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Background. The seasonal human coronaviruses (HCoV) NL63, 229E, OC43, and HKU1 are globally endemic, yet the majority
of HCoV infections remain undiagnosed.

Methods. In a cross-sectional study, 2389 serum samples were collected from children and adults in France in 2020. In a
longitudinal cohort study, 2520 samples were collected from 898 French individuals followed up between 2020 and 2021.
Antibodies to HCoV's were measured using a bead-based multiplex assay.

Results. The rate of waning of anti-HCoV spike immunoglobulin G antibodies was estimated as 0.22-0.47 year™" for children,
and 0.13-0.27 year™ ' for adults. Seroreversion was estimated as 0.31-1.37 year™" in children and 0.19-0.72 year™" in adults. The
estimated seroconversion rate in children was consistent with 20%-39% of children being infected every year with each HCoV.

Conclusions.
fever episodes experienced by children.
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After its emergence in 2019, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), causing coronavirus disease
2019 (COVID-19), led to a global pandemic with far-reaching
consequences for human health and medical research [1]. One
outcome has been the revitalization of research into other re-
spiratory viruses, most notably the human coronaviruses
(HCoVs) responsible for the common cold [2]. Four HCoVs
(HCoV-NL63, HCoV-229E, HCoV-OC43, HCoV-HKU1),
also referred to as seasonal coronaviruses, are associated with
a range of respiratory symptoms, including coughing, sneezing,
sore throat, and headaches, as well as more severe symptoms,
such as pneumonia and bronchiolitis [3].

Despite the ubiquity of these viruses, surprisingly little is
known about HCoV epidemiology owing to a number of
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practical challenges for surveillance. The large number of cocir-
culating respiratory pathogens results in very poor specificity
of symptomatic surveillance [4]. Routine polymerase chain
reaction-based testing of samples collected from patients pre-
senting to hospitals with clinical symptoms can provide impor-
tant information on temporal trends in HCoV cases, most
notably revealing seasonal patterns [5,6]. However, the large
proportion of HCoV infections that are asymptomatic or cause
minor symptoms make it impossible to estimate the absolute
number of infections from polymerase chain reaction testing
of clinical cases [4].

Serology, based on the detection of antibodies induced by
previous infections, has been frequently used to measure
population-level HCoV transmission [7]. As with SARS-CoV-2,
the most immunodominant antigens for the 4 HCoVs are
spike (S) and nucleocapsid (N). A common serosurveillance
method is to measure anti-S or anti-N immunoglobulin (Ig)
G antibodies using an enzyme-linked immunosorbent assay,
or a comparable immunoassay based on similar principles.
Alternatively, live viral neutralization assays have been used
to demonstrate the functional activity of immune factors in
human serum [8].

Seroepidemiological investigations of HCoVs have typically
used 2 categories of study design: cross-sectional studies and
longitudinal cohort studies. In cross-sectional studies, blood
samples are collected from a target population, from blood
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donor samples, or from residual samples in hospital clinics. The
proportion of samples with antibody levels above a defined cut-
off is termed the seroprevalence, providing an estimate of the
proportion of a population previously infected. Through anal-
ysis of age-stratified seroprevalence, it is also possible to obtain
estimates of the force of infection [7,9]. Longitudinal cohort
studies involve following up a group of individuals over time,
with collection of samples at multiple time points. These stud-
ies have been sporadically implemented since the 1970s, most
notably for 229E and OC43 [10,11]. By identifying boosts in an-
tibody levels between consecutive samples, longitudinal studies
allow for infections and reinfections to be identified [12]. By
following up infected individuals during periods when they
are not reinfected, longitudinal studies also allow assessment
of the duration of immune responses, for example, by measur-
ing the rate of waning of antibody levels [8].

During the COVID-19 pandemic in early 2020, Edridge and
colleagues [13] analyzed samples from a longitudinal cohort
study of 10 Dutch individuals followed up for up to 35 years,
with blood samples collected up to every 3 months.
Biobanked samples were tested for anti-N IgG antibodies to
the 4 HCoVs, resulting in a detailed investigation of antibody
kinetics. The resulting data demonstrated that humoral immu-
nity waned rapidly and that HCoV reinfection could occur
within 6 months. This provided critical early insights into the
duration of immunity to SARS-CoV-2 and the potential for fu-
ture reinfection, findings that were subsequently validated
[14,15]. Although there are important differences between
SARS-CoV-2 and HCoVs [2], improved understanding of
HCoV seroepidemiology may yield further insights into the
long-term transmission dynamics of SARS-CoV-2 [16].

Here, we characterize the seroepidemiology of HCoVs in
France by combining data from 2 studies with complementary de-
sign. The first study is a longitudinal cohort that began recruit-
ment in winter 2020 in a French town north of Paris. Most
participants were also enrolled in a previous cross-sectional study
that took place in spring 2020 during France’s first confinement
in response to the COVID-19 pandemic [17]. Overall, these par-
ticipants were followed up every 6 months for almost 2 years.
Notably, the sanitary measures designed to reduce SARS-CoV-2
transmission were also shown to reduce transmission of other re-
spiratory viruses [18]. The availability of samples dating back to
spring 2020 provides a rare natural experiment, allowing the du-
ration of immunity to HCoVs to be investigated in the absence of
reinfection. In a second study, a cross-sectional cohort was imple-
mented based on residual samples from French hospitals in 2020
[19]. This study collected many samples from children, allowing a
detailed assessment of the population-level force of infection. By
testing samples from these studies with multiplex serological as-
says and applying mathematical models to the resulting informa-
tion, we provide a quantitative description of the seroepidemiology
of the 4 HCoV's at endemic equilibrium in France.

METHODS

SeroPed Cross-Sectional Study

From February to August 2020, the SeroPed cross-sectional
survey was implemented to evaluate immunity to
SARS-CoV-2 and HCoV:s in individuals attending French hos-
pitals [19]. Analyzed samples were either anonymous residual
serum samples from medical care or samples collected in other
clinical studies (INCOVPED NCT04336761) after informed
consent. Information on patient age and sex and the date of
sampling were collected from medical records or study data-
bases and compiled with the serological results. As the aim of
the study was to estimate SARS-CoV-2 prevalence in the gene-
ral population, samples were not collected from individuals ad-
mitted to hospital owing to infection with SARS-CoV-2. In
total, we analyzed samples from 2389 individuals 1-100 years
of age, with intensive sampling in children <10 years of age
(29% [703 of 2389).

COVID-0Oise Longitudinal Cohort Study

Scientists at Institut Pasteur initiated the COVID-Oise longitu-
dinal cohort study in the town of Crépy-en-Valois in the Oise
Department, the location of the first detected cluster of
COVID-19 cases in France [17]. In an initial cross-sectional
survey, samples were collected from 2004 individuals in spring
2020 (session 0). Of these individuals, 487 progressed to enroll
in the COVID-Oise longitudinal cohort beginning in winter
2020 (session 1), with follow-up sessions in spring 2021 (ses-
sion 2) and winter 2021 (session 3). A total of 905 individuals
have been enrolled during these 3 sessions. In total, epidemio-
logical data and biological specimens were collected on 2582
occasions. After exclusion of samples with insufficient blood
volume, 2520 samples from 898 individuals were included in
this analysis (Table 1). Participants ranged from 5 years of
age to nursing home residents.

Serological Assays

Serum samples were tested for antibodies to coronaviruses us-
ing bead-based multiplex assays [20]. Two versions of the assay
were used. The first assay, applied to the SeroPed samples, was a
9-plex assay for measuring IgG antibodies to 5 SARS-CoV-2
antigens (trimeric spike ectodomain of the ancestral variant,
receptor-binding domain, spike S2 subunit, nucleocapsid,
and membrane-envelope fusion) and the spike ectodomains
of the 4 HCoVs (NL63, 229E, OC43, and HKU1). Additional
information on the expression of the spike ectodomain
proteins can be found in Supplementary File 1. The second
assay, applied to the COVID-Oise samples, was a 28-plex
assay for measuring IgG and IgA antibodies. In addition to
the previously described antigens, this assay included the
spike and receptor-binding domain of several SARS-CoV-2
(Alpha, Geta, and Delta) and the

variants Gamma,
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Table 1. Overview of Epidemiological Studies

Characteristic SeroPed® COVID-Oise?

Study design Cross-section Longitudinal cohort
Individuals, no. 2389 898
Samples, no. 2389 2520
Samples per individual
1 2389 101
2 0 227
3 0 315
4 0 255
Sex
Male 1191 570
Female 1103 328
Unknown 95 0
Age, y
1-5 339 0
5-10 364 35
>10 1686 863

Sampling period Feb-Aug 2020
HCoV serological markers S-lgG

Apr 2020-Dec 2021
S-1gG, N-IgG, S-IgA, N-IgA

Abbreviations: HCoV, human coronavirus; Ig, immunoglobulin; N, nucleocapsid; S, spike.
#Values represent no. of individuals unless otherwise specified.

nucleocapsid of the 4 HCoVs. The correlation between mea-
sured antibody responses was assessed (Supplementary
Figure 1). Plates were read using a Luminex MagPix system,
and the median fluorescence intensity was used for analysis.
A 5-parameter logistic curve was used to convert median fluo-
rescence intensity to relative antibody units, relative to the
standard curve performed on the same plate to account for

interassay variation.

Mixed-Effects Regression Analysis of Longitudinal Data

The imposition of lockdown measures in March 2020 as part of
France’s response to the COVID-19 crisis resulted in decreased
transmission of all respiratory pathogens, including HCoVs
[18]. The absence of reinfections allows the kinetics of the
HCoV antibody response to be analyzed. Despite the likely ab-
sence of reinfections, it is still possible that there were some sea-
sonal coronavirus reinfections. To exclude likely HCoV
infections, we analyzed data on 4 biomarkers: S-IgG, N-IgG,
S-IgA, and N-IgA. We defined a likely infection to have oc-
curred between consecutive samples when there was an in-
crease in antibody levels by a factor >8 for >2 biomarkers.
This approach identified 21 likely NL63 infections (18 in chil-
dren), 17 likely 229E infections (16 in children), 22 likely OC43
infections (18 in children), and 13 likely HKU1 infections (11
in children).

To estimate the rate of antibody waning, linear mixed-effects
regression models were applied to longitudinal measures of an-
tibody responses from the COVID-Oise cohort, with removal
of data from individuals with likely HCoV infection. For bio-
marker k to HCoV ¢, measured in individual i at time #;, the an-
tibody level A ;; can be modeled as follows:

log1o(Ackij) ~ Ocki + Boyiti + €ck
ﬁcki ~ N(ﬂfk’ O-/)”Ck)
Eck ~ N(0> O—{,ck)s

where a denotes the estimated antibody level at session 0, B the
rate of antibody waning, and ¢ is a normally distributed error
term. Models were implemented in R software using the Ime4
library [21].

Classification of Seropositivity

Individuals in the SeroPed study were classified as seropositive
for HCoVs based on measured anti-S IgG levels. Because it was
not possible to obtain verified negative controls for the HCoVs,
we focused on measured antibody levels in children 1-5 years
of age to define seropositivity cutoffs. We fitted 2 component
gaussian mixture models to the log antibody data using the
mclust R package [22]. This model assumes that the first gaussian
component corresponds (with lower mean) to measured anti-
body levels from seronegative individuals and that the second
gaussian component corresponds to the measured antibody levels
from seropositive individuals. The seropositivity cutoff was de-
fined as the mean of the means of the 2 distributions. For
NL63, the data were not consistent with 2 distinct gaussian distri-
butions (Supplementary Figure 2), and we instead defined the
cutoff as the median of the measured antibody responses.

Serocatalytic Models

Serocatalytic models describe the dynamics of how individuals
seroconvert after infection at rate A and serorevert at rate p owing
to antibody waning. The proportion of seropositive individuals
in a population is defined to be the seroprevalence P, which var-
ies as a function of age f, according to the following equation:

%:Ml —P) —pP.
Assuming that individuals are seronegative at birth (ignoring
temporary seropositivity due to maternal immunity), this equa-
tion can be solved to give the following:

J
P(t) = —— (1 — e~ %)p),
(t) /1+p( e )

The second equation assumes that both 4 and p are constant over
time and across all age groups. To account for different epidemi-
ological behaviors between age groups, we can split the popula-
tions at age T, into children with parameters 4. and p. and adults
with parameters 4, and p,,. Solving the serocatalytic model gives
the estimated age-dependent seroprevalence, as follows:

Ac
T2, U= e_“”rpc”) :=P,(t t<T
Ae +p, ( (1) <1
j’ — —
pt)={ (1= PdT)) (1 e m)
a a
A Gatp)(t=T.) t>T,.
+p e Gatp)(t=T:
+P(T) ™ pf
at P,
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The parameter T, can be estimated from the data if there is
sufficient statistical signal, or it can be predefined by known ep-
idemiological criteria. Here we choose to fix T, at 10 years. This
splits the population into children (aged <10 years), and adults
(defined as all individuals >10 years old).

Statistical inference was implemented in a bayesian frame-
work using Markov chain Monte Carlo methods with a
Metropolis Hastings algorithm. For the proposal distribution,
a multivariate normal covariance matrix was dynamically
tuned to obtain a target acceptance rate of 23%, and 200 000
steps were implemented, with the first 20% removed for
burn-in. After assessment for convergence, parameters were
reported as medians with 95% credible intervals.

Priors for Serocatalytic Models

Minimally informative uniform priors were assumed for the se-
roconversion rate 4. A common challenge for serocatalytic
models is the mutual unidentifiability of 4 and the serorever-
sion rate p. To address this, we use knowledge on antibody ki-
netics from the COVID-Oise longitudinal study to provide
prior information for the seroreversion rate in models applied
to the SeroPed study. For each quantitative measurement of an-
tibody response in the SeroPed study, we estimated the time to
seroreversion using the antibody decay rates with associated
uncertainty from the COVID-Oise study. For both adults and
children, the distribution of the times to seroreversion were
used to define priors on the seroreversion rates.

Ethical Considerations

The majority of serum samples analyzed in the SeroPed study
(2404 of 2544) were leftovers from routine medical blood sam-
ple processing in French hospitals. Other samples (141 of 2544)
were collected for the purpose of a clinical study INCOVPED,
which is registered with ClinicalTrials.gov [NCT04336761]).
Personal data processing for this study comply with the re-
quirements of the “reference methodology MR-004" estab-
lished by the French Data Protection Authority, Commission
Nationale Informatique & Libertés (CNIL) regarding data
processing in health research (Health Data Hub no.
F20210519170759), since specific information for the research
was provided to the parents of the INCOVPED study partici-
pants. The COVID-Oise study was registered with
ClinicalTrials.gov (NCT04644159) and received ethical ap-
proval from the Comité de Protection des Personnes Nord
Ouest IV. Several COVID-Oise participants participated in
the CORSER studies in spring 2020, which were registered
with ClinicalTrials.gov (NCT04325646) and approved by the
Comité de Protection des Personnes Ile de France III.

Patient Consent Statement
In the SeroPed study, patients or their parents were informed
that leftover samples could be used for research studies and

had the option to oppose this reuse. Because serum samples
were transferred for research completely anonymously and it
was not possible to return to individual patients’ files, samples
were processed in accordance with existing regulations and
guidelines of the French Commission for Data Protection
(Commission Nationale de I'Informatique et des Libertés,
Health Data Hub no. F20210519170759). For the
INCOVPED study, when signing the informed consent form
for this study, participants’ parents had been informed and
had consented to collected samples being used for other ap-
proved research studies. For the COVID-Oise study, all partic-
ipants or their guardians provided informed consent before the
provision of each sample.

RESULTS

Antibody Kinetics in the COVID-Qise Longitudinal Cohort

Between April 2020 and November 2021, there were declines in
anti-S IgG levels for the 4 HCoVs, with the most notable de-
creases occurring between April and December 2020—the pe-
riod spanning the first and most restrictive lockdown
(Figure 1). Data for the anti-N IgG antibody response are pre-
sented in Supplementary Figure 3.

After exclusion of likely infections, the rate of waning of
anti-S IgG antibodies over time in children and adults was
estimated from the COVID-Oise data (Table 2). For the 4
HCoVs, anti-S IgG antibodies waned more rapidly in children
than in adults. The rate of waning in children was in the range
0.22-0.47 year™', equivalent to a half-life of 1.47-3.15 years.
The rate of waning in adults was in the range 0.13-0.27
year™', equivalent to a half-life of 2.57-5.33 years.

The antibody waning rate provides a measure of how the con-
centration of antibodies in blood samples reduces over time,
whereas the seroreversion rate measures the rate at which sero-
positive individuals revert to seronegative as antibody levels
drop below the seropositivity cutoff. The distribution of the
time to seroreversion is shown in Supplementary Figure 4,
and the estimated anti-S IgG seroreversion rates are shown in
Table 2.

Age-stratified Anti-S l1gG Antibody Levels in the SeroPed Study

In the SeroPed cross-sectional study, there were notable increases
with age in anti-S IgG antibody levels to the 4 HCoVs (Figure 2).
The dense sampling in the group 1-18 years of age allows for a de-
tailed description of how antibodies are acquired on a population
level. Note that samples were not included for children <12
months of age because they may carry maternal antibodies.
Above 18 years of age, average antibody levels remain stable, ex-
cept for anti-S antibodies to 229E, which continued to increase.

Serocatalytic Models Applied to Age-Stratified Seroprevalence Data
Continuous measurements of antibody titers were converted to
age-stratified levels of seroprevalence (Figure 3). Serocatalytic
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Figure 1. Human coronavirus (HCoV) antibody kinetics in the COVID-Qise study. For the 4 HCoVs, anti—spike (S) immunoglobulin (Ig) G antibody responses were measured in

samples collected in April 2020 (session 0), December 2020 (session 1), April 2021 (session 2), and November 2021 (session 3). Antibodies were measured in 2520 samples

from 898 unique individuals. Abbreviation: RAU, relative antibody units.

Table 2. Estimated Antibody Waning and Seroreversion Rates

Rate (95% Cl), y~'

Anti-S IgG Antibody

Waning Rate® Anti-S IgG Seroreversion Rate®

HCoV Children Adults (Aged Children (Aged Adults (Aged
Type (Aged <10y) >10y) <10y) >10y)

NL63  0.47(.41-54) 0.25(24-27) 1.37(15-11.73) 0.72 (.08-6.32)
229E 0.38 (.31-.46) 0.27 (.26-.28) 0.31 (.05-2.01) 0.22 (.03-1.41)
0C43 0.22(.17-.28) 0.13(.12-.15) 0.32(.05-1.98)  0.19(.03-1.17)
HKU1 0.39(.33-45) 0.17 (.16-.19)  0.63 (.09-4.55) 0.29 (.04-2.10)

Abbreviations: Cl, confidence interval; HCoV, human coronavirus; lg, immunoglobulin; S, spike.
#Antibody waning rates are estimated from linear mixed-effects regression models applied to
data from the COVID-Oise longitudinal data. Seroreversion rates are calculated based on
antibody waning rates from the COVID-Oise study and seropositivity cutoffs from the
SeroPed study.

models with separate parameters for adults and children were
fit to this seroprevalence data. The model captured the age-
dependent variation in the data. Estimated parameter values
are shown in Table 3. For the seroconversion rate in children,
it was possible to obtain precise estimates with narrow credible
intervals. The seroconversion and seroreversion rates in adults

had wide credible intervals, in most cases consistent with the
uniform prior distribution. This indicates that the force of infec-
tion in adults is not identifiable from cross-sectional data. The
estimated seroconversion rate in children ranged from .=
0.22-0.50 year™ ", which is equivalent to 1 — e~ = 20% — 39%
of children becoming infected every year.

The estimated seroreversion rate in children was p, = 0.021-
0.052 year™ ', equivalent to a seroreversion half-life of log,/p. =
13-33 years. Notably, this is substantially higher than the prior
estimates (Table 2). For adults, seroreversion rates were p, =
0.010-0.101 year™'. Analysis of the posterior distribution did
not provide evidence of difference in seroreversion rates be-
tween children and adults.

DISCUSSION

We investigate HCoV seroepidemiology by combining data
from a cross-sectional study and a longitudinal cohort. The dif-
fering designs allow the strengths and weaknesses of each study
to complement each other. The longitudinal cohort allows for
an analysis of antibody kinetics, but the sharp reduction in
transmission of respiratory viruses after confinement in early
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Figure 2.  Anti—spike (S)immunoglobulin (Ig) G antibody levels in the SeroPed cross-sectional study. Each point represents a measured antibody response. Horizontal dash-
ed lines denote cutoffs for seropositivity. In total, 2389 samples from unique individuals were included. Abbreviations: HCoV, human coronavirus; RAU, relative antibody units.

2020 prevents estimation of an endemic force of infection.
Children <5 years old were not enrolled in the cohort, prevent-
ing analysis of an immunonaive population. In contrast, the
cross-sectional study included many samples from children
<5 years of age. Because the cross-sectional study includes
only 1 sample per individual, we cannot identify when individ-
uals seroconverted. Rather than identifying individual infection
events, cross-sectional studies provide estimates of force of in-
fection through age-stratified increases in seroprevalence, most
notably in young children.

We estimated seroconversion rates in children in the range
0f 0.22-0.50 year™ ', equivalent to 20%-39% of previously unin-
fected children becoming infected every year. Summing across
the 4 HCoVs ()1 — e7), this equates to 1.17 infections per
year. This estimate would increase in the event of reinfection
and decrease if there was cross-protective immunity between
HCoVs. In addition, children will be exposed to other respira-
tory viruses that were not included in our assay, such as
respiratory syncytial virus, influenza, adenoviruses, and rhino-
viruses [23]. Switching from population-level data to individual
anecdotes, these figures may be familiar to parents with young
children in daycare, who typically observe multiple episodes of

fever and other symptoms consistent with respiratory virus in-
fection. These infections are seldom diagnosed and are often
handled by parents in the absence of interactions with formal
health systems, except for a minority of cases that result in se-
vere symptoms. It is arguable that the collective experience of
parents of young children can be a better source of information
on transmission levels of nonsevere respiratory viruses than of-
ficial epidemiological records.

The absence of reinfection in the COVID-Oise cohort al-
lowed assessment of the duration of HCoV antibody responses.
We estimated that anti-S IgG antibodies had a half-life of 1.47-
3.15 years in children, and 2.57-5.33 years in adults, consistent
with previous reports for other coronaviruses [8,22-27]. Based
on these data, we assumed prior estimates for seroreversion
rates of 0.3-1.4 year" in children and 0.2-0.7 year™" in adults,
consistent with estimates of 0.9-3.8 year™' published by Rees
etal [7]. However, after we fit serocatalytic models to the cross-
sectional SeroPed data, our posterior median estimates for the
half-life of seroreversion were in the range 13-33 years in
children and 7-68 years in adults, substantially longer than
prior estimates. This discrepancy may be due to model
identifiability—many parameter combinations can accurately
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Figure 3. Serocatalytic models fitted to age-stratified seroprevalence data. Points denote measured seroprevalence, with vertical bars representing 95% confidence in-
tervals. Solid black line denote the posterior median model fit, with shaded regions representing 95% credible intervals. Vertical dashed lines denote the separation between
children (aged <10 years) and adults (aged >10 years). Abbreviations: HCoV, human coronavirus; lg, immunoglobulin; S, spike.

Table 3. Estimated Seroconversion and Seroreversion Rates

Rate, Posterior Median (95% Crl), y~"

Seroconversion Rate 4

Seroreversion Rate p

HCoV Type Children (Aged <10y) Adults (Aged >10y) Children (Aged <10y) Adults (Aged >10y)
NL63 0.29 (.24-.34) 0.03 (.01-4.47) 0.052 (.020-.081) 0.010 (.004-1.23)
229E 0.40 (.33-.48) 0.96 (.23-4.87) 0.042 (.020- .070) 0.018 (.002-.113)
0C43 0.50 (.42-.59) 2.50 (.27-4.86) 0.035 (.018-.059) 0.100 (.009-.213)
HKU1 0.22 (.19-.26) 0.13 (.06- .53) 0.021 (.004-.048) 0.013 (.005-.064)

Abbreviations: Crl, credible interval; HCoV, human coronavirus.

reconstruct the age-stratified seroprevalence (Figure 3).
Furthermore, age-stratified seroprevalence from a cross-sectional
study is not an optimal study design for evaluating the duration of
an antibody response—the statistical inference procedure favors
accurate reconstruction of age-stratified seroprevalence over bio-
logically relevant prior information on seroreversion rates.

An alternative explanation is model misspecification. We as-
sumed exponential decay of both seropositivity and antibody
levels, although it is known that waning antibody levels are

better described by a biphasic exponential function [28]. In ad-
dition, our model does not allow for the potential role of slower
seroreversion due to boosting of antibody levels with new infec-
tions. A further limitation of our model is that we do not cap-
ture the potential association between antibody levels and the
prevention of infection or symptoms. Although preexisting im-
munity has been shown to be associated with protection from
HCoV infection [8], there are no available data on a serological
correlate of protection.
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There are several limitations across the multiple components
of our analysis, from epidemiological study design to serological
assays and statistical models. For the COVID-Oise study, 4 bio-
markers were measured (anti-S IgG, anti-N IgG, anti-S IgA,
anti-N IgA) in each sample, whereas only anti-S IgG was mea-
sured in the SeroPed cross-section. It is possible that application
of serocatalytic models to biomarkers other than anti-S IgG an-
tibodies would yield substantially different results. An ideal ap-
proach would integrate information from several biomarkers,
but the development of serocatalytic models for multiplex data
remains an open challenge. An additional limitation of our study
was that we did not use viral neutralization assays. Often consid-
ered the reference standard for serological studies, neutralization
assays measure the level of functional protection of immune
components in human serum against a target virus [10,11].
Validating our immunoassay against neutralization assays would
substantially strengthen our findings. A further limitation is the
challenge of obtaining verified negative control samples for glob-
ally endemic viruses that routinely infect young children. We ad-
dressed this challenge by fitting gaussian mixture models to
samples from young children to identify positive and negative
subpopulations, but this was not possible for all HCoVs.

In the early stages of the COVID-19 pandemic, findings from
seroepidemiological studies of HCoVs yielded many useful in-
sights into the future behavior of SARS-CoV-2, for example,
that humoral immunity would wane over time [8] and that
there would likely be frequent reinfection [13]. Our seroepide-
miological analysis provides a description of the long-term ende-
micity of the HCoVs NL63, 229E, OC43 and HKU1 in France.
The good fit of the serocatalytic model is consistent with these
viruses being at endemic equilibrium for a long time owing to
a balance between increased immunity from new infections,
waning antibody levels, and the introduction of newly suscepti-
ble children. This differs drastically from the immune landscape
of SARS-CoV-2, which has been circulating for <3 years, in con-
trast to HCoVs, which have been circulating for most individu-
als’ lifetimes. The long-term patterns of endemic equilibrium of
the HCoV's provide one possibility of the future epidemiology of
SARS-CoV-2. However, widespread vaccination against
COVID-19 will substantially alter the SARS-CoV-2 immune
landscape and possibly the endemic equilibrium of HCoVs if
there is significant cross-protective immunity.
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