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A B S T R A C T

Background: Children are underrepresented in the COVID-19 pandemic and often experience milder disease
than adolescents and adults. Reduced severity is possibly due to recent and more frequent seasonal human
coronaviruses (HCoV) infections. We assessed the seroprevalence of SARS-CoV-2 and seasonal HCoV speciﬁc
antibodies in a large cohort in north-eastern France.
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Methods: In this cross-sectional seroprevalence study, serum samples were collected from children and
adults requiring hospital admission for non-COVID-19 between February and August 2020. Antibody
responses to SARS-CoV-2 and seasonal HCoV (229E, HKU1, NL63, OC43) were assessed using a bead-based
multiplex assay, Luciferase-Linked ImmunoSorbent Assay, and a pseudotype neutralisation assay.
Findings: In 2,408 individuals, seroprevalence of SARS-CoV-2-speciﬁc antibodies was 7-8% with three different immunoassays. Antibody levels to seasonal HCoV increased substantially up to the age of 10. Antibody
responses in SARS-CoV-2 seropositive individuals were lowest in adults 18-30 years. In SARS-CoV-2 seronegative individuals, we observed cross-reactivity between antibodies to the four HCoV and SARS-CoV-2 Spike.
In contrast to other antibodies to SARS-CoV-2, speciﬁc antibodies to sub-unit 2 of Spike (S2) in seronegative
samples were highest in children. Upon infection with SARS-CoV-2, antibody levels to Spike of betacoronavirus OC43 increased across the whole age spectrum. No SARS-CoV-2 seropositive individuals with low levels
of antibodies to seasonal HCoV were observed.
Interpretation: Our ﬁndings underline signiﬁcant cross-reactivity between antibodies to SARS-CoV-2 and seasonal HCoV, but provide no signiﬁcant evidence for cross-protective immunity to SARS-CoV-2 infection due
to a recent seasonal HCoV infection. In particular, across all age groups we did not observe SARS-CoV-2
infected individuals with low levels of antibodies to seasonal HCoV.
Funding: This work was supported by the « URGENCE COVID-19 » fundraising campaign of Institut Pasteur, by
the French Government’s Investissement d’Avenir program, Laboratoire d’Excellence Integrative Biology of
Emerging Infectious Diseases (Grant No. ANR-10-LABX-62-IBEID), and by the REACTing (Research & Action
Emerging Infectious Diseases), and by the RECOVER project funded by the European Union’s Horizon 2020
research and innovation programme under grant agreement No. 101003589, and by a grant from LabEx IBEID
(ANR-10-LABX-62-IBEID).
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

Introduction
Research in context
Evidence before this study
We searched PubMed on April 15, 2021 using the terms (“SARSCoV-2” OR “COVID-19”) AND (“antibody” OR “humoral immunity”)
AND (“seasonal coronavirus” OR “OC43” OR “NL63” OR “HKU1” OR
“229E”) to assess cross-reactivity between antibody responses to
SARS-CoV-2 and seasonal coronaviruses. Our search showed 57
publications. Cross-reactivity in pre-pandemic samples between
SARS-CoV-2 and seasonal coronaviruses is generally low and antigen-dependent. Higher degree of cross-reactivity was observed
with subunit S2 of Spike, which was found to be neutralising in
one study. A few studies reported enhanced anti-Spike antibody
levels to OC43 and/or HKU1 in SARS-CoV-2 infected individuals.
However, most of the studies looked at antibody responses with a
relatively small sample size or limited the measurement to adults.
Added value of this study
Our study provides a detailed characterization of humoral immunity to SARS-CoV-2 and seasonal coronaviruses in a study population comprising a wide age spectrum including one of the largest
collection of samples from children assembled to date. We measured antibodies to different antigens with two assays and a pseudotype neutralisation assay. We found that the immune response
to SARS-CoV-2 is lower in adolescents and young adults compared
to young children and older adults. We found clear evidence for
serological cross-reactivity, most notably for the betacoronavirus
OC43. We found that SARS-CoV-2 infection induces higher antiOC43 Spike IgG responses, and conversely that OC43 infection
likely induces higher anti-SARS-CoV-2 IgG responses.
Implications of all the available evidence
A previous seasonal coronavirus infection seems limited to
cross-reactivity in assays rather than cross-protection from a
SARS-CoV-2 infection. An elevated antibody response to spike
subunit 2 in young children is remarkable. For a deﬁnitive
answer whether an infection with seasonal coronavirus induces
cross-protection, longitudinal studies are necessary.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has infected at least 100 million people since its discovery [1] and, as
of February 2021, has led to almost 2.5 million deaths [2]. SARS-CoV2 belongs to the Coronaviridae family in which 7 coronaviruses are
known to exist associated with respiratory tract infections in humans
[3]. Four of these are endemic to humans, including 2 alphacoronaviruses, 229E and NL63, and two betacoronaviruses OC43 and HKU1.
SARS-CoV-2, as well as SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV), are betacoronaviruses.
Whereas the epidemiology of SARS-CoV and MERS-CoV is characterized by small and contained epidemics, seasonal human coronaviruses (HCoV) are endemic around the world [4]. After a small
decrease in the seroprevalence to all four seasonal HCoV due to waning of maternal antibodies [5], seroprevalence rises rapidly in childhood, after which it remains stable in adults [6-8]. First infection
with seasonal coronaviruses typically occurs within 5 years of birth
[5,8]. Regular re-exposures to seasonal HCoV occur throughout life
[9].
While the vast majority of children experience their ﬁrst seasonal
HCoV infection at an early age, children are underrepresented among
the number of reported cases of coronavirus disease 2019 (COVID19) [10,11]. The underrepresentation of children in the number of
COVID-19 cases can be explained by a reduced susceptibility to infection as well as a reduced probability of developing symptoms and
severe COVID-19 among children compared with adults [11-15]. The
percentage of symptomatic cases is estimated to be around 20% for
10 to 19 year olds [13], whereas the percentage of infections showing
clinical manifestations rises to 69% in people over 70. The reduced
disease susceptibility and severity remains poorly understood, but
may be due to cross-protection derived from previous seasonal HCoV
infections [16-18].
There are limited cross-reactive antibody responses against SARSCoV-2 in pre-pandemic samples [19-21], with cross-reactive antibodies targeting Nucleocapsid protein occasionally reported [20,22].
Cross-reactivity in pre-pandemic samples has not been found to be
associated with neutralising activity [20,23]. Cross-reactivity in samples from adults with a recent endemic HCoV infection was also limited [19,24]. Yet, when Ng et al. examined pre-pandemic samples
from children, 21 out of 48 showed IgG antibody responses (either
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targeted to Spike or Nucleocapsid) that harbored moderate SARSCoV-2 neutralising activity [24]. Whether this neutralising activity is
due to previous HCoV infections is still unclear, with several studies
ﬁnding little difference between SARS-CoV-2 seropositive and seronegative children in HCoV antibodies [15,25].
In this study, comprising a large number of serum samples from
children and adults hospitalized for other reasons than COVID-19 ,
we aimed to measure exposure to seasonal coronaviruses and to
SARS-CoV-2 using three different immunoassays, a bead-based multiplex serological [26] assay, a Luciferase-Linked ImmunoSorbent
Assay (LuLISA, [27,28] and a pseudo neutralisation assay [27,28].
In this detailed analysis of humoral immunity in a large cohort of
French children, we demonstrate that children of all ages are susceptible to infection with SARS-CoV-2, and have comparable antibody
responses to adults. The lowest antibody levels were observed in
adults aged 18-30 years. In this cross-sectional study, there was no
signiﬁcant evidence for prior exposure to seasonal coronaviruses
being associated with protection against SARS-CoV-2 infection.
Methods
Study design
In this cross-sectional study, we aimed to measure the seroprevalence of antibodies targeting SARS-CoV-2 and seasonal HCoV among
children attending hospitals in north-eastern France and adults in
two hospitals. Serum samples were collected from February 2020 to
August 2020 and were analysed with three different immunoassays.
A subset of the samples (n = 90) were collected prior to the COVID-19
pandemic between 2002 and 2019.
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trimeric Spike of the four different seasonal coronaviruses (229E,
HKU1, NL63, OC43). Second, the Luciferase-Linked ImmunoSorbent
assay (LuLISA) detected antibodies directed against SARS-CoV-2
Nucleocapsid. Third, a pseudoneutralisation (pseudo NT) assay was
used to detect SARS-CoV-2 neutralising antibodies.
Bead-based multiplex assay
In a 96 well, non-binding microtiter plate 50 uL of protein-conjugated magnetic beads (500/region/uL) and 50 uL of diluted serum
were mixed using a pipette and incubated for 30 min at room temperature on a plate shaker. All dilutions were made in phosphate
buffered saline containing 1% bovine serum albumin and 0.05% (v/v)
Tween-20 (denoted as PBT), and all samples were run in singlicate.
Following incubation, the magnetic beads were separated using magnetic plate separator (LuminexÒ ) for 60 seconds and washed thrice
with 100 ml PBT using a multichannel pipette. The washed magnetic
beads were incubated for 15 minutes with detector secondary antibody at room temperature on a plate shaker. The magnetic beads
were separated and washed thrice with 100 ml PBT and ﬁnally resuspended in 100 mL of PBT. Samples were diluted at 1/100, and R-Phycoerythrin-(R-PE) conjugated Donkey Anti-Human IgG antibody was
used as detector antibody at 1/120 dilution. A positive control pool of
serum at two-fold serial dilutions from 1:50 to 1:102,400 was
included on each 96 well plate. Plates were read using a LuminexÒ
MAGPIXÒ system, which provides a reading of median ﬂuorescence
intensity (MFI). A 5-parameter logistic curve was used to convert
measurements from MFI to relative antibody units (RAU). RAU were
used in a random forests algorithm to determine seropositivity.
Luciferase-Linked ImmunoSorbent Assay

Study population

The majority of the serum samples analysed in this study (2404/
2544) were leftovers from routine medical blood sample processing
in French hospital laboratories. They were processed in accordance
with existing regulations and guidelines of the French Commission
for Data Protection (Commission Nationale de l'Informatique et des
s). Sera were completely anonymous, and it was not possible
Liberte
toreturn to individual patients' ﬁles. According to the French law, no
informed consent is required for processing such samples.
Other samples (141/2544) were collected for the purpose of a clinical study (INCOVPED, which is registered with ClinicalTrials.gov
[NCT04336761]). When signing the informed consent form for this
study, participants' parents had been informed that and had consented to collected samples could be used for other approved
research studies

Brieﬂy, Nucleocapsid-speciﬁc IgG antibodies were assessed using
an ELISA based assay on sera incubated in antigen coated wells.
Antigens have been produced as follows. Full length N protein from
SARS CoV 2 were produced with a (His)6 tag in the E. coli, puriﬁed
on Ni NTA afﬁnity column, and then size exclusion chromatography was performed. White 384 well plates with ﬂat bottoms (Fluoronunc C384 Maxisorp, Nunc) were coated with 1 mg/mL of
Nucleocapsid protein in PBS buffer, 50 mL/well for 3 h at room temperature, or overnight at 4°C. Wells were washed using a plate
washer (Zoom, Berthold Technologies, Germany) two cycles of three
times with 100 mL of PBS/Tween 20 0.1%. Sera were diluted 200 times
in PBS, nonfat milk 1%, and Tween 20 0.1%. 50 mL of serum dilutions
were incubated for 1 h at room temperature in their respective wells.
Wells were washed two cycles of three times with 100 mL of PBS/
Tween 20 0.1%. The Anti Fc IgG VHH (Fc1) was derived from an antibody from immunized alpaca and expressed as a tandem with an
optimized catalytic domain nanoKAZ from Oplophorous gracilirostris
luciferase. Puriﬁed Fc1 nanoKAZ 1 ng/mL (400 £ 106 RLU¢s 1¢mL 1)
in PBS, nonfat milk 1%, and Tween 20 0.1% was loaded (50 mL/well)
and incubated for 30 min at room temperature. Wells were washed
two cycles of three times with 100 mL of PBS/Tween 20 0.1% then 50
mL of the luciferin solution was added (Promega). Photons production was counted during 0.5 s per well and measured two times in a
plate luminometer (Mithras2; Berthold, Wildbad, Germany). Positivity for LuLISA assay is deﬁned by a cut-off eliminating at least 98% of
pre-pandemic samples (10,291 RLU/s).

Serological assays

Pseudotype neutralisation assay

All serum samples were tested for IgG antibody responses to
SARS-CoV-2 using three assays. First, a bead-based 9-plex assay
(Luminex) tested for IgG antibodies to ﬁve SARS-CoV-2 antigens (trimeric Spike ectodomain, Receptor Binding Domain (RBD), Spike S2
subunit, Nucleocapsid, and Membrane Envelope fusion) and against

SARS-CoV-2 S-Pseudotyped viruses were produced by transfection of 293T cells as previously described [29]. The pseudo neutralisation assay used in this study and its calibration are described in
details elsewhere [27,28]. As pseudotyped particles express the full
length Spike, this assay measures neutralization due to disruption of

Study population is composed of individuals with an age ranging
from 0 to 100 years. Analysed samples were either anonymous residual serum samples from medical care or samples collected in other
clinical studies (INCOVPED NCT04336761) after informed consent.
Information on age, sex and date of sampling were collected from
medical records or study databases and compiled with the serological
results. The use of those samples complies with the applicable ethical
principles and regulatory requirements including the GDPR ones.
Ethics Statement
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Fig. 1. Epidemiological context and description of sampling (n = 2544). (a, b) Collection of samples occurred during the ﬁrst wave of COVID-19 in France. (c) Majority of sera were
drawn from children below 20. (b,d) Samples were collected from 11 hospitals located predominantly in north-eastern France.

Spike/hACE2 interaction, therefore neutralization relies on antibodies
targeting either S1 or S2 subdomains. Brieﬂy, sera were decomplemented at 56°C during 30 min in a water bath and diluted at 1/40
then co incubated with 300 Transduction Units of a SARS-CoV-2 S
pseudo typed vector at room temperature during 30 min under agitation. Mix is then plated in tissue culture treated black 96 well plate
clear bottom (Costar) with a suspension of 20 000 HEK 293T-hACE2
cells in culture medium DMEM glutamax (Gibco) + 10% FCS
(Gibco) + Pen/Strep (Gibco). After 48 h incubation at 37°C 5% CO2,
bioluminescence is measured using a Luciferase Assay System (Promega) on an EnSpire plate reader (PerkinElmer). The mean of S pseudotypes -driven reporter activity (GFP or Luciferase) obtained after
incubation of the pseudo types with negative pre-epidemic sera
minus 3 standard deviation (mean prepdm -3SD) deﬁnes the threshold for positivity in pseudo NT. For each exploratory serum, a pseudoNT percentage is calculated by dividing the S pseudotypes reporter
value by the threshold, to give the percentage of pseudoNT. A cut off
of 6% PNT is set up as cut off for positivity in pseudoNT

Statistical methods
A random forests algorithm was developed to determine seropositivity based on relative antibody units measured with the 9-plex
assay. This algorithm was trained on samples from both PCR-conﬁrmed cases of COVID-19 and negative control samples, and calibrated to have 99% speciﬁcity [26]. Further details on the
development of this algorithm can be found in the appendix. The cutoff between seropositive and seronegative samples with the pseudoneutralisation assay and the LuLISA assay was determined using large
panels of negative controls to obtain 99% speciﬁcity. Samples were
measured in duplicate with the LuLISA assay, and corresponded very
well with a Pearson’s correlation estimate of 0.96 (Supplement
Figure 1).

The performance of and concordance between the three assays
was investigated by assessing the overall, positive, and negative
agreement, and Cohen’s Kappa statistic. In addition, we re-assessed
Table 1
Demographic characteristics of 2544 subjects sampled
predominantly in north-eastern France, 2020

Sex
Female
Male
Missing
Date of sampling
Pre-pandemic
February 2020 and onwards
Missing
Age
0-5
6-10
11-15
16-20
21-40
41-60
61-80
>80
Missing
Hospital
CH Beauvais
CHU Amiens
CH de Colmar
GHR de Mulhouse
CHU Nancy
CHU Nantes
CHRU Tours
CHR Metz Thionville
CHU Lille
CHU Saint-Etienne
Nice / Nantes / Nancy (INCOVPED)

N

%

1173
1276
95

48
52

90
2449
5

4
96

460
364
385
344
282
284
264
127
34

18
14
15
14
11
11
11
5

159
237
767
676
57
91
204
175
101
37
40

7
9
30
27
2
4
8
7
4
1
2
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Fig. 2. Antibody concentrations and neutralising activity of (a-d) pre-pandemic samples (n = 90) and (e-h) samples collected in 2020 (n = 2449). The dark red dashed line in panels c
and g is the cut-off deﬁning seropositivity for the Luciferase-Linked ImmunoSorbent Assay. The dark green line in panels d and h depicts the cut-off at 6%, which is the threshold for
seropositivity in the pseudoneutralising assay. Samples below 6% were assigned the value of 3. The points in red (negative) and blue (positive) in panels a, b, e, and f depict seropositivity based on the random forest algorithm using antibody levels to Nucleocapsid, Spike, and Recepter Binding Domain measured by the Luminex bead-based multiplex assay.

the speciﬁcity of our three assays with 90 samples, which were collected prior to 2020.
SARS-CoV-2 antibody prevalence was analysed using descriptive
statistics: number and proportions for discrete variables, and median
and ranges for continuous variables. Seroprevalence rates between
age groups, sites, and sex were compared using the Chi-squared test.
Binomial conﬁdence intervals around the seroprevalence estimates
were estimated using Wilson’s method. We used the Locally
Weighted Scatterplot Smoothing (LOWESS) method to visualize the
relationship between relative antibody units and age. It is a nonparametric method where least squares regression is performed in
local subsets. We used R version 4.0.3 to conduct all analyses.

Role of the funding source
The funders had no role in study design, data collection, data analyses, interpretation, or writing of the report.

Results
In total, 2544 participants were recruited. Sera were sampled
throughout the ﬁrst wave of COVID-19 in France (Figure 1a). Samples
originated from 11 hospitals located predominantly in North and
East France (Table 1). Two hospitals included adults in addition to
children in the recruitment (CHU Colmar and CHU Mulhouse). 40
samples collected from children in hospitals in Nice, Nantes and
Nancy as part of a study entitled INCOVPED were grouped for analysis. Most participants were below 19 years of age (n = 1505, 60%) and
52% were male.
As a subset of the pediatric samples were collected prior to 2020,
we validated the speciﬁcity of our three assays. 1/90 pre-pandemic
samples were classiﬁed positive with the 9-plex assay. 1/90 pre-pandemic samples tested positive for Nucleocapsid-speciﬁc antibodies
on the LuLISA assay and 5/90 samples had neutralising activity of at
least 6% (Figure 2a-d).
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Fig. 3. Pairwise comparison of 2449 serum samples in three immunoassays. Grey highlighted numbers in panels a, d, and f provide an assessment of the agreement between the
immunoassays. Numbers located at the top-right are samples classiﬁed as positive in both assays, and numbers bottom-left are samples classiﬁed as negative in both assays. Numbers in the top-left or bottom-right are discordant classiﬁed samples between two tests. The dark red dashed line in panels a, b and f is the cut-off deﬁning seropositivity for the
Luciferase-Linked ImmunoSorbent Assay. The dark green line in panels d, e, and f depicts the cut-off at 6%, which is the threshold for seropositivity based on the pseudoneutralising
assay. Samples below 6% were assigned the value of 3. The points in red (negative) and blue (positive) depict seropositivity based on the bead-based multiplex assay.

Antibody levels of samples collected since February 2020 are
shown in Figure 2e-h. 7% (174/2415) samples had antibody levels
measured with the 9-plex Luminex assay that were classiﬁed as positive using the random forests algorithm. 7% (167/2449) samples were
classiﬁed as positive with the LuLISA assay. 8% (197/2433) samples
had neutralising activity. The high speciﬁcity and the high number of
negative samples led to a very high agreement between the different
tests (Figure 3). 95% ((2188+114)/2433) samples were similarly classiﬁed between the LuLISA and the pseudoneutralisation assay, 95%
((2157 + 127)/2399) were similarly classiﬁed between the 9-plex and
the pseudoneutralisation assay, and 95% ((2189 + 115)/2415) were
similarly classiﬁed between the Luminex and the LuLISA. Notable
were the samples, which had neutralising activity but were classiﬁed
negative with the other two assays, suggesting some neutralising
activity was unexplained by measured antigen-speciﬁc antibodies. A

further assessment of the agreement between the three assays is provided as supplementary material (Supplement Table 1).
Out of 2415 samples, 174 were classiﬁed as positive based on the
random forests classiﬁcation using Luminex measured antibody
responses to three SARS-CoV-2 antigens (Spike, RBD, NP). This indicates an overall seroprevalence of 7.2%. Overall, seroprevalence was
higher in men (7.7%) than in women (6.6%) (Figure 4a). Seroprevalence varied among the different hospitals, largely due to different
sampling periods and recruited age groups (Figure 4b-c). Among
samples collected from May onwards (111 out 1306, 8.5%) and
among samples taken from adults (112 out of 1004, 11%) a higher
proportion tested positive than samples collected before May (63 out
of 1109, 5.7%) or taken from children (60 out of 1382, 4.3%). Samples
from Mulhouse and Colmar had high seropositivity rates, possibly
associated with the large share of the samples originating from adults
or a consequence of the high levels of COVID-19 transmission in
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Fig. 4. Epidemiological description of 2449 samples collected in North-eastern France, 2020. Panel a depicts the seroprevalence by age group and sex. In Panel b, the seroprevalence
is stratiﬁed by month of sampling and in panel c by hospital.

Alsace in Spring 2020 (Figure 4c). The seropositivity in samples from
Saint-Etienne and Nancy was higher than average, consistent with a
later timing of sampling compared with most other hospitals in our
study (Figure 1b).
The distribution of antibody responses by age and classiﬁcation
are shown in Figure 5. For positively classiﬁed samples (blue in
Figure 5), antibody responses are highest in adults over 50 and lowest
in young adults around the age of 25. Samples classiﬁed seronegative
show an upward trend in the antibody responses going from infancy
to adolescence, which may reﬂect cross-reactivity between antibodies to seasonal HCoV antibodies and SARS-CoV-2. Indeed there is a
clear correlation between antibodies to Spike of the seasonal HCoV
and SARS-CoV-2 Spike in seronegative individuals (Supplement
Figure 2). For antibodies targeting sub-unit 2 of Spike, we observed
an opposite trend with higher levels in seronegative children below
10 vs older age groups.
In addition to antibodies to SARS-CoV-2, we also measured the
antibody response to Spike of four seasonal coronaviruses (NL63,
HKU1, OC43, and 229E). Antibodies to all seasonal coronaviruses
increased substantially with age, and across the whole age range for
229E (Figure 6). Upon infection with SARS-CoV-2, antibody levels to
Spike of betacoronavirus OC43 (but not other HCoV) increased across
the whole age spectrum, which may reﬂect a higher afﬁnity of SARS
CoV2 antibodies for OC43 Spike antigen unobserved among the other
seasonal HCoV. We observed no samples from individuals infected
with SARS-CoV-2 with low levels of antibodies to seasonal coronaviruses. Below the age of ﬁve, samples classiﬁed as seropositive to

SARS-CoV-2 had elevated levels of antibodies to all seasonal coronaviruses compared with seronegative samples. Finally, in seronegative
individuals, there is a clear correlation between antibodies to the
four HCoV and SARS-CoV-2 Spike (Supplement Figure 2).

Discussion
In this study, we assessed the antibody responses to a variety of
SARS-CoV-2 antigens and seasonal coronaviruses using three different immunoassays in a large cohort of French children and adults.
SARS-CoV-2 infections occurred across the full age spectrum with
higher seropositivity rates in adults and adolescents compared with
children. Higher seroprevalence estimates were also observed in
heavily affected areas during the ﬁrst wave in France [30], and samples collected further in the year, reﬂecting the progression of the
epidemic [31]. Within positive classiﬁed samples, the immune
response to several antigens is lower in adolescents and young adults
compared to young children and older adults. These age-related
immune responses have been observed previously [32].
As expected [5], seroprevalence of antibodies to the four HCoV
increased with age, most profoundly below the age of 10, and
throughout life for 229E. We observed clear signals of cross-reactivity
between SARS-CoV-2 and HCoV anti-Spike antibodies. Firstly, we
found correlations between anti-Spike SARS-CoV-2 antibodies and
anti-Spike HCoV antibodies in seronegative individuals providing evidence for cross-reactivity. Secondly, OC43 had a unique role, with
seropositive participants of all ages having higher OC43-Spike
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Fig. 5. Antibody response to SARS-CoV-2 of 2449 samples collected in North-eastern France, 2020. Relative antibody units to four antigens shown by age measured with the LuLISA
and the multiplex assay (Luminex). A random forests algorithm determined SARS-CoV-2 classiﬁcation (positive in blue and negative in red). The smoothed line was ﬁtted using the
LOWESS method, with 95% conﬁdence intervals denoted by the shaded region. The sixth graph shows the pseudo neutralisation activity by age.

speciﬁc antibodies than seronegative participants, consistent with
previous observations [20,33].

A notable ﬁnding was that anti-S2 antibodies of SARS-CoV-2, in
contrary to antibodies targeting other antigens of SARS-CoV-2, were

Fig. 6. Relative antibody units to the four seasonal coronaviruses by age and seropositivity classiﬁcation of 2449 samples collected in North-eastern France, 2020. The smoothed line
was ﬁtted using the LOWESS method, with 95% conﬁdence intervals denoted by the shaded region.

T. Woudenberg et al. / EBioMedicine 70 (2021) 103495

elevated in seronegative children compared with adolescents and
adults. Elevated levels of anti-S2 antibodies, which are more homologous to subunit S2 of seasonal HCoV than subunit S1, may be due to
more recent and more frequent exposure to seasonal HCoV. Others
have indicated the elevated levels of anti-S2 antibodies to be a possible explanation for the reduced severity of SARS-CoV-2 infections in
children [24,33,34].
A key strength of our study stems from the large number of samples tested spanning wide age ranges, and the implementation of different assays including a pseudo functional assay. This study
provides a detailed characterization of antibodies to SARS-CoV-2 in
one of the largest collection of samples from children assembled to
date [35,36]. There was high agreement between the different immunoassays, with all showing a high sensitivity and speciﬁcity [26,27],
which was conﬁrmed among 90 pre-pandemic pediatric samples in
our study. Despite the high degree of correlation assays, a number of
samples classiﬁed as seronegative by our bead-based and LuLISA
assays exhibited pseudoneutralisation activity. The measured neutralising activity in these samples could stem from other antibody
isotypes [37].
Seroprevalence estimates are highly dependent on recruitment
strategies and should be interpreted carefully as participants, of
whom we had limited data, were recruited through residual serum
sampling of non-COVID-19 patients in hospitals of which some were
located in heavily affected areas of France [30,31]. We did not have
data on the medical status of patients whom provided serum samples
and therefore limited insight into potential biases. As we used residual samples from hospitals, our study sample is most likely different
in terms of overall health compared with the general population and
our seroprevalence estimates should therefore not be seen as representative for the general population in north-eastern France. Regarding cross-reactivity, we only focused on antibody levels to whole
Spike of the HCoV, cross-reactivity to other antigens was not
assessed. Others have described cross-reactivity to Nucleocapsid
[24,33]. Finally, potential protection due to previous HCoV infections
might also be mediated through cellular immunity [38], which we
did not assess in our study.
There has been much discussion regarding the potential role of
cross-protective immunity to SARS-CoV-2 infection due to previous
seasonal HCoV infection [20,22,24,30], similar to the recently
reported interaction between rhinovirus and inﬂuenza virus [39]. A
detailed understanding of cross-protection of coronaviruses requires
appropriately designed studies, such as longitudinal cohorts or
experimental infection studies, ideally with assessment of both
humoral and cellular immunity. Although large cross-sectional studies such as ours are not appropriately designed to deﬁnitively answer
questions related to cross-protection, they generate evidence that is
consistent with certain hypotheses. Notably, we ﬁnd evidence for signiﬁcant cross-reactivity between antibodies to SARS-CoV-2 and seasonal HCoV, but no signiﬁcant evidence for cross-protective
immunity to SARS-CoV-2 infection due to previous seasonal HCoV
infection. In particular, across all age groups we did not observe
SARS-CoV-2 infected individuals with low levels of antibodies to seasonal HCoV.
Contributors
MW, AF, SvdW, CD, BH, PC developed the study concept. TW, SP,
FA, MA, FD, MW contributed to data curation. AG, CL, HS, RG, CD, KS,
JM, EB, SC, OA, JS, FD, DM, CGG, MCB, BMIM, ACD, CS, AG, SL, AJ, HH,
AC, FB, MFCV, MSA, and LA collected data. SP, FA, MA, FD performed
serological experiments. TW, SP, MW analysed the data and TW created visualizations. LA and PC managed and coordinated research
activities. BH, CD, SvdW, AF, and MW acquired ﬁnancial support. PC,
BH, CD, SvdW, AF, and MW supervised the project. SP, FA, MA, FD,
and CD validated data and experiments. TW and MW drafted the

9

initial draft. TW, SP, and MW veriﬁed the underlying data. All authors
reviewed and approved of the ﬁnal manuscript.
Data sharing statement
All data and code are available at https://github.com/tomwouden
berg/seroPED. Please inform the authors when using data and code.
Declaration of Competing Interest
MTW and SPel are inventors on provisional patent PCT/US 63/
057.471 on a serological antibody-based diagnostics of SARS-CoV-2
infection. Dr. Dubos reports grants from Universite de Lille, during
the conduct of the study. Dr. van der WERF reports grants from
Agence Nationale de la Recherche, grants from European Union’s
Horizon 2020 research and innovation programme, during the conduct of the study; In addition, Dr. van der WERF has a patent USE OF
PROTEINS AND PEPTIDES CODED BY THE GENOME OF A NOVEL
STRAIN OF SARS ASSOCIATED CORONAVIRUS issued, and a patent
SEVERE ACUTE RESPIRATORY SYNDROME (SARS) - ASSOCIATED
CORONAVIRUS DIAGNOSTICS pending.
Acknowledgements
verine Augereau (CHRU de Tours) are
Lucie Richard and Se
thanked for the support with sample collection. This work was supported by the « URGENCE COVID-19 » fundraising campaign of Institut Pasteur, by the French Government’s Investissement d’Avenir
program, Laboratoire d’Excellence Integrative Biology of Emerging
Infectious Diseases (Grant No. ANR-10-LABX-62-IBEID), and by the
REACTing (Research & Action Emerging Infectious Diseases) and the
RECOVER project funded by the European Union’s Horizon 2020
research and innovation programme under grant agreement No.
101003589.
Supplementary materials
Supplementary material associated with this article can be found
in the online version at doi:10.1016/j.ebiom.2021.103495.
References
[1] Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A Novel Coronavirus from
Patients with Pneumonia in China 2019 N Engl J Med 2020;382(8):727–33.
[2] Organization WH. Coronavirus disease 2019 (COVID-19): situation report. 2021.
[3] Cui J, Li F, Shi Z-L. Origin and evolution of pathogenic coronaviruses. Nat Rev
Microbiol 2019;17(3):181–92.
[4] De Wit E, Van Doremalen N, Falzarano D, Munster VJ. SARS and MERS: recent
insights into emerging coronaviruses. Nat Rev Microbiol 2016;14(8):523.
€ ller MA, Kuijpers TW, et al. Human
[5] Dijkman R, Jebbink MF, El Idrissi NB, Pyrc K, Mu
coronavirus NL63 and 229E seroconversion in children. J Clin Microbiol 2008;46
(7):2368–73.
[6] Huang AT, Garcia-Carreras B, Hitchings MD, Yang B, Katzelnick LC, Rattigan SM,
et al. A systematic review of antibody mediated immunity to coronaviruses:
kinetics, correlates of protection, and association with severity. Nat Commun
2020;11(1):1–16.
[7] Severance EG, Bossis I, Dickerson FB, Stallings CR, Origoni AE, Sullens A, et al.
Development of a nucleocapsid-based human coronavirus immunoassay and
estimates of individuals exposed to coronavirus in a US metropolitan population.
Clinical and Vaccine Immunology 2008;15(12):1805–10.
[8] Zhou W, Wang W, Wang H, Lu R, Tan W. First infection by all four non-severe
acute respiratory syndrome human coronaviruses takes place during childhood.
BMC infectious diseases 2013;13(1):1–8.
[9] Edridge AW, Kaczorowska J, Hoste AC, Bakker M, Klein M, Loens K, et al. Seasonal
coronavirus protective immunity is short-lasting. Nat Med 2020;26(11):1691–3.
[10] Gudbjartsson DF, Helgason A, Jonsson H, Magnusson OT, Melsted P, Norddahl GL,
et al. Spread of SARS-CoV-2 in the Icelandic population. N Engl J Med 2020;382
(24):2302–15.
[11] Wu Z, McGoogan JM. Characteristics of and important lessons from the coronavirus disease 2019 (COVID-19) outbreak in China: summary of a report of 72 314
cases from the Chinese Center for Disease Control and Prevention. JAMA
2020;323(13):1239–42.

10

T. Woudenberg et al. / EBioMedicine 70 (2021) 103495

[12] O’Driscoll M, Dos Santos GR, Wang L, Cummings DA, Azman AS, Paireau J, et al.
Age-speciﬁc mortality and immunity patterns of SARS-CoV-2. Nature 2020:1–6.
[13] Davies NG, Klepac P, Liu Y, Prem K, Jit M, Eggo RM. Age-dependent effects in the
transmission and control of COVID-19 epidemics. Nat Med 2020;26(8):1205–11.
[14] Viner RM, Mytton OT, Bonell C, Melendez-Torres GJ, Ward J, Hudson L, et al. Susceptibility to SARS-CoV-2 Infection Among Children and Adolescents Compared
With Adults: A Systematic Review and Meta-analysis. JAMA Pediatrics 2021;175
(2):143–56.
[15] Fontanet A, Tondeur L, Grant R, Temmam S, Madec Y, Bigot T, et al. SARS-CoV-2
infection in schools in a northern French city: a retrospective serological cohort
study in an area of high transmission January to April 2020 Eurosurveillance
2021;26(15):2001695.
[16] Braun J, Loyal L, Frentsch M, Wendisch D, Georg P, Kurth F, et al. SARS-CoV-2reactive T cells in healthy donors and patients with COVID-19. Nature 2020;587
(7833):270–4.
[17] Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR, et al. Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19 disease and unexposed individuals. Cell 2020;181(7):1489–501 e15.
[18] Khan T, Rahman M, Al Ali F, Huang SS, Ata M, Zhang Q, et al. Distinct antibody repertoires against endemic human coronaviruses in children and adults. JCI insight
2021;6(4).
[19] den Hartog G, Schepp RM, Kuijer M, GeurtsvanKessel C, van Beek J, Rots N, et al.
SARS-CoV-2 speciﬁc antibody detection for seroepidemiology: a multiplex analysis approach accounting for accurate seroprevalence. J Infect Dis 2020;222
(9):1452–61.
[20] Anderson EM, Goodwin EC, Verma A, Arevalo CP, Bolton MJ, Weirick ME, et al.
Seasonal human coronavirus antibodies are boosted upon SARS-CoV-2 infection
but not associated with protection. Cell; 2021.
[21] Song G, He W-t, Callaghan S, Anzanello F, Huang D, Ricketts J, et al. Cross-reactive
serum and memory B cell responses to spike protein in SARS-CoV-2 and endemic
coronavirus infection. 2020.
~ o C, Santano R, Jime
nez A, Vidal M, Chi J, Melero NR, et al. Immunogenicity
[22] Doban
and crossreactivity of antibodies to the nucleocapsid protein of SARS-CoV-2: utility and limitations in seroprevalence and immunity studies. Translational
Research 2021.
[23] Poston D, Weisblum Y, Wise H, Templeton K, Jenks S, Hatziioannou T, et al.
Absence of Severe Acute Respiratory Syndrome Coronavirus 2 Neutralizing Activity in Prepandemic Sera From Individuals With Recent Seasonal Coronavirus
Infection. Clin Infect Dis 2020.
[24] Ng KW, Faulkner N, Cornish GH, Rosa A, Harvey R, Hussain S, et al. Preexisting and
de novo humoral immunity to SARS-CoV-2 in humans. Science 2020;370
(6522):1339–43.
[25] Sermet-Gaudelus I, Temmam S, Huon C, Behillil S, Gajdos V, Bigot T, et al. Prior
infection by seasonal coronaviruses, as assessed by serology, does not prevent
SARS-CoV-2 infection and disease in children April to June 2020 Eurosurveillance
2021;26(13):2001782.

[26] Rosado J, Pelleau S, Cockram C, Merkling SH, Nekkab N, Demeret C, et al. Multiplex assays for the identiﬁcation of serological signatures of SARS-CoV-2 infection: an antibody-based diagnostic and machine learning study. The Lancet
Microbe; 2020.
[27] Grzelak L, Temmam S, Planchais C, Demeret C, Tondeur L, Huon C, et al. A
comparison of four serological assays for detecting anti SARS-CoV-2 antibodies in human serum samples from different populations. Sci Transl Med
2020;12(559).
[28] Anna F, Goyard S, Lalanne AI, Nevo F, Gransagne M, Souque P, et al. High seroprevalence but short-lived immune response to SARS-CoV-2 infection in Paris.
Eur J Immunol 2021;51(1):180–90.
[29] Iglesias MC, Mollier K, Beignon A-S, Souque P, Adotevi O, Lemonnier F, et al. Lentiviral vectors encoding HIV-1 polyepitopes induce broad CTL responses in vivo.
Mol Ther 2007;15(6):1203–10.
[30] Gaudart J, Landier J, Huiart L, Legendre E, Lehot L, Bendiane MK, et al. Factors associated with the spatial heterogeneity of the ﬁrst wave of COVID-19 in France: a
nationwide geo-epidemiological study. The Lancet Public Health; 2021.
[31] Le Vu S, Jones G, Anna F, Rose T, Richard J-B, Bernard-Stoecklin S, et al. Prevalence
of SARS-CoV-2 antibodies in France: results from nationwide serological surveillance. Nat Commun 2021;12(1):1–7.
[32] Yang HS, Costa V, Racine-Brzostek SE, Acker KP, Yee J, Chen Z, et al. Association of
Age With SARS-CoV-2 Antibody Response. JAMA Network Open 2021;4(3)
e214302-e.
[33] Nguyen-Contant P, Embong AK, Kanagaiah P, Chaves FA, Yang H, Branche AR,
et al. S protein-reactive IgG and memory B cell production after human
SARS-CoV-2 infection includes broad reactivity to the S2 subunit. MBio
2020;11(5).
[34] Shrock E, Fujimura E, Kula T, Timms RT, Lee I-H, Leng Y, et al. Viral epitope proﬁling of COVID-19 patients reveals cross-reactivity and correlates of severity. Science 2020;370(6520).
[35] Waterﬁeld T, Watson C, Moore R, Ferris K, Tonry C, Watt A, et al. Seroprevalence
of SARS-CoV-2 antibodies in children: a prospective multicentre cohort study.
Archives of disease in childhood; 2020.
[36] Dingens AS, Crawford KH, Adler A, Steele SL, Lacombe K, Eguia R, et al. Serological
identiﬁcation of SARS-CoV-2 infections among children visiting a hospital during
the initial Seattle outbreak. Nat Commun 2020;11(1):1–6.
€r L, et al. IgA dominates the
[37] Sterlin D, Mathian A, Miyara M, Mohr A, Anna F, Clae
early neutralizing antibody response to SARS-CoV-2. Sci Transl Med 2021;13
(577).
[38] Mateus J, Grifoni A, Tarke A, Sidney J, Ramirez SI, Dan JM, et al. Selective and
cross-reactive SARS-CoV-2 T cell epitopes in unexposed humans. Science
2020;370(6512):89–94.
[39] Wu A, Mihaylova VT, Landry ML, Foxman EF. Interference between rhinovirus and
inﬂuenza A virus: a clinical data analysis and experimental infection study. The
Lancet Microbe 2020;1(6) e254-e62.

