a booster, which confirms previous evidence
on superior protection provided by hybrid immunity against
symptomatic SARS-CoV-2 infection [21].

Using random forest-based classifiers yielded a moderate yet
significant enhancement in classification performance com-
pared with the top single-antigen classifier, notably when
focusing on serum samples only but not when combining se-
rum and saliva samples. This could be due to the high degree
of correlations between antibodies observed in saliva samples.
The use of a multiplex approach can prove advantageous in
sero-epidemiological studies when exploring multiple bio-
markers [7, 22]. However, the combination of these biomarkers
using machine learning techniques may not always yield signif-
icant improvements, especially in highly correlated, highly di-
mensional data sets.

The stronger correlation of saliva antibody levels with protec-
tion compared with serum antibody levels may reflect the strong
involvement of mucosal immunity in protection against infec-
tion [9]. It may also result from a higher occurrence of saturation
of the assay in serum levels, a saturation that a higher dilution
(1/1600) partially resolved as it helped recover one-third of the
saturated data. This remaining assay saturation after sample di-
lution represents an important limitation of our study.

There were significant boosts in antibody levels to seasonal co-
ronaviruses in cases compared with controls. This is potentially
due to cross-reactivity, owing to the phylogenetic similarity in
spike proteins, where conserved protein segments exist across
various coronaviruses. Alternatively, this could suggest poly-
clonal activation, a phenomenon previously documented in oth-
er pathogens such as malaria [23]. While we found significant
correlates of protection for seasonal coronaviruses, the literature
suggests that this might reflect a general trend within the
immune system rather than mechanistic correlates [24].
Investigation of the levels of neutralizing antibodies may offer
additional insight.

This study had several limitations. The difficulty in enrolling
controls meeting the matching criteria led to discarding 28 cas-
es for the subset of statistical analyses requiring paired match-
ing. Our study assessed correlates of protection for a mixture of
vaccine-induced and hybrid vaccine- and infection-induced
immunity, and it was not possible to determine the relative
contribution of these sources of immunity. Given the high
overlap of antibody titers between cases and controls, we could
not assess potential thresholds associated with protection. We
matched cases with controls on vaccine and timing of inclusion
(month) but could not account for further potential differences
in exposure to infection, for instance due to differences in be-
haviors that may result in potential residual confounding if
controls were less likely to encounter SARS-CoV-2. The ab-
sence of confirmed asymptomatic cases represents another lim-
itation in determining whether the observed effects represent
protection against symptomatic infection or against any

infection. In our investigation of correlates of protection, we fo-
cused on antibody levels. Other studies are warranted to evalu-
ate other aspects of the immune response, including other
immunoglobulins such as IgA, or the cellular immune re-
sponse. Finally, although we observed no association between
antibody levels in the first sample and days following symptom
onset, we cannot entirely rule out that the infection-induced
immune boost had not begun in all participants. However, if
this had had an impact, it would have led to underestimation
of the contrasts we observed between cases and controls.

In this case-control study, we provided evidence of corre-
lates of protection of anti-SARS-CoV-2 IgG levels in saliva
and serum against SARS-CoV-2 infection, with saliva levels of-
ten outperforming serum levels. These findings may contribute
to the design of vaccines tailored to inducing mucosal immune
responses. This study design could be used during future epi-
demics for the prompt assessment of correlates of protection.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
posted materials are not copyedited and are the sole responsibility of the
authors, so questions or comments should be addressed to the correspond-
ing author.
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