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Background. The basis of the less severe clinical presentation of coronavirus disease 2019 (COVID-19) in children as compared
with adults remains incompletely understood. Studies have suggested that a more potent boosting of immunity to endemic common
cold coronaviruses (HCoVs) may protect children.

Methods. To test this hypothesis, we conducted a detailed analysis of antibodies induced by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection in children aged 2 months to 14 years.

Results. Younger children had higher titers of antibodies to SARS-CoV-2 receptor binding domain (RBD), S1 but not S2
domain, and total spike (S) protein, higher avidity RBD immunoglobulin G, and higher titers of neutralizing and complement-
activating antibodies as compared with older children. In contrast, older children had higher titers of antibodies to HCoVs,
which correlated with antibodies to the SARS-CoV-2 S2 domain but not with neutralizing or complement-activating antibodies.

Conclusions. These results reveal a unique capacity of young children to develop effector antibody responses to SARS-CoV-2

infection independently of their immunity to HCoVs.
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Since the beginning of the pandemic, children have been un-
derrepresented among cases of coronavirus disease 2019
(COVID-19) [1-3]. Most infected children are asymptomatic
or present a milder disease than adults. A small proportion de-
velop multisystem inflammatory syndrome (MIS-C) [4, 5].
Between December 2019 and September 2021, children under
5 represented 1.8% of global cases, and older children and
young adolescents (5 to 14 years) represented 6.3% of global
cases [6]. The mild clinical presentation of COVID-19 in chil-
dren contrasts with their high susceptibility to severe infections
caused by other respiratory pathogens, such as respiratory syn-
cytial virus or influenza [7-10]. The current understanding in-
dicates that immunity to infectious pathogens in childhood
involves a fine balance between immune effector functions
and immune regulation preventing immunopathology [8, 11].
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Evidence suggests that this balance may be particularly efficient
in children infected with severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2) [5].

Innate immunity involving type I interferons is essential for
the control of SARS-CoV-2 replication during the early phase of
the infection, whereas excessive innate immune responses play
a pathogenic role later in the course of COVID-19 [12].
Children with mild COVID-19 develop robust innate immune
responses that resolve faster than in adults, suggesting efficient
control of inflammatory responses [5, 13, 14]. On the other
hand, adaptive immune responses are essential to clear
SARS-CoV-2 infection and provide immunity to re-infections
with homologous SARS-CoV-2 or variants thereof [15].
Children are able to develop robust and sustained T-cell and
B-cell responses to SARS-CoV-2 infection [5, 16]. Several stud-
ies indicate that the magnitude of antibody and T-cell responses
to mild COVID-19 is higher in children as compared with
adults [17, 18]. It was proposed that these higher adaptive im-
mune responses to SARS-CoV-2 may be related to higher pre-
existing immunity to endemic common cold coronaviruses
(HCoVs) in children as compared with adults [5, 19, 20].
Indeed, SARS-CoV-2 cross-reactive T cells and antibodies
have been detected in samples collected before the COVID-19
pandemic, and upregulation, or back-boosting, of these re-
sponses was observed following SARS-CoV-2 infection [21].
Evidence for a role of back-boosting of immunity to HCoVs
was recently provided by Dowell et al., who showed higher
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levels of antibodies to beta HCoVs (OC43 and HKU-1) in chil-
dren as compared with adults following mild or asymptomatic
SARS-CoV-2 infection [19]. These higher levels of antibodies
to beta HCoVs were associated with higher antibody and
T-cell responses to the SARS-CoV-2 spike protein. In contrast,
antibody levels to alpha HCoVs (NL63 and 229E), which have a
lower degree of homology with SARS-CoV-2 than beta HCoVs,
were similar in children and adults, further supporting a role for
back-boosting. The possibility that children may be protected
from COVID-19 by preexisting immunity to beta HCoVs has
important implications for our understanding of immunity to
SARS-CoV-2 and for immunization strategies [20].

Yet, important knowledge gaps remain to be filled to define
these implications more clearly. First, it may be expected
that immunity to HCoVs increases during childhood and
that immunity to HCoVs may therefore not explain the re-
duced disease severity observed in younger children as com-
pared with older children [6]. Second, as it is the S2 domain
of beta HCoVs S protein that has the strongest homology
with SARS-CoV-2 S protein, it could be expected that
SARS-CoV-2 infection would back-boost S2-specific antibod-
ies that are predominantly non-neutralizing rather than anti-
bodies targeting the receptor binding domain (RBD) with a
greater neutralization likelihood [21]. In order to explore these
knowledge gaps, we performed a comprehensive analysis of the
antibody response to SARS-CoV-2 and to HCoVs in a cohort of
children aged 2 months to 14 years analyzed at a standardized
time point following infection.

METHODS

Study Population

The study was conducted at the Saint-Pierre University
Hospital, Brussels. The hospital clinical laboratory provided
the list of all children aged <15 years who were tested for
SARS-CoV-2 by diagnostic reverse transcription polymerase
chain reaction (RT-PCR) using a nasopharyngeal swab between
March 1 and December 31, 2020. Indications for SARS-CoV-2
testing evolved during this period, following the recommenda-
tions of the Belgian Public Health Institute. March 1 to May 3:
Symptoms possibly related to SARS-CoV-2 infection and re-
cent travel in a high-risk country or high-risk contact with a
COVID-19 case. May 4 to July 8: At least 1 major symptom
(cough, dyspnea, chest pain, anosmia, or dysgeusia) or 2 minor
symptoms (fever, myalgia, asthenia, rhinitis, sore throat, an-
orexia, diarrhea, headache) possibly related to SARS-CoV-2 in-
fection or high risk contact with a COVID-19 case. July 9 to
August 14: Symptomatic children under 3 years of age were
tested only if other cases were reported in the same nursery
school. August 15 to December 31: Symptomatic children un-
der 6 years of age were tested only if other cases were reported
in the same school. In addition, all children requiring

hospitalization for any cause were tested for SARS-CoV-2 by
RT-PCR. Over the 10-month period, 2881 nasopharyngeal
swabs were performed, and 136 (4.8%) were RT-PCR positive
(Supplementary Table 1). The parents or legal guardians of
children with history of a positive SARS-CoV-2 RT-PCR test
were contacted by phone and were invited to participate in
the study. Parents of 49 of the 136 children consented to their
children’s participation in the study and signed a written in-
formed consent. A blood sample was then collected from the
child between 3 and 5 months after the diagnosis of
SARS-CoV-2 infection. Clinical records were retrieved, and
children were included in 1 of the 3 study groups depending
on their clinical symptoms at the time of the positive
SARS-CoV-2 RT-PCR (Table 1). Group 1 included asymptom-
ic children, group 2 included children with symptoms compat-
ible with COVID-19 who did not require hospitalization, and
group 3 included children who had symptoms requiring
hospitalization.

Patient Consent

The parents or legal guardians of children with history of a pos-
itive SARS-CoV-2 RT-PCR test were contacted by phone and
were invited to participate in the study. Parents of 49 of the
136 children consented to their children’s participation in the
study and signed a written informed consent. The study and
its design have been approved by the ethics committee of
Saint-Pierre University Hospital, Brussels.

Antigens

The following SARS-CoV-2 antigens were used: homotrimer-
(kindly provided by Arnaud
Didierlaurent, University of Geneva, Switzerland), receptor-

ized spike protein, S
binding domain of the spike protein (RBD; SinoBiological
#40592-VNAH), subunit S1 (SinoBiological #40591-V08H),
and subunit S2 (SinoBiological #40590-V08B). The following
HCoV spike proteins were used: HKU1l (SinoBiological
#40606-V08B), NL63 (SinoBiological #40604-V08B), OC43
(SinoBiological #40607-V08B), and 229E (SinoBiological
#40605-V08B).

Titers of SARS-CoV-2 and HCoVs-Specific Antibodies

Titers of antigen-specific antibody isotypes and subclasses were
assessed using a 96-well-based customized multiplexed
Luminex assay. Briefly, antigens were coupled by covalent
NHS-ester linkages via EDC and NHS (Pierce #77149 and
#24520, respectively) to fluorescent carboxyl-modified micro-
spheres (Luminex). Antigen-coupled microspheres were incu-
bated for 2 hours at room temperature (RT) at 700-rpm orbital
shaking, with serum samples at the appropriate dilution: 1:500
for immunoglobulin (Ig)G, IgGl1, and IgG3; 1:200 for IgG2,
IgA, IgAl, and IgA2; and 1:10 for IgG4 titration.
Antigen-specific antibody titers were detected using 0.65 ug/
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Table 1. Characteristics of the 48 Children Analyzed for Antibody Responses

Group 1 (Asymptomatic) (n=10)

Group 2 (Mild) (n=32)

Group 3 (Hospitalized) (n=6)

Age at time of infection, mo

Median (95% CI) 112 (34-130) 133 (84-142) 76 (2-160)
Age, No. (%)

<ly 2 (20) 8 (25) 2 (33)
1-10y 4 (40) 5(16) 2 (33)
>10y 4 (40) 19 (59) 2 (33)
Female, No. (%) 5 (50) 14 (44) 2 (33)
Interval between swab and blood test, median (95% Cl), d 107 (92-133) 120 (110-127) 126 (93-151)
Time of presentation of COVID, No. (%)

Mar-Apr 2020 2 (20) 1(3) 1(17)
May-Jun 2020 1(10) 3(9) 1(17)
Jul-Aug 2020 2 (20) 31(9) 0
Sept-Oct 2020 5 (50) 20 (63) 2 (33)
Nov-Dec 2020 0 5(16) 2 (33)
Clinical presentation

Fever 1° 26 5
Respiratory symptoms 22 4
Gl symptoms 12 2
Headache 11 4
Seizure 0 0
Skin rash 2 0
Anosmia/agueusia 1 1
MIS-C 0 3°
Biological parameters® n=3 n=6 n=6

Median (range)

WBC, /uL 12 750 (5100-16 110)
10.8 (9.6-13.3)
CRP, mg/L 99.4 (0.5-198.2%)

Hemoglobin, g/dL

7155 (4760-15 290)
11.2 (8.7-12.5)
121.8 (0.56-201.0)

10 385 (3950-23 680)
12.3(10.7-14.4)
3.6 (0.5-54.3)

Abbreviations: COVID, coronavirus; CRP, C-reactive protein; Gl, gastrointestinal; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; WBC, white blood cell; MIS-C: multisystem

inflammatory syndrome in children.
aChild with increased CRP hospitalized for acute pyelonephritis.

®Two admitted to intensive care unit.

°Biological parameters were tested for a restricted number of children with asymptomatic or mild SARS-CoV-2 infection.

mL of PE-coupled detection antibodies for each isotype and
subclass, including I1gG (Biolegend # 409304), IgG1 (Southern
Biotech #9052-09), IgG2 (Southern Biotech #9070-09), IgG3
(Southern Biotech #9210-09), IgG4 (Southern Biotech
#9200-09), IgA (Southern Biotech #2050-09), IgAl (Southern
Biotech #9130-09), and IgA2 (Southern Biotech #9140-09).
Antigen-antibody reactions were read on a BioPlex-200
(Bio-Rad), and the results were expressed as median fluores-
cence intensity (MFI).

Complement Deposition Assay

Antibody-dependent complement deposition (ADCD) was
quantified using a 96-well-based customized multiplexed
Luminex assay, as described previously [13]. Bulk IgG was pu-
rified and separated from other serum proteins using Melon
Gel resin according to the manufacturer’s instructions
(Thermo Scientific #45208). Purified IgG at a 1:75 dilution
was incubated with antigen-coupled beads for 2 hours at
37°C on a 700-rpm orbital shaker. After incubation, each sam-
ple was incubated with human complement serum (Sigma

#51764) at a concentration of 1:50 at 37°C for 30 minutes.
Samples were then incubated at RT for 30 minutes with bioti-
nylated monoclonal antihuman C3d (Quidel #207) at a 1-pg/
mL final concentration. Finally, 1 pg/mL of Streptavidin-RPE
(Prozyme #PJ31S) was added to each well and incubated at
37°Cin the dark for 1 hour. Complement deposition was deter-
mined on a BioPlex-200 (Bio-Rad) and measured as median
fluorescence intensity (MFI). Assays performed without IgG
and with heat-inactivated human complement serum were
used as negative controls.

Neutralization Assay

SARS-CoV-2-neutralizing antibodies (nAbs) were quantified
as previously reported [22]. Briefly, serial dilutions of
heat-inactivated serum (1/50-1/25600 in EMEM supplemented
with 2 mM of L-glutamine, 100 U/mL-100 pg/mL of penicil-
lin-streptomycin, and 2% fetal bovine serum) were incubated
for 1hour (37°C, 7% CO2) with 3xTCID100 of wild-type
(WT) Wuhan strain (2019-nCoV-Italy-INMI1, reference
008V-03893) or VLD20211207 (B.1.1.529, Omicron BA1l).
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One hundred microliters of sample-virus mixtures and virus/
cell controls was added to 100 pL of Vero cells (18 000 cells/
well) in a 96-well plate and incubated for 5 days (37°C, 7%
CO2). The CPE caused by viral growth was scored microscop-
ically. The Reed-Muench method was used to calculate the nAb
titer that reduced the number of infected cells by 50% (NT50),
which was used as a proxy for the nAb concentration in
the sample. In accordance with WHO guidance, an internal ref-
erence standard composed of a pool of sera from naturally
infected and vaccinated adults is included in each nAb
assay run. This internal standard was calibrated against the
International Standard 21/234 (NIBSC), and NT50 values
were recalculated to IU/mL for each variant. Against the B.1
variant, the internal standard had an NT50 of 333 IU/mL.

SARS-CoV-2 RBD-Specific Antibody Avidity

Bio-layer interferometry measurements were performed with an
Octet HTX instrument (Fortébio) using AR2G biosensors. Data
analyses were performed using FortéBio Data Analysis 9.0 soft-
ware. Kinetic assays were performed at 25°C-30°C at a sample
plate agitation speed of 1000 rpm. Sensors were first activated
by immersion in a solution containing 20 mM of EDC and 10
mM of s-NHS. Then, 0.05 mg/mL of RBD antigen in 10 mM of
sodium acetate pH6 was loaded for 600 seconds. After antigen
loading, the biosensors were immersed in a solution of 1 M
of ethanolamine pH8.5 to prevent nonspecific interactions.
Antigen-loaded AR2G sensors were first dipped in PBS to estab-
lish a baseline time curve, and then immersed for 10 minutes in
wells containing purified serum IgG at 3 different dilutions
(3-5-8x). Following IgG association, dissociation was monitored
for 600 seconds in PBS. Negative controls included ligand without
IgG and IgG without ligand. Kinetic parameters were determined
by global fitting of the association and dissociation phases of the
binding curves according to a 1:1 binding model.

Statistics

Comparisons of antibody titers between groups were per-
formed with the Kruskal-Wallis test with Dunn’s multiple com-
parisons correction. Comparisons of antibody titers between
age groups were performed with a 2-tailed Mann-Withney
test. Correlations between antibody titers were analyzed with
a 2-tailed Spearman test. Correlations between antibody titers
and age were corrected with the Grubb’s method to identify
outliers; no outliers or a maximum of 1 outlier was identified
per data set. A linear regression line was drawn, and a 2-tailed
Spearman test was performed. Statistical analyses were per-
formed using GraphPad Prism, version 9.3.1.

RESULTS

Children were recruited 3-5 months after a positive SARS-
CoV-2 RT-PCR performed in a single hospital in Brussels

between March and December 2020. Out of 136 children with a
history of positive SARS-CoV-2 RT-PCR (Supplementary
Table 1), 48 children were enrolled in the study (Table 1). Ten
children were asymptomatic at the time of RT-PCR, 32 children
had mild COVID-19 symptoms, and 6 were hospitalized, includ-
ing 3 cases of MIS-C (Table 1). The interval between SARS-CoV-2
RT-PCR and analysis of antibody responses was similar in the 3
disease severity groups (Table 1). Male and female children had
similar levels of antibodies for all measured parameters (data
not shown).

Children Have Coordinated Antibody Responses to S, S1 Domain, and RBD
but Not the S2 Domain of SARS-CoV-2

Levels of antibodies to SARS-CoV-2 S, S1 domain, RBD, and S2
domain were measured with a multiplex assay. Serum samples
collected from healthy adults before the pandemic were used as
technical negative controls. Overall, similar serum levels of IgG
and IgA to SARS-CoV-2 antigens were detected in asymptom-
atic, mild, and hospitalized children, and these levels were
higher than in adult negative controls (Figure 1A). High corre-
lations were observed between serum titers of both IgG and IgA
antibodies to S, S1, and RBD, whereas lower correlations were
observed with antibodies to S2 (Figure 1B). Analysis of IgG and
IgA subclasses indicated a similar pattern of correlations
between antigen specificities (Supplementary Figure 1).
Together, these data indicate that the antibody responses to
RBD, S1 domain, and total S protein are coordinated, whereas
a lower correlation is observed with the antibody response to
the S2 domain, suggesting a differential regulation.

Younger Children Have Higher Antibody Responses to S, S1 Domain,
and RBD but Not the S2 Domain of SARS-CoV-2 as Compared With Older
Children

Relationships between antibody levels and age varied by
SARS-CoV domain specificity (Figure 2). Unexpectedly, an in-
verse correlation was observed between the age of the children
and the titers of S-, S1-, and RBD-specific IgG. Using an arbi-
trary cutoff of 12 years, a marked difference in antibody levels
was observed between children <12 years of age and older chil-
dren. In contrast, no significant difference in S2-specific IgG ti-
ters was observed between younger and older children. Higher
levels of IgG subclasses (IgG1, IgG2, IgG3) specific to S, S1, and
RBD were also detected in younger as compared with older
children, whereas no significant difference was observed with
S2-specific IgG subclasses (Supplementary Figure 2). Similar
relationships were observed between age and the level of S-,
S1-, RBD-, and S2-specific IgA, but these trends did not reach
statistical significance (Figure 2). Together, these results indi-
cate an unexpected capacity of younger children to produce
higher levels of IgG to the S1 domain of SARS-CoV-2 S protein
that does not extend to its S2 domain. Younger and older chil-
dren had similar clinical characteristics (Supplementary
Table 2).
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Figure 1. Coordinated antibody response to SARS-CoV-2 spike protein, S1 domain, and RBD in children with asymptomatic or symptomatic COVID-19. A, Serum levels of
IgG and IgA specific to SARS-CoV-2 S, S1 domain, RBD, or S2 domain were measured using a multiplex bead assay in 48 children with a positive SARS-CoV-2 RT-PCR. At the
time of diagnosis, 10 children were asymptomatic (pink circles), 32 children had mild symptoms (violet circles), and 6 were hospitalized (3 non-MIS-C: purple circles; 3 MIS-C:
purple squares). Sera from healthy adults collected before the COVID-19 pandemic were used as technical negative controls (n=7, blue circles). Results are expressed as
MEFI. Data were analyzed using the Kruskal-Wallis test with Dunn’s multiple comparisons correction. Bars indicate geometric mean antibody levels. B, Matrices indicating the
correlations between titers of binding antibodies specific to the different target antigens. Results are 2-tailed raccording to a colored scale. °: not significant. *P<.05; **P<
.01; ***P<.001; ****P<.0001. Abbreviations: COVID-19, coronavirus disease 2019; MFI, mean fluorescence intensity; MIS-C, multisystem inflammatory syndrome; r,
Spearman correlation coefficient; RBD, receptor binding domain; RT-PCR, reverse transcription polymerase chain reaction; S, spike protein; SARS-CoV-2, severe acute re-

spiratory syndrome coronavirus 2.

Serum Levels of Antibodies to HCoVs Increase With Age in Children

In order to explore the potential role of back-boosting of im-
munity to HCoVs in the antibody response to SARS-CoV-2 in-
fection, serum levels of IgG and IgA to HCoV's were measured.
Similar levels of IgG and IgA specific to the S protein of beta
(OC43 and HKU1) and alpha HCoVs (NL63 and 229E) were
detected in the 3 disease severity groups (Supplementary
Figure 3A). These levels were similar to those measured in
sera collected from healthy adults before the pandemic. The re-
lationship between age and the levels of HCoV-specific anti-
bodies was then examined. Positive correlations were
observed between age and serum levels of IgG and IgA to the
S protein of beta and alpha HCoVs (Figure 3). Children age
<12 years had lower levels of HCoV-specific IgG and IgA, al-
though this difference only reached significance for alpha

HCoVs. As expected, lower or no correlations were observed
between the levels of antibodies to HCoVs and to the S, S1,
and RBD domains of SARS-CoV-2
Figure 3B). In contrast, serum levels of IgA to beta HCoVs
were correlated with antibodies to the S2 domain of
SARS-CoV-2. A similar trend was observed between the level
of beta HCoV and S2-specific IgG, but this trend did not reach
statistical significance (Supplementary Figure 3B).

(Supplementary

Younger Children Have Higher Serum Levels of SARS-CoV-2-Neutralizing
and Complement-Activating Antibodies as Compared With Older Children

In order to explore the functional implications of the relation-
ship between age and binding antibody levels, serum levels of
neutralizing and complement-activating antibodies (ADCD)
were measured. Higher levels of neutralizing antibodies to
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Figure 2. Younger age is associated with higher antibody response to spike protein, S1 domain, and RBD but not to S2 domain of SARS-CoV-2. Serum levels of IgG and IgA
specific to SARS-CoV-2 total S, S1 domain, RBD, or S2 domain were measured using a multiplex bead assay in 48 children with a positive SARS-CoV-2 RT-PCR. Left panels:
Each graph includes a regression line, a 2-tailed r, and a Pvalue. At the time of diagnosis, 10 children were asymptomatic (pink circles), 32 children had mild symptoms (violet
circles), and 6 were hospitalized (3 non-MIS-C: purple circles; 3 MIS-C: purple squares). Right panels: Violin plots indicate ranges of individual antibody levels and median
antibody levels in children <12 years of age (n =35, green plots) or >12 years of age (n =12, blue plots). Binding antibody levels are expressed as MFI. Data were analyzed
using the 2-tailed Mann-Whitney test. Correlation matrices indicate 2-tailed Spearman correlation coefficients and Pvalues. **P< .01; ***P<.001. Abbreviations: Ig, im-
munoglobulin; MFI, mean fluorescence intensity; MIS-C, multisystem inflammatory syndrome; ns, nonsignificant; r, Spearman correlation coefficient; RBD, receptor binding
domain; RT-PCR, reverse transcription polymerase chain reaction; S, spike protein; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

the Wuhan strain were detected in younger as compared with
older children. These higher levels of neutralizing antibodies
were associated with higher avidity of RBD IgG in younger chil-
dren (Figure 4). No detectable neutralizing antibodies to the
Omicron BA.1 variant were detected in younger or older

children (Supplementary Figure 4). An inverse correlation
with age was also observed with S, SI, and RBD-specific
ADCD. In contrast, no correlation was observed between age
and S2-specific ADCD, in line with binding antibody data.
The levels of neutralizing antibodies, antibody avidity, and
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Figure 3.  Older age is associated with higher levels of antibodies to HCoVs. Serum levels of IgG and IgA specific to the S protein of beta HCoVs (0C43 and HKU1) and alpha
HCoVs (NL63 and 229E) were measured using a multiplex bead assay in 48 children with a positive SARS-CoV-2 RT-PCR. Left panels: Each graph includes a regression line, a
2-tailed r, and a Pvalue. At the time of diagnosis, 10 children were asymptomatic (pink circles), 32 children had mild symptoms (violet circles), and 6 were hospitalized (3
non-MIS-C: purple circles; 3 MIS-C: purple squares). Right panels: Violin plots indicate ranges of individual antibody levels and median antibody levels in children <12 years
of age (n =35, green plots) or >12 years of age (n = 12, blue plots). Binding antibody levels are expressed as MFI. Data were analyzed using the 2-tailed Mann-Whitney test.
Correlation matrices indicate 2-tailed Spearman correlation coefficients and Pvalues. *P< .05; **P< .01; ***P<.001; ****P<.0001. Abbreviations: HCoVs, common cold
coronaviruses; MFI, mean fluorescence intensity; MIS-C, multisystem inflammatory syndrome; ns, not significant; r, Spearman correlation coefficient; RT-PCR, reverse tran-
scription polymerase chain reaction; S, spike protein; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

ADCD were highly correlated with the levels of binding anti-
bodies to SARS-CoV-2 S, S1, and RBD, whereas lower correla-
tions were detected with the levels of antibodies to the S2
domain, suggesting a dominant role of S1 epitopes not only
in the neutralizing antibody responses but also in the ADCD

response to SARS-CoV-2 (Supplementary Figure 4). Low or
no correlations were observed between HCoV-specific anti-
bodies and SARS-CoV-2-neutralizing antibodies or ADCD, in-
dicating a limited role for cross-reactive antibodies in the
functional antibody response to SARS-CoV-2 in children
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Figure 4. Younger age is associated with higher functional antibody responses to spike protein, S1 domain, and RBD but not S2 domain of SARS-CoV-2. Serum titers (IU/
mL) of nAb SARS-CoV-2 Wuhan strain were measured using a microneutralization assay. Serum levels of SARS-CoV-2 total S, S1 domain, RBD, or S2 domain-specific ADCDs
(MFI) were measured using a multiplex bead assay in 48 children with a positive SARS-CoV-2 RT-PCR. Avidity of RBD-specific IgG was measured by biolayer interferometry.
Left panels: Each graph includes a regression line, a 2-tailed r, and a Pvalue. At the time of diagnosis, 10 children were asymptomatic (pink circles), 32 children had mild
symptoms (violet circles), and 6 were hospitalized (3 non-MIS-C: purple circles; 3 MIS-C: purple squares). Right panels: Violin plots indicate ranges of individual antibody
levels and median antibody levels in children <12 years of age (n = 35, green plots) or >12 years of age (n = 12, blue plots). Functional antibody levels are expressed as MFI.
Data were analyzed using the 2-tailed Mann-Whitney test. Correlation matrices indicate 2-tailed Spearman correlation coefficients and P values. *P< .05; **P< .01. A-
bbreviations: ADCDs, antibodies activating complement; lg, immunoglobulin; MFI, mean fluorescence intensity; MIS-C, multisystem inflammatory syndrome; nAb, neutralizing
antibody; ns, not significant; r, Spearman correlation coefficient; RBD, receptor binding domain; RT-PCR, reverse transcription polymerase chain reaction; S, spike protein;

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

(Supplementary Figure 4). These data demonstrate that young
children have a unique capacity to develop robust neutralizing
and Fc-dependent functional antibody responses to
SARS-CoV-2 and that this capacity does not correlate with
their level of immunity to HCoVs.

DISCUSSION

This study demonstrates an unexpected capacity of young chil-
dren to develop effector antibody responses to SARS-CoV-2

infection. In contrast to adults, the magnitude of the antibody
response to SARS-CoV-2 was similar across diverse clinical
presentations of COVID-19 in children, confirming previous
reports [23, 24].

Dowell at al. recently proposed that the higher levels of
SARS-CoV-2 antibodies observed in children as compared
with adults result from the back-boosting of a higher preexist-
ing immunity to beta HCoVs [19, 20]. This model is not sup-
ported by our results showing that antibody levels to beta
HCoVs follow an inverse relationship with age as compared
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with antibody levels to SARS-CoV-2, with higher levels in older
as compared with younger children, most likely because of re-
peated exposures [14]. Our detailed analysis of the antibody re-
sponse to individual domains of the S protein provides
important insight into the role of cross-reactive immunity to
HCoVs in the antibody response to SARS-CoV-2 infection in
children. We observed that the levels of antibodies to the
RBD and S1 domain of the S protein were highly coordinated
and decreased with age, whereas the levels of antibodies to
the S2 domain of the S protein were not correlated with age
nor with the RBD or S1 domain. In contrast, levels of antibodies
to the S2 domain were correlated with antibodies to beta
HCoVs, in agreement with the high homology of this domain
of SARS-CoV-2 with endemic coronaviruses. These data sup-
port a model involving independent regulation of the S1 do-
main of SARS-CoV-2, correlating with younger age, and of
the S2 domain of SARS-CoV-2, correlating with older age
and with immunity to beta HCoVs, in children. As our study
did not include an analysis of samples collected before or dur-
ing the acute phase of SARS-CoV-2 infection, back-boosting of
antibodies to HCoV's could not be assessed. Importantly, anti-
body levels to the RBD and S1 domain, and not the S2 domain,
correlated with antibodies to S proteins, suggesting that the S1
domain is the strongest determinant of antibody response to
the total S protein in children. As a result, levels of both neutral-
izing and IgG Fc-dependent complement-activating antibodies
correlated with levels of antibodies to the S protein and with
younger age. Collectively, these data indicate that younger
age is associated with higher effector antibody responses to
SARS-CoV-2 and that this relationship cannot be explained
by immunity to HCoVs. Since the submission of our report,
3 studies have been published indicating higher levels of
SARS-CoV-2-binding and -neutralizing antibodies in younger
as compared with older children, indicating the reproducibility
of this observation across populations [25-27].

The mechanism that could underlie the inverse association
between child age and levels of SARS-CoV-2 antibodies is un-
clear. The robust innate immune response detected early dur-
ing the course of SARS-CoV-2 infection in children is likely
to play a role [5, 13, 14, 16]. Trained immunity induced by
common infections or vaccinations may contribute too [14].
Our observation that avidity of RBD-specific IgG inversely
correlated with age of children suggests that younger children
have a unique capacity to develop effective germinal center re-
actions in response to SARS-CoV-2 infection. Further studies
are needed to assess whether the higher levels of high-avidity
antibodies observed in younger children are associated with a
different breadth of responses as compared with older chil-
dren and adults. Our observations add to the evidence that
adaptive immune responses are not defective in young chil-
dren but follow different rules than in older children or in
adults [11].

Asyounger children present milder COVID-19 than older chil-
dren, the magnitude of antibody responses to SARS-CoV-2 could
be an important factor contributing to the control of viral replica-
tion in this age group. Young children also have milder symptoms
following SARS-CoV or MERS-CoV infection as compared with
adults, but the impact of age on the antibody response to these
pathogens is unknown [28]. Our results have important potential
implications for herd immunity and for the role of children in the
transmission of SARS-CoV-2. The persistence of high levels of an-
tibodies 3-5 months after asymptomatic or mild infection in
young children suggests that they may have a reduced risk of re-
infection and transmission as compared with older children.
Children had lower levels of neutralizing antibodies to the
Omicron BA.1 variants as compared with the Wuhan strain, as
observed in adults [29]. This suggests a limited ability to control
reinfection with Omicron variants. Follow-up studies of natural
immunity following infection with current variants of concern
are needed to asses the role of children in herd immunity. As
SARS-CoV-2 becomes endemic, the capacity of young children
to develop potent antibody responses to this virus could provide
an important contribution to herd immunity. Prevention of trans-
mission has been proposed as an important argument in favor of
COVID-19 vaccination in children [30]. Studies have suggested
an impact of age on the antibody response to COVID-19 vaccina-
tion in SARS-CoV-2-naive children, with either higher or lower
responses detetected in younger as compared with older children,
depending on the vaccine [31-33]. A comparison of natural vs
vaccine-induced immunity in children will be important to fur-
ther guide immunization strategies in this age group. On the other
hand, children previously infected with SARS-CoV-2 may acquire
potent hybrid immunity following vaccination, as observed in
adults [34]. The limitations of this study include the relatively lim-
ited sample size and the assessment of SARS-CoV-2 immunity ata
single time point following infection, preventing the analysis of
the persistance of antibody levels.

In conclusion, this study demonstrates a unique capacity of
young children to develop high effector antibody responses
to SARS-CoV-2 infection, independent of their level of immu-
nity to HCoVs. A high level of acquired immunity in children is
likely to be an important factor in the control of the pandemic
at the level of the population.

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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