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% Check for updates Emergence of highly transmissible Omicron subvariants led to increased SARS-
CoV-2 infection and disease in children. However, minimal knowledge exists
regarding the neutralization capacity against circulating Omicron BA.4/BA.S,
BA.2.75, BQ.1, BQ.1.1 and XBB.1 subvariants following SARS-CoV-2 vaccination in
children versus during acute or convalescent COVID-19, or versus multisystem
inflammatory syndrome (MIS-C). Here, we evaluate virus-neutralizing capacity
against SARS-CoV-2 variants in 151 age-stratified children ( <5, 5-11, 12-21 years
old) hospitalized with acute severe COVID-19 or MIS-C or convalescent mild
(outpatient) infection compared with 62 age-stratified vaccinated children. An
age-associated effect on neutralizing antibodies is observed against SARS-CoV-2
following acute COVID-19 or vaccination. The primary series BNT162b2 mRNA
vaccinated adolescents show higher vaccine-homologous WA-1 neutralizing
titers compared with <12 years vaccinated children. Post-infection antibodies
did not neutralize BQ.1, BQ.1.1 and XBB.1 subvariants. In contrast, monovalent
mRNA vaccination induces more cross-neutralizing antibodies in young chil-
dren <5 years against BQ.1, BQ.1.1 and XBB.1 variants compared with =5 years old
children. Our study demonstrates that in children, infection and monovalent
vaccination-induced neutralization activity is low against BQ.1, BQ.1.1 and XBB.1
variants. These findings suggest a need for improved SARS-CoV-2 vaccines to
induce durable, more cross-reactive neutralizing antibodies to provide effective
protection against emerging variants in children.

The SARS-CoV-2 Omicron variants continue to evolve, generating develop severe manifestations of COVID-19 and its associated post-
multiple sub-lineages with increased transmissibility and antibody- infectious severe complication Multisystem Inflammatory Syndrome
escape mutations resulting in widespread circulation of COVID-19 in Children (MIS-C). Several lineages of Omicron that are currently
around the globe'. In children, SARS-CoV-2 infection is often asymp-  circulating, with predominance of BA.4, BA.5, BA.2.75, BQ.1, BQ.1.1 and
tomatic or causes mild disease; however, children are susceptible to recombinant XBB.1, contain key mutations in the receptor-binding
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domain (RBD) with over 36 mutations in spike protein compared with
ancestral WA-1/2020 strain (Table S1). XBB is a recombinant variant,
with its genome consisting of a combination of two different ‘parent’
variants- Omicron BA.2.10.1.1 and BA.2.75.3.1.1.1 lineages, with a
breakpoint in the SI region of the Spike protein. Importantly, these
mutations resulted in resistance of these circulating Omicron variants
to most therapeutic monoclonal antibodies available for treatment of

COVID-19 as well as escape from vaccination-induced antibodies gen-
erated following either parental mRNA vaccine or the bivalent booster
in adults®®.

In the United States, as of May 10, 2023, vaccination rates in
children remain very low, with only 6% of children <5 years of age have
completed a primary series of vaccination, and only 8% of children
under 18 years of age have received a vaccine booster dose (Fig. 1a and
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Fig. 1| Study design of children following vaccination or with acute COVID-19
or convalescent COVID-19 or MIS-C. a Percentage of people who received a single
dose, completed primary series or booster dose of COVID-19 vaccine by different
age groups in US (from December 14, 2020, to May 10, 2023), as per data from US
CDC (https://covid.cdc.gov/covid-data-tracker/#vaccination-demographics-trends).
b Overview of children cohort with acute COVID-19 or convalescent COVID-19 or
MIS-C or following mRNA vaccination. Each children sample was evaluated for
neutralizing antibodies against eight SARS-CoV-2 strains in pseudovirus neutraliza-
tion assay and for binding antibodies against prototype vaccine-homologous WA-1

Any respiratory support

® Mechanical ventilation

RBD using surface plasmon resonance. ¢ Percent distribution of hospitalized acute
COVID-19 and MIS-C patients admitted to the intensive care unit (ICU), requiring any
respiratory support, and receiving mechanical ventilation. Categorical (yes/no) data
were collected from each hospitalized children for disease severity and therefore the
frequency of “yes” for each parameter is shown. Statistical differences between age
groups within each disease category or between different disease category within
each age group were analyzed by Pearson’s chi-squared test (comparing 2 age
groups at a time) and the statistically significant p-values are shown. The tests were
two-sided tests.
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https://covid.cdc.gov/covid-data-tracker/#vaccination-demographics-
trends). The vaccination rates in children with prior SARS-CoV-2
infection are even lower’®, Moreover, different dosages of mRNA
vaccines are given to children in different age groups, which may
impact the SARS-CoV-2 immune response generated following
vaccination’. For the Pfizer BNT162b2 vaccine, the primary vaccination
series in younger children <5 years consists of three doses of 3 mcg
mRNA vaccine, while children aged 5-11 years get 2 doses of 10 mcg
mRNA vaccine, and adolescents (12-21 years) receive 2 doses of
30 mcg mRNA vaccine dosage.

However, limited knowledge exists regarding vaccine-induced
antibody responses following primary series of mRNA vaccination in
different age groups of children compared with post-infection COVID-
19 or post-infectious multisystem inflammatory syndrome in children
(MIS-C), and its ability to neutralize circulating highly contagious
SARS-CoV-2 variants. It is possible that vaccinated children or children
infected with SARS-CoV-2 prior to circulation of Omicron strain remain
susceptible to re-infection by Omicron lineages as was observed
when Omicron BA.1 emerged in late 2021'°", Thus, they have the
potential to transmit it virus to other children and vulnerable
populations. Therefore, it is critical to understand the capacity of
the antibody response induced by SARS-CoV-2 vaccination compared
with post-infection immune response in children of different age
groups to neutralize currently circulating highly transmissible SARS-
CoV-2 Omicron BA.4, BA.5, BA.2.75, BQ.1, BQ.1.1 and XBB.1 subvariants.

In this study, we evaluated the capacity of neutralizing antibodies
induced following primary series of mRNA-based (Pfizer-BioNTech
BNT162b2) vaccination compared with post-infection-induced anti-
bodies in children with either acute COVID-19, convalescent COVID-19,
or MIS-C, stratified by age <5 years, 5-11 years, and 12-21 years against
SARS-CoV-2 ancestral vaccine-homologous WA-1 strain and circulating
Omicron BA.2, BA.2.75, BA.3, BA.4/BA.5, BQ.1l, BQ.l.1 and XBB.1
variants.

Results
Study cohort
Most children in US have not received a SARS-CoV-2 booster vaccine
(Fig. 1a). The main aim of the study was to evaluate the capacity of the
pediatric antibody response induced by the first generation mono-
valent COVID-19 mRNA vaccines encoding prototype WA-1 spike
antigen compared with those generated following primary SARS-CoV-
2 infection by ancestral WA-1 like strains early during the pandemic to
neutralize currently circulating highly transmissible Omicron sub-
variants, in age-stratified children, during acute infection and after
convalescence. Therefore, we analyzed post-SARS-CoV-2 infection or
post-vaccination samples from a total of 213 US children and adoles-
cents (Fig. 1b). The demographics of the study cohorts are summarized
in Table S2. Our hospitalized cohort comprised of 118 acutely ill chil-
dren, consisting of 64 with MIS-C and 54 with acute COVID-19; and a
separate outpatient cohort of 33 children that were >30 days post-
acute mild COVID-19 (convalescent). Acute samples (serum or plasma)
were collected as early as possible during hospitalization and within
2 weeks of presentation. All pediatric patients were confirmed to be
SARS-CoV-2 infected either by reverse transcriptase quantitative PCR
(RT-gPCR) and/or positive SARS-CoV-2 antibody tests. All post-
infection samples were obtained during April 2020 to March 2021,
when the prevalent circulating SARS-CoV-2 strains were the WA-1 or
the Alpha strain in the United States and were described in a previous
study®. There was no statistical difference in the timing of pediatric
sample collection relative to hospital admission or PCR/antibody
positive test between the various age groups in any of the disease
cohorts (Table S2).

MIS-C is a hyperinflammatory syndrome that occurs approxi-
mately 3-6 weeks post-SARS-CoV-2 infection in children who were
asymptomatic or had mild illness upon initial infection. As a control

group for MIS-C, we collected convalescent COVID-19 samples from
outpatient children and adolescents with asymptomatic or mild illness
(never hospitalized) approximately 3-6 weeks after their positive
SARS-CoV-2 PCR test. Because MIS-C is rare (-2-3 per 10,000 SARS-
CoV-2 infections in US), and it is not possible to identify patients in
advance, therefore, it is not feasible to get baseline (during initial
infection) samples in most MIS-C patients.

Categorical (yes/no) data were collected from each hospitalized
child for disease severity assessment including ICU admission,
respiratory support, and mechanical ventilation. Comparing disease
severity between acute COVID-19 vs MIS-C across the age groups
(Table S2), the children hospitalized with MIS-C had significantly more
(p=0.003) ICU admissions than children with acute COVID-19 (Fig. 1c).
Children <5 years old with acute COVID-19 also required significantly
less respiratory support than adolescents with the same acute illness
(p=0.02). Among different MIS-C age groups, no significant differ-
ences were observed in disease severity based on ICU admission,
respiratory support, or mechanical ventilation. None of these children
were vaccinated.

The vaccination cohort consisted of 62 SARS-CoV-2 naive children
vaccinated with Pfizer’'s BNT162b2 mRNA vaccine and sera were col-
lected at three weeks (median 18 days) after completion the primary
vaccination series (Table S2). For BNT162b2 vaccine, the youngest
children (<5 years) received three doses of 3 mcg mRNA vaccine, while
children aged 5-11 years got 2 doses of 10 mcg mRNA vaccine, and
adolescents (12-21 years) received 2 doses of 30 mcg mRNA vaccine at
three weeks apart.

Neutralization capacity of post-infection and post-vaccination
samples against circulating SARS-CoV-2 variants in children
Pediatric samples were divided by age categories: <5 years (n=65; 23
acute, 10 convalescent, 22 MIS-C and 10 naive vaccinated), 5-11 years
(n=71; 10 acute, 11 convalescent, 18 MIS-C and 32 naive vaccinated)
and 12-21 years old (n =77; 21 acute, 12 convalescent, 24 MIS-C and 20
naive vaccinated) for evaluation of the antibody response (Fig. 1b).
Pseudovirion neutralization assay (PsVNA) was used to evaluate the
antibody neutralization activity of the children and adolescents against
the ancestral infecting and the vaccine-homologous SARS-CoV-2 WA-1
strain, and the circulating highly transmissible Omicron sublineages in
US: BA.2, BA.2.75, BA.4, BA.5, BQ.1, BQ.1.1 and XBB.1. The mutations in
the spike protein of these Omicron subvariants compared with
vaccine-homologous WA-1 are shown in Table S1. SARS-CoV-2 neu-
tralizing activity measured by PsVNA correlates with PRNT (plaque
reduction neutralization test with authentic SARS-CoV-2 virus) in
previous studies'*".

For the post-infection cohort, among pediatric acute COVID-19, a
steady increase in titers of neutralizing antibodies against the ancestral
WA-1 infecting strain was observed as their age increased. The ado-
lescents (12-21 years) demonstrated higher neutralization titers
(PsSVNASO titers; sample dilution that resulted in 50% virus neu-
tralization) ranging between 10-12,950 [geometric means titer (GMT)
of 256] that were 3.3 to 6.9-fold higher compared with infected 5-11
years old (GMT:77; range 10-1114) and infected younger (<5 years)
acute COVID-19 patients (GMT:37; range 10-2865), respectively
(Fig. 2a). However, samples from children with convalescent non-
hospitalized outpatient COVID-19 or inpatient hospitalized MIS-C,
demonstrated higher WA-1 neutralizing antibodies in younger children
such that PsVNASO titers were similar across all age groups (Fig. 2b, c).
In the youngest children (<5 years), neutralization titers against WA-1
for the MIS-C patients (GMT:576; range 10-5613) or the convalescent
COVID-19 (GMT: 479; range 21-1231) samples were 15.6 and 12.9 fold
higher than corresponding acute COVID-19 patients (GMT:37),
respectively (Fig. S1a). In the youngest age cohort, the seropositivity
rate against WA-1 (PsVNAS5O titer of >1:40) predicted to provide
protection against severe COVID-19' increased from 30% for acute
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COVID-19 patients to 95-100% for the convalescent COVID-19 children  schedule induced 2-fold higher neutralization titers in adolescents
and the MIS-C patients (Fig. S1a). However, the caveat to this correlate  (GMT:2178; range 807-8407) compared with vaccinated 5-11 years old
of protection that it was defined in the context of vaccination and may = (GMT:1089; 210-3340) and 7.9-fold higher than the youngest vacci-
not apply to all SARS-CoV-2 variants. For the older children (5-21 nated children <5 years (GMT:275; range 10-1825) against the vaccine-
years), the anti-WA-1 neutralization titers for MIS-C patients were homologous WA-1, suggesting a vaccine dosage-dependent or age-
higher than acute and convalescent COVID-19 patients (Fig. S1b, c). stratified impact on vaccine-induced antibody response (Fig. 2d).

SARS-CoV-2 spike mRNA (Pfizer BNT162b2) vaccination of naive  Vaccination induced significantly higher anti-WA-1 neutralizing titers
healthy children after 28-days of completed primary vaccination than all three post-infection cohorts in children older than 5 years
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Fig. 2| Neutralizing antibody titers of serum/plasma from children with COVID-
19 or MIS-C or vaccinated children against SARS-CoV-2 variants. SARS-CoV-2
neutralization assays were performed by using pseudoviruses expressing the spike
protein of WA-1 or the Omicron subvariants BA.2, BA.2.75, BA.3, BA.4/BA.S, BQ.1,
BQ.1.1 and XBB.1 subvariants, in 293-ACE2-TMPRSS?2 cells. a-d SARS-CoV-2 neu-
tralization titers were determined in each of the 213 children with either acute
COVID-19 (a), convalescent COVID-19 (b), MIS-C (c) or following vaccination (d),
divided by age categories: <5 years (n = 65; 23 acute, 10 convalescent, 22 MIS-C and
10 naive vaccinated), 5-11 years (n =71; 10 acute, 11 convalescent, 18 MIS-C and 32
naive vaccinated) and 12-21 years old (n = 77; 21 acute, 12 convalescent, 24 MIS-C
and 20 naive vaccinated). The assay of each sample was performed in duplicate to
determine the 50% neutralization titer (PsVNAS0). PsVNASO (50% neutralization

titer) titers for youngest children (<5 years, shown in red), 5-11 years (shown in
blue) and adolescents (12-21 years, shown in orange). The heights of the bars and
the numbers over the bars indicate the geometric mean titers (GMT), and the
whiskers indicate 95% confidence intervals. The horizontal dashed line indicates the
seropositive cut-off for the neutralization titers (PsVNASO of 40). Percent ser-
opositivity (%S) for each group was calculated as number of seropositive samples
divided by total number of samples x100 in the group. The limit of detection for the
neutralization assay is 1:20. Differences between the age groups within each SARS-
CoV-2 strain were analyzed by Ime4 and emmeans packages and Tukey-adjusted to
reduce Type 1 error due to multiple testing in R and the significant p-values are
shown. The tests were two-sided tests.

(Fig. S1b, c). However, for the youngest children, the WA-1 neutralizing
titers were similar between the mRNA vaccination and the post-
infection MIS-C and convalescent COVID-19 groups, which were sig-
nificantly higher than acute COVID-19 cohort (Fig. Sla).

Neutralization titers against Omicron subvariants were rare for
post-infection pediatric cohorts that were infected with the ancestral
WA-1 or the Alpha strain (samples collected prior to March 2021)
possibly due to the presence of low cross-reactive antibodies against
circulating Omicron subvariants BA.2, BA.2.75, BA.3 and BA.4/BA.5 with
seropositivity rate (PsVNASO titer of >1:40) of 0-29% across all age
groups and disease cohorts (Fig. 2a-c). Moreover, neutralizing anti-
body titers against the recently emerged highly transmissible BQ.1,
BQ.1.1, and XBB.1 subvariants were further reduced with only 0-10%
seropositivity across all post-infection cohorts (Fig. 2a-c).

In contrast to age-associated differences observed in neutraliza-
tion titers against WA-1 that may be due to either vaccine dosage or the
number of vaccine doses, the primary monovalent mRNA vaccination
series in children induced similar cross-neutralizing antibody titers
against the Omicron variants BA.2, BA.3 and BA.2.75 across all age
groups (Fig. 2d). Surprisingly, younger children (<5 years old)
demonstrated higher neutralizing antibody titers against newly
emerged BQ.1 (GMT:62), BQ.1.1 (GMT:54), and XBB.1 (GMT:28) sub-
variants compared with older children (>5 years old) with GMT of only
11-21. When normalized to the neutralizing titers against the vaccine-
homologous prototype WA-1 strain, the capacity of corresponding
vaccination-induced antibodies to neutralize Omicron subvariants
especially BQ.1, BQ.1.1 and XBB.1 was significantly higher for the
younger children (<5 years) cohort compared with the older children
(Fig. S2). The younger (<5 years) vaccinated children demonstrated
seropositive titers (PsVNA5O titer of >1:40) against these highly
transmissible BQ.1 (60%), BQ.1.1 (50%), and XBB.1 (20%) subvariants
compared with only 5-10% of the vaccinated adolescents (Fig. 2d).

The findings of the anti-WA-1 neutralization titers in the post-
infection and post-vaccination cohort were confirmed by the binding
antibodies against receptor binding domain (RBD) of WA-1 spike pro-
tein using surface plasmon resonance (Fig. 3a and Fig. S3). As observed
with neutralization titers, RBD-binding antibodies increased over time
post-infection in younger children (<12 years) from acute COVID-19
disease to convalescent COVID-19 or children with MIS-C, as well as by
age in the acute COVID-19 cohort. A good correlation was observed
between WA-1RBD binding antibodies and WA-1 neutralizing antibody
titers for this pediatric post-infection and post-vaccination
cohorts (Fig. 3b).

Antigenic landscape following SARS-CoV-2 infection or vacci-
nation in age-stratified children

To determine the relative antigenic relationship of the neutralizing
antibodies against the different SARS-CoV-2 Omicron variants and the
ancestral vaccine-homologous WA-1 across various age groups in dif-
ferent post-infection and post-vaccination cohorts we performed two-
dimensional antigenic cartography (Fig. 4). In acute COVID-19 cohort,
the Omicron variants are closest to WA-1 for the youngest age group

(<5 years) that start distancing apart by age from 5-11 years to ado-
lescents. While for the convalescent COVID-19 and the MIS-C cohorts,
the antigenic relationships are similar for the Omicron subvariants
across age groups. In the vaccinated children, the youngest age group
(<5 years) show close antigenic relationship between WA-1 and Omi-
cron subvariants, while in the older children (>5 years), the Omicron
subvariants have substantially diversified away from the vaccine-
homologous WA-1, with the newly emerged highly transmissible BQ.1,
BQ.1.1and XBB.1 lineage most profoundly distinct among the Omicron
subvariants. Bootstrap analysis was performed to assess the effect of
uncertainty in the neutralization titers and variant reactivity (Fig. S4).
Our analysis revealed the robustness of the SARS-CoV-2 antigen and
serum relationships demonstrating the reliability of the antigenic
cartography map despite the absence or explicit uncertainty bounds.

To quantify the magnitude of this antigenic relationship, we
evaluated the antigenic landscape in these post-infection and post-
vaccination children’s cohorts (Fig. S5). An analysis of the three-
dimensional antigenic landscape of three different age groups, corre-
sponding with the neutralization titers presented in Fig. 2, revealed
interesting findings (Fig. 5). As expected, in all age groups, mRNA
vaccination induced higher cross-reactive neutralizing antibodies
against variants than post-infection cohorts. In older children (5 years
and older), the slope of the post-vaccination antigenic landscape and
post-infection landscape was similar against the variants (Fig. 5b, c).
Interestingly, the slope of the landscape for vaccination induced
antibody response in the youngest children (<5 years) was shallower
compared with much steeper slope observed for the vaccinated older
children (5 years and older), suggesting a broader cross-reactive neu-
tralizing antibodies following vaccination in this youngest age
cohort (Fig. 5).

Within disease categories, both the magnitude of the neutraliza-
tion titers and heterogeneity of antigenic diversity increases in age-
dependent manner in the acute COVID-19 cohort (Fig. 6). The youngest
age group (<5 years) shows low magnitude and the Omicron variants
clustered closer to the ancestral WA-1, while acute COVID-19 adoles-
cents showing greater heterogeneity in both titers and distance
between WAL and Omicron subvariants (Fig. S5). The convalescent
COVID-19 and MIS-C samples display similar antigenic landscape
across various age groups (Figs. 6, S5).

In the mRNA vaccinated children, the neutralizing antibodies
induced following vaccination in the youngest age cohort, even
though lower in magnitude against vaccine-homologous WA-1, are
more cross-reactive against the circulating Omicron subvariants and
are closer together on antigenic map (Figs. 6, S5). However, with
increase in age, the magnitude of vaccination-induced anti-WA-1 titer
also increased, but the antibody response in older children (>5 years)
tends to be significantly less cross-reactive against Omicron sub-
variants especially the newly emerged XBB.1, BQ.1, and BQ.1.1 sub-
variants compared with younger children (<5 years), as demonstrated
by the steep slope and spread of the antigenic landscape of the neu-
tralization for the different variants, with a notable distance from WA-1
and other BA.2, BA.2.75, BA.3, and BA.4/BA.5 variants (Figs. 6, S5).
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Fig. 3 | Binding antibodies in serum/plasma of children with COVID-19 vs MIS-C
vs vaccination to receptor binding domain of prototype vaccine-homologous
SARS-CoV-2 WA-1 strain. Total antibody binding (determined by maximum
resonance units, Max RU) of 1:10 diluted serum or plasma to purified WA-1 spike
RBD was measured by SPR. a Data is shown by age groups. Samples were divided by
age categories: <5 years (n=65; 23 acute, 10 convalescent, 22 MIS-C and 10 naive
vaccinated), 5-11 years (n =71; 10 acute, 11 convalescent, 18 MIS-C and 32 naive
vaccinated) and 12-21 years old (n = 77; 21 acute, 12 convalescent, 24 MIS-C and 20
naive vaccinated). The heights of the bars and the numbers over the bars indicate
the mean antibody binding values and are color coded by group, and the whiskers
indicate 95% confidence intervals. All SPR experiments were performed in duplicate
and the researchers performing the assay were blinded to sample identity. The
variations for duplicate runs of SPR were <5%. The data shown are average values of

two experimental runs. The statistical significances between the variants were
performed by Ime4 and emmeans packages and Tukey-adjusted for multiple
comparisons in R and the significant p-values are shown. The tests were two-sided
tests. The differences were considered statistically significant with a 95% con-
fidence interval when the p value was less than 0.05. The significant p-values are
shown. b Relationship of RBD-binding antibodies and neutralizing antibodies
against SARS-CoV-2 WA-1/2020 strain. Correlation of SARS-CoV-2 WA-1/2020 neu-
tralizing titer versus WA-1 RBD binding antibodies measured by surface plasmon
resonance for the three post-infection and the post-vaccinated children’s cohorts.
Correlations show Pearson correlation coefficient (r) and two-tailed p values for all
samples. Black line in the scatter plots depict the linear fit of log2 transformed
PsVNASO values with shaded area showing 95% confidence interval.

Discussion

There are different COVID-19 vaccine doses and regimens for various
age groups of children and lower vaccination uptake in children
especially in children who had prior SARS-CoV-2 infection. Therefore,
it is critical to understand the capacity of post-infection and post-

vaccination antibodies to neutralize currently circulating highly con-
tagious SARS-CoV-2 BQ.1, BQ.11, and XBB.1 subvariants in an age-
stratified manner and across disease spectrums in children, which can
help refine the vaccine approach in this important but critically under-
represented and under-studied population. In this pediatric study, we
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children (5-11 years in ‘b’), and adolescent (12-21 years in ‘c’), with either acute
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observed an age-associated effect in antibody response to SARS-CoV-2
in acute severe infection or vaccination, but not for convalescent mild
COVID-19 or MIS-C. The acute COVID-19 cohort has less time to
develop antibodies and antibody response may be suppressed due to
acute viral disease. While the convalescent cohort who had mild dis-
ease and were never hospitalized with acute COVID-19, or the MIS-C
who are estimated to be 3-6 weeks after their initial SARS-CoV-2

infection as it is a post-infectious complication, would have sufficient
time to generate anti-SARS-CoV-2 immune response. We determined
that ancestral WA-1 or Alpha infection-induced antibodies are not
sufficient to neutralize highly contagious BQ.l, BQ.L1, and
XBB.1 subvariants across disease cohorts in any age group of children,
and therefore vaccination would be key to prevent children against
disease caused by the emerging SARS-CoV-2 variants. Surprisingly,
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Fig. 5 | Neutralizing antibody landscapes following infection or vaccination for
different age groups of children. The antigenic landscape was generated using the
SARS-CoV-2 neutralization titers against WA-1 and Omicron BA.2, BA.3, BA.2.75,
BA.4/BA.5, BQ.1, BQl1.1 and XBB.1 for the 213 children with either acute COVID-19,
convalescent COVID-19, MIS-C or following vaccination, divided by age categories:
(a) <5 years (n = 65; 23 acute, 10 convalescent, 22 MIS-C and 10 naive vaccinated),
(b) 5-11 years (n=71; 10 acute, 11 convalescent, 18 MIS-C and 32 naive vaccinated)
and (c) 12-21 years old (n =77; 21 acute, 12 convalescent, 24 MIS-C and 20 naive
vaccinated). The base x and y axis of each landscape map represents antigenic
cartography between WA-1 and variants, with colored points representing the
locations of each SARS-CoV-2 strain. The grid squares (1 antigenic unit) correspond
to a 2-fold change in neutralization assay. The vertical z-axis corresponds to the

neutralization titer on the log, scale. The overall neutralizing antibody landscape
for each pediatric group was constructed by fitting individual neutralizing antibody
landscapes for each children’s serum sample for that group against the respective
SARS-CoV-2 strain. The landscapes are color coded according to patient categories
(acute, convalescent, MIS-C, and vaccinated). The magnitude of neutralization
titers (PsSVNASO GMTs) for children either following vaccination or infection against
each SARS-CoV-2 strain are shown by impulses connected for each SARS-CoV-2
variant on the z-axis in the landscape and the filled-circle symbols are color-coded
by each patient category group. A Mann-Whitney test in R package was used to
determine the significance of the difference between patient cohort for each age
group, and the significant p-values are shown. The tests were two-sided tests.

mRNA vaccination of naive children demonstrated an age-dependent
or mRNA dose-dependent increase in neutralization titers against the
vaccine-homologous WA-1 strain. However, this phenomenon was
reversed against the newly emerged BQ., BQ.L1, and
XBB.1 subvariants, with the youngest children demonstrating more
cross-neutralizing antibody titers than adolescents.

Following mRNA vaccination, we observed higher homologous
WA-1 neutralization titers in older children compared with younger
children. In contrast, the breadth of the neutralization response to
SARS-CoV-2 variants relative to WA.1 reactivity, appears to be highest
in the youngest age group (<5 years) compared with older children.
Our study findings suggest the quality of antibody response induced
following SARS-CoV-2 vaccination in young children may be less vul-
nerable to mutations in spike of the emerging SARS-CoV-2 variants in
contrast to older children. One possible explanation for these quali-
tative antibody differences between age groups could be due to three
doses of the 3 mcg mRNA vaccine in the primary vaccination schedule
for these youngest children (<5 years) compared with two vaccine
doses of higher dosage (10 or 30 mcg mRNA) for the older children (>5
years). Clinical studies in young children <5 years showed that three
vaccinations with low mRNA dose (3 mcg mRNA) were required to
generate equivalent neutralizing antibody response against the
vaccine-matched ancestral WA-1 strain, as was induced by two doses
(30 mcg mRNA) in older children”. It is possible that a third vaccine
dose in children can improve the breadth of immune response against
variants similar to the observations of broader cross-reactivity to
Omicron variants after third versus second vaccine doses in adults™. In
future studies, we plan to investigate the impact of the vaccine doses
(three versus two) and hybrid immunity on the breadth of reactivity in
an age stratified child cohort.

The other possible mechanism can be due to the antigenic sin
hypothesis, whereby older children due to their prior exposure to
seasonal human coronaviruses (hCoVs) have long-lived memory B cells
specific for conserved sites on the coronavirus spike, especially in
SARS-CoV-2 spike S2 domain'® %, Following vaccination, these memory
B cells are recalled, thereby focusing the antibody response to these
conserved sites in spike. Most of these cross-reactive antibodies to
seasonal CoVs do not neutralize SARS-CoV-2, as was observed for
children with hCoV infection®. Majority of the SARS-CoV-2 neutralizing
antibody epitopes target the S1 domain of the SARS-CoV-2 spike that
contains the receptor binding domain. However, since younger chil-
dren (<5 years) have a shorter history of exposure to seasonal hCoVs,
following vaccination they potentially could generate a more diverse
antibody repertoire than immune-experienced older children, leading
to higher cross-neutralization and potential efficacy against emerging
SARS-CoV-2 highly contagious BQ.1, BQ.1.1 and XBB.1 subvariants. In
support of this hypothesis, we observed that vaccination induced
antibodies in younger children (<5 years) are more cross-reactive and
effective in neutralizing Omicron BQ.1, BQ.1.1 and XBB.1 subvariants
when normalized to the corresponding vaccine-homologous proto-
type WA-1 strain activity, compared with the older children (>5 years)
(Fig. S2). Similar findings were observed of pandemic influenza vaccine

studies in different age groups of children and adults who were given
two doses of same vaccine dosage with or without MF59 adjuvant,
where older children or adults contain pre-existing immunity against
seasonal influenza strains. Following two doses of MF59-adjuvanted
7.5 mcg HINIpdmO9 vaccine, a higher diversity and affinity maturation
of antibody repertoire was observed in younger children
(12-35 months) against the HA1 domain of HINIpdmO09 compared with
older children (3-8 years) or adults (18-60 years)>. This study sug-
gested an impact of antigenic sin hypothesis of non-neutralizing anti-
body cross-reactivity to conserved epitopes in HA2 domain on the
development of novel anti-HIN1pdm09 HAL1 specificimmune response
following vaccination. In the current study, multiple attributes,
including antigenic sin, vaccine dosage, number of vaccine doses, and
the development stage of immune system, can all contribute to the
age-associated differences observed following SARS-CoV-2 mRNA
vaccination in these cohorts of children.

The presence of pre-existing immunity to seasonal CoVs, viral
kinetics, as well as the developmental stage of the immune system in
these various age children’s cohorts may contribute to kinetics and
magnitude of immune response following acute SARS-CoV-2 infection.
This age-dependent phenomenon was observed at early time-point
following infection in acute COVID-19 cohort, where older children
developed faster and higher neutralizing antibody response than
younger children against the infecting WA-1 strain. At later time-point
post-exposure (convalescent COVID-19 and MIS-C), the kinetics of
antibody response in the younger children reaches similar levels as the
neutralization titers of older children. Moreover, the infection induced
antibody response in these three age groups at 3 to 6-weeks post-
infection (convalescent COVID-19 and MIS-C), comparable to the
4-week time-point post-vaccination, showed similar neutralization
antibody response against the infecting ancestral WA-1 strain as well as
Omicron subvariants. These differences observed between infection vs
vaccination induced breadth of immune response to Omicron sub-
variants in various age groups of children, and mechanism underlying
this antibody repertoire, remain an area of intense investigation.

The BNT162b2 vaccine and previous infection were found to
confer considerable immunity against Omicron BA.1 infection and
protection against hospitalization and death'®". The rapid decline in
protective neutralization titers against circulating BQ.1, BQ.1.1 and
XBB.1 subvariants conferred by previous infection provides support
for vaccination of children. As new SARS-CoV-2 variants emerge,
continued determination of neutralizing antibodies will be needed in
these children. Further studies are needed to characterize the neu-
tralizing antibody response of children who received Omicron-based
bivalent booster vaccinations. Unfortunately, the uptake of booster
vaccination rates of children in US remains <8% (https://covid.cdc.gov/
covid-data-tracker/#vaccination-demographics-trends).

Children remain at the epicenter of viral transmission, and
therefore induction of broadly cross-neutralizing antibodies by cur-
rent and new vaccination approaches that can reduce/block the
transmission cycles are required to limit further evolution of new more
transmissible and antibody-resistant SARS-CoV-2 variants. It is
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Fig. 6 | Comparison of age-stratified antigenic landscapes in different post-
infection and post-vaccination children’s cohorts. The children’s cohorts were
divided into four categories: acute COVID-19, convalescent COVID-19, MIS-C, and
naive vaccinated. The antigenic landscape was generated using the SARS-CoV-2
neutralization titers against WA-1and Omicron BA.2, BA.3, BA.2.75, BA.4/BA.5, BQ.1,
BQ1.1 and XBB.1 for the 213 children with either acute COVID-19 (n =54), con-
valescent COVID-19 (n=33), MIS-C (n = 64) or following vaccination (n =62) in
different age groups. The landscapes are color coded according to age-stratified
children. The x and y axis of each landscape map represent 2D antigenic carto-
graphy between WA-1 and variants, with colored points representing the locations
of each SARS-CoV-2 strain. The grid squares (1 antigenic unit) represent antigenic

SARS-CoV-2 variants

@ WA-1 ® BA4/BAS
BA.2 BQ.1

@ BA2.75 BQ1.1

@ BAS3 ® xBB

distance that corresponds to a 2-fold change in neutralization titer. The vertical z-
axis corresponds to the neutralization titer on the log, scale. The overall neu-
tralizing antibody landscape for each cohort was constructed by fitting individual
neutralization landscapes for each pediatric serum sample for that age group
against the respective SARS-CoV-2 strain. The magnitude of neutralization titers
(PsVNAS50 GMTs) for different age groups of against each SARS-CoV-2 variant are
shown by impulses connected for each SARS-CoV-2 variant on the z-axis in the
landscape, and the filled-circle symbols are color-coded by each age group.

A Mann-Whitney test in R package was used to determine the significance of the
difference between children age groups for each patient cohort, and the significant
p-values are shown. The tests were two-sided tests.

plausible that a suboptimal neutralizing antibody response against
circulating SARS-CoV-2 variants could potentially drive antigenic
evolution through increased immune pressure in this population. Our
data can help provide guidance on when children should be vaccinated
and in designing policies for vaccination based on the immune status
in settings where the risk of transmission is high, such as high-
occupancy indoor setting in schools and daycare. The data suggests
that an additional vaccine dose of the new bivalent or XBB-mono-
valent vaccine formulation would help broaden protection against

newly emerging SARS-CoV-2 variants in children. Even children with
prior SARS-CoV-2 infection will immensely benefit from hybrid
immunity following vaccination to efficiently protect against circulat-
ing and emerging SARS-CoV-2 variants. Importantly, with over 3.6
million infants born in the U.S each year, the population of COVID-19
naive individuals will continue to grow. Vaccination remains an
important, effective strategy in protecting against severe COVID-19
and MIS-C. This study demonstrates that effective vaccine approaches
are required to generate more broadly durable protective immunity
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against COVID-19 or MIS-C caused by circulating Omicron BQ.1, BQ.1.1
and XBB.1 subvariants, which could influence the transmission and
clinical outcome in the pediatric population.

Methods

Ethics statement

Collection of samples from vaccinated children received ethics
approval from the MassGeneral Brigham Institutional Review Board
(IRB) (MGB #2020P000955). Collection of multicenter samples from
unvaccinated children received ethics approval from the single IRB at
Boston Children’s Hospital (BCH # P00033157). Informed consent, and
assent when appropriate, was obtained from all participants and/or
parents/legal guardians. All methods and procedures were approved
by the IRB and carried out in accordance with the IRB’s guidelines
and regulations. The study at CBER, FDA, was conducted with de-
identified samples. This study was approved by the Food and Drug
Administration’s Research Involving Human Subjects Committee
(RIHSC #2020-04-02). This study complied with all relevant ethical
regulations for work with human participants, and informed consent
was obtained. All assays performed fell within the permissible usages
in the original informed consent.

Study design

The objective of this study was to investigate the neutralizing capacity
of serum or plasma from children of age-stratified groups with acute,
convalescent COVID-19 or MIS-C compared with vaccinated naive
children against circulating SARS-CoV-2 variants.

The 151 U.S. pediatric patients were enrolled across multiple
hospitals in the Overcoming COVID-19 Network comprised 3 inde-
pendent cohorts: 54 hospitalized with acute COVID-19, 64 hospitalized
with MIS-C, and 33 non-hospitalized children with mild SARS-CoV-2
infection with convalescent samples (=30 days post-acute) enrolled as
an at-risk for MIS-C control group, all divided in different age groups
(Fig. 1b). MIS-C and acute COVID-19 were defined using U.S. Centers for
Disease Control and Prevention (CDC) case definitions (https://wwwn.
cdc.gov/nndss/conditions/coronavirus-disease-2019-covid-19/case-
definition/2020/ approved April 5th, 2020 and https://www.cdc.gov/
mis-c/hcp/ published 5/14/2021). All acute and convalescent COVID-19
pediatric patients had SARS-CoV-2 detected by reverse transcriptase
quantitative PCR (RT-qPCR) and MIS-C patients had positive SARS-
CoV-2 antibody and/or RT-qPCR tests. Samples from the post-infection
pediatric cohorts (acute COVID-19 vs convalescent COVID-19 vs MIS-C)
were collected from a prospectively enrolling multicenter study
(Overcoming COVID-19). Children’s acute COVID-19 samples (serum or
plasma) were collected as early as possible during hospitalization and/
or study enrollment. The demographic for the pediatric cohort is
shown in Table S2. The clinical information for the post-infection
pediatric cohorts were described before®.

Fresh blood was collected into sodium heparin, EDTA, or no
additive vacutainers and centrifuged at 1300 x g (RCF) for 10 min at
room temperature. Plasma or serum was aliquoted and frozen at
-80°C. If a fresh blood sample was not obtained upon enrollment,
residual specimens from clinical testing (lithium heparin plasma or
serum) were retrieved. Samples were heat-treated at 56 °C for 1h and
refrozen at —80 °C prior to assay.

Serum samples were also obtained from 62 naive (SARS-CoV-2
negative) children who were vaccinated with two or three doses of
Pfizer’s BNT16b2 mRNA monovalent vaccine encoding WA-1 spike. The
youngest children (<5 years) received three doses of 3 mcg mRNA
vaccine, while children aged 5-11 years got 2 doses of 10 mcg mRNA
vaccine, and adolescents (12-21 years) received 2 doses of 30 mcg
mRNA vaccine at three weeks apart. Samples were collected at 28 days
after completion the primary vaccination series from these children.

All children irrespective of sex, race, ethnicity, or previous health
status that were exposed to SARS-CoV-2 or COVID-19 vaccination were

eligible for the study. Sex, race, ethnicity, or previous health status was
not considered in the study design and study findings apply to children
of both sexes or any race or ethnicity. The sex, race, ethnicity, and
previous health status was determined based on self-reporting. The
sex distribution, race, ethnicity, and previous health status in each
cohort is shown in Table S2. No sex-based or race-based analyses were
performed in this study.

Lentivirus pseudovirion neutralization assay (PsVNA)

Samples were evaluated in a qualified SARS-CoV-2 pseudovirion neu-
tralization assay (PsVNA) using SARS-CoV-2 WA1/2020 strain and cir-
culating Omicron subvariants: BA.2, BA.2.75, BA.3, BA.4/BA.5, BQ.1,
BQ.1.1and recombinant XBB.1. The mutations in spike protein of these
Omicron subvariants are shown in Table S1. SARS-CoV-2 neutralizing
activity measured by PsVNA correlates with PRNT (plaque reduction
neutralization test with authentic SARS-CoV-2 virus) in previous
studies'*>*,

Neutralization assays were performed as previously
described” %%, Briefly, 50 uL of SARS-CoV-2 Spike pseudovirions
(counting ~200,000 relative light units) were pre-incubated with an
equal volume of medium containing serial dilutions (starting at 1:10) of
all samples at room temperature for 1 h. Then, 50 pL of virus-antibody
mixtures were added to 293T-ACE2-TMPRSS2 cells** [10* cells/50 pL] in
a 96-well plate. The input virus with all SARS-CoV-2 strains was the
same (2x10° relative light units/50 uL/well). After a 3 h incubation,
fresh medium was added to the wells. Cells were lysed 24 h later, and
luciferase activity was measured using One-Glo luciferase assay system
(Promega). The assay of each sample was performed in duplicate, and
the 50% neutralization titer was calculated using Prism 9 (GraphPad
Prism Software). The limit of detection for the neutralization assay is
1:20. Two independent biological replicate experiments were per-
formed for each sample and variation in PsVNASO titers was <10%
between replicates.

Antibody binding kinetics to SARS-CoV-2 RBD by surface plas-
mon resonance (SPR)

Purified recombinant SARS-CoV-2 spike receptor binding domain
(RBD) of WA-1 strain expressed in HEK293 Cells was purchased from
Sino Biologicals (WtRBD; 40592-VO8H). Steady-state equilibrium
binding in serum/plasma samples was monitored at 25°C using a
ProteOn surface plasmon resonance (BioRad). The purified recombi-
nant SARS-CoV-2 RBD proteins were captured to a Ni-NTA sensor chip
with 500 resonance units (RU) in the test flow channels™***%,

Serial dilutions (10-, 30- and 90-fold) of freshly prepared sample
diluted in BSA-PBST buffer (PBS pH 7.4 buffer with Tween-20 and
Bovine Serum Albumin) were injected at a flow rate of 50 uL/min
(120 s contact duration) for association, and disassociation was per-
formed over a 600-second interval. Responses from the protein
surface were corrected for the response from a mock surface and for
responses from a buffer-only injection. Total antibody binding was
calculated with BioRad ProteOn manager software (version 3.1). All
SPR experiments were performed twice, and the researchers per-
forming the assay were blinded to sample identity. The variations for
duplicate runs of SPR were <5%. The maximum resonance units (Max
RU) shown in the figures were the calculated RU signal for the 10-fold
dilution sample.

Statistical analysis
Descriptive statistics were performed to determine the geometric
mean titer values and were calculated using GraphPad Prism. All
experimental data to compare differences among groups were ana-
lyzed using Ime4 and emmeans packages in R (R version 4.1.2).

Since sex can be biologically plausible confounders, data were
analyzed for statistical significance between groups to control for sex
as covariate (predictor variables) using a multivariate linear regression
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model. To ensure robustness of the results, absolute measurements
were log2-transformed before performing the analysis. For compar-
isons between the age and treatment (vaccine/disease) cohorts (factor
variable), pairwise comparisons were extracted using ‘emmeans’ and
Tukey-adjusted p values were used for denoting significance to reduce
Type 1 error due to multiple testing. The tests were two-sided tests.
The differences were considered statistically significant with a 95%
confidence interval when the p value was less than 0.05.

Samples were allocated randomly to each test group and tes-
ted blindly (researcher was blinded to sample identity) to minimize
selection bias or detection bias. There were no exclusion criteria.
All samples and data were used for analysis and presented in
the study.

Antigenic landscape and cartography

Antigenic cartography analysis was performed using the Racmacs
package in R software. Multi-dimensionality antigenic landscape maps
were developed using the Rossler method, which measures the anti-
genic distance as well as the magnitude of neutralization titers against
WA-1 and variants, was constructed as described before**°,

To evaluate the robustness of our findings and account for
potential variation in antigenic cartography, bootstrap analysis was
conducted with 1000 bootstraps repeats and 100 optimizations per
repeat, as described before®®, using the R package (Racmacs). The
bootstrap analysis incorporated noise by adding normally distributed
values to both the titers and antigen reactivity. The standard deviation
of the noise added to the neutralization titers was 0.7, while the
standard deviation for the noise added to antigen reactivity was 0.7.

In order to assess the significance of the landscape between dif-
ferent cohorts in the antigenic map, we performed a statistical analysis
using Mann-Whitney test in R. The purpose of the test was to deter-
mine the relationship between age groups and patient categories in
the antigenic landscape.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are shown in the manuscript figures and supplementary
information. The complete dataset for this study is provided in the
Source Data file. Source data are provided with this paper.

Code availability

Antibody titers were calculated using Prism 9.3.1 (GraphPad Software).
Statistical analyses were performed using R statistical software (ver-
sion 4.1.2). No new code was generated.
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