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ABSTRACT

SARS-CoV-2 antibody responses in children remain poorly characterized. Here, we show that
pediatric patients with multisystem inflammatory syndrome in children (MIS-C) possess higher
SARS-CoV-2 spike IgG titers compared to those with severe coronavirus disease 2019 (COVID-19),
likely reflecting a longer time since onset of infection in MIS-C patients.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) manifests differently in
pediatric populations. While the absolute numbers and rate of development of severe coronavirus
disease 2019 (COVID-19) is significantly lower in children compared to adults (1), some pediatric
patients develop severe to critical illness. Pediatric patients can also become afflicted with
multisystem inflammatory syndrome in children (MIS-C) (2, 3). MIS-C is a syndrome that is typically
seen in previously healthy children and manifests as a hyperinflammatory syndrome with-multiorgan
involvement that has some overlapping clinical features with Kawasaki disease shock syndrome (4-9).
In adults, acute COVID-19 cardiovascular syndrome (ACovCS) can occur and has several
overlapping clinical presentations with MIS-C including elevated inflammatory cytokines and
myocarditis (10, 11). While it is believed that MIS-C represents a post-infectious sequela of SARS-
CoV-2, the pathophysiology of this syndrome has not yet been delineated. We sought to determine the
humoral responses to SARS-CoV-2 in children presenting with COVID-19 vs. MIS-C to help

illuminate potential pathophysiologies induced by the virus.

METHODS

Study participants

We enrolled patients based on evidence of past or active SARS-CoV-2 infection (by positive RT-PCR
in blood, stool or mucosa, the presence of serum IgG to SARS-CoV-2) or a very high clinical
suspicion of MIS-C (12). Patients were categorized into three diseases phenotypes (MIS-C, severe
COVID-19, or minimal COVID-19) after enroliment into the study. Patients were categorized as
having MIS-C per the CDC case definition of MIS-C (13). Patients who presented with a primarily
respiratory process requiring an increase in positive pressure support above their baseline and did not
meet the criteria for MIS-C were categorized as having “severe COVID-19”. Patients were classified
as having “minimal COVID-19” if they required hospitalization but did not otherwise meet criteria for
MIS-C or severe COVID-19. Co-infections were identified by chart review for microbiologically
proven infections that were deemed clinically significant by a panel of infectious disease physicians.

Co-infections were included if they occurred contemporaneously with acute COVID-19 infection of



MIS-C. Immunocompromise was defined in patients with primary immunodeficiency, receiving
cancer chemotherapy, within 2 months of solid organ transplantation or hematopoietic stem cell
transplantation, high dose steroid (>20 mg or >2 mg/kg/day of prednisone for at least 14 days),
receiving immunomodulating agents, or asplenia or functional asplenia (14). This study was approved
by the institutional review board at the Children’s Hospital of Philadelphia. Verbal informed consent
was obtained from patients or their guardians in accordance with the Declaration of Helsinki. Due to
the COVID-19 pandemic, verbal consent was obtained and written consent was signed by the

consenting physician. All participants were provided with a paper copy of the consent form.

Detection of SARS-CoV-2 Nucleic Acid

A real time-PCR assay for SARS-CoV-2 RNA was performed in.a CLIA certified high-complexity
clinical laboratory using a laboratory developed test with emergency use authorization from the FDA
(12). The assay contained a primer/probe set for amplification and detection of a region of the SARS-
CoV-2 nucleocapsid gene (N2) multiplexed with a primer/probe set for amplification of human -
actin as an internal control. RNA extraction from clinical samples was performed using the Roche
MagNA Pure LC Total Nucleic Acid automated extraction platform. RT-PCR was performed using
the Applied Biosystems Quant Studio DX using TagMan chemistry. A cycle threshold (Ct) of 45 or

lower for the SARS-CoV-2 N2 target was defined as a positive result.

Quantification of SARS-CoV-2 serum antibody titers

Serum IgG, IgM, and IgA antibody titers against SARS-CoV-2 antigens were quantified by enzyme-
linked immunosorbent assays (ELISA) as previously described (15). Plasmids encoding the full-
length SARS-CoV-2 spike (S) protein and the receptor binding domain (S-RBD) were provided by
Florian Krammer (lcahn School of Medicine at Mt. Sinai, New York City NY). SARS-CoV-2

nucleoprotein (N) was purchased (Sino Biological; Chesterbrook PA) and reconstituted in Dulbecco’s



phosphate buffered saline. Serum antibody titers were expressed as the reciprocal serum dilution at a
set OD that was based off of a standard curve from the monoclonal antibody CR3022 starting at 0.5
ug/mL (for S and S-RBD ELISAS) or serially diluted pooled serum from actively SARS-CoV-2
infected adults (for N ELISAS). The plasmids to express CR3022 were a provided by lan Wilson
(Scripps Research Institute, San Diego CA). Standard curves were included on every plate to control

for plate-to-plate variation.

Production of VSV pseudotypes with SARS-CoV-2 S for neutralization assays

Vesicular stomatitis virus (VSV) pseudotypes with SARS-CoV-2 S were produced for neutralization
assays. 293T cells plated 24 hours previously at 5 X 10° cells per 10 em dish were transfected using
calcium phosphate with 35ug of pCG1 SARS-CoV S deltal8 expression plasmid encoding a codon
optimized SARS-CoV S gene with an 18 residue truncation in the cytoplasmic tail (kindly provided
by Stefan Pohlmann, German Primate Center, Géttingen, DE) (16). 12 hours post transfection, the
cells were fed with fresh media containing 5mM sodium butyrate to increase expression of the
transfected DNA. 30 hours after transfection, the SARS-CoV-2 spike expressing cells were infected
for 2-4 hours with VSV-G pseudo-typed VSVAG-RFP at an multiplicity of infection of ~1-3. After
infection, the cells were washed twice with media to remove unbound virus. Media containing the
VSVAG-RFP SARS-CoV-2 pseudo-types was harvested 28-30 hours after infection and clarified by
centrifugation twice at 6000xg then aliquoted and stored at -80°C until used for antibody

neutralization analysis.
Antibody neutralization assay using VSVAG-RFP SARS-CoV-2

Serum neutralizing antibody titers were measured using pseudo-typed VSV. All sera were heat-
inactivated for 1 hour at 55° C prior to use in neutralization assay. Vero E6 cells stably expressing
TMPRSS2 were seeded in 100 pl at 2.5x10* cells/well in a 96 well collagen coated plate. The next
day, 2-fold serially diluted serum samples were mixed with VSVAG-RFP SARS-CoV-2 pseudo-type

virus (50-200 focus forming units/well) and incubated for 1hr at 37° C. Also included in this mixture



to neutralize any potential VSV-G carryover virus was 1E9F9, a mouse anti-VSV Indiana G, at a
concentration of 600 ng/ml (Cat#Ab01402-2.0, Absolute Antibody, Oxford, UK). The serum-virus
mixture was then used to replace the media on VeroE6 TMPRSS2 cells. 23-24 hours post infection,
the cells were washed and fixed with 4% paraformaldehyde before visualization on an S6 FluoroSpot
Analyzer (CTL, Shaker Heights OH). Individual infected foci were enumerated and the values
compared to control wells without antibody. The focus reduction neutralization titer 50% (FRNT 5q)
was measured as the greatest serum dilution at which focus count was reduced by at least 50% relative
to control cells that were infected with pseudo-type virus in the absence of patient serum. FRNTs

titers for each sample were measured in at least two technical replicates performed on separate days.

Statistical analysis

Reciprocal serum dilution antibody titers were log2 transformed for statistical analysis. ELISA
antibody titers below the limit of detection were set to a reciprocal titer of 25. Log?2 transformed
antibody titers were compared with one-way ANOVAs and unpaired t-tests. Statistical significance
was set to p-value <0.05. Linear regressions were also performed using log2 transformed titers and
untransformed data from the other variables. Statistical analyses were performed using Prism version

8 (GraphPad Software, San Diego CA).

RESULTS

To determine the humoral responses to SARS-CoV-2 in children presenting with COVID-19
vs. MIS-C, we analyzed serum samples from 29 SARS-CoV-2 infected children admitted to the
Children’s Hospital of Philadelphia (CHOP) in April and May 2020 (Supplementary table S1). We
categorized these patients into three clinical disease phenotypes: children with minimal COVID-19
(asymptomatic children, or those with minimal symptoms; n=10), children with severe COVID-19
(children requiring invasive respiratory support or an increase in positive pressure ventilation above
their baseline; n=9), and children with MIS-C (children meeting Centers for Disease Control criteria

(2, 12, 13); n=10). Detailed case studies of 6 of the 10 children with MIS-C (CD12, CD18, CD19,



CD22, CD24, and CD26) were previously reported by our group (7). As expected, cycle threshold
(Ct) values of SARS-CoV-2 RT-PCR were significantly lower in the pediatric patients presenting
with severe COVID-19 (median: 28, IQR: 26 — 29) compared to children with MIS-C (p=0.002 in
one-way ANOVA) (Supplementary table S1). Similar to other reports (3), we found that children with
SARS-CoV-2 had systemic inflammation evidenced by elevated inflammatory markers, including
ESR, CRP, ferritin, and D-dimer (12). The children with severe COVID-19 and MIS-C also displayed
elevated pro- and anti-inflammatory plasma cytokines (4, 5, 8). Finally, B-type natriuretic protein
(BNP), a marker of cardiac inflammation, was higher in the children with MIS-C versus the severe

COVID-19 group, with the difference approaching statistical significance (Supplementary table S1).

We performed ELISAs to measure serum 1gG antibodies against the SARS-CoV-2 full-length
spike protein (S), the receptor binding domain (S-RBD) of the S protein (3, 15), and the nucleocapsid
(N) protein (Figure 1A-C). We found that children with minimal COVID-19 had varied levels of
serum IgG against all SARS-CoV-2 antigens tests (Figure 1), which likely reflects the clinical
heterogeneity of these patients. Half of the children with minimal COVID-19 (5 of 10) were
immunocompromised, yet the majority (4/5) still mounted a SARS-CoV-2 S-specific 1gG response.
We observed no difference between SARS-CoV-2 antibody levels in children with or without
immunodeficiency. These patients were either completely asymptomatic with respect to SARS-CoV-2
(n=2), or were admitted for treatment of another infection (n=3). In contrast, we found that the
majority of children with severe COVID-19 had undetectable levels of SARS-CoV-2 S, S-RBD, and
N 1gG antibodies (Figure 1A-C). This observation stands in contrast to that in adults with severe
COVID-19, who typically possess higher levels of SARS-CoV-2 antibodies compared to adults with
milder disease (17, 18). We found that patients with MIS-C had higher 1gG antibody titers against S-
RBD and full-length S (p=0.010 and p=0.025 in one-way ANOVA, respectively) compared to
children with severe COVID-19 (Figure 1C). Children with MIS-C also had elevated levels of serum
anti-SARS-CoV-2 N antibodies; however, this was not significantly higher than children with

minimal or severe disease. We also performed ELISAs to measure serum IgM and IgA antibodies



against the SARS-CoV-2 S, S-RBD, and N proteins (Figure 1D-I). Unlike 1gG titers, we found no
statistically significant differences in IgM antibody titers between children with different SARS-CoV-
2 diseases. We found that children with MIS-C had higher IgA antibody titers compared to children

with severe COVID-19 against full-length S but not S-RBD (p=0.010 in one-way ANOVA).

To measure levels of functional antibodies in pediatric patients, we also performed
neutralization assays using pseudo-typed vesicular stomatitis virus (VSV) expressing the SARS-CoV-
2 S protein (Figure 1J). Neutralization antibody titers highly correlated with IgG titers to full length S,
S-RBD, and N (R°=0.586, 0.632, and 0.4643, respectively; Figure1K). We found that children who
presented with minimal disease had variable levels of neutralizing SARS-CoV-2 antibodies (Figure
1J). Children with MIS-C had higher neutralization titers compared to children with severe COVID-
19 (Figure 1J), which is consistent with higher serum 1gG titers against full length S (Figure 1A) and

S-RBD (Figure 1B) in children with MIS-C.

DISCUSSION

Collectively, our study suggests that children with MIS-C have higher levels of IgG
antibodies that neutralize SARS-CoV-2 more effectively compared to children with severe COVID-
19. Although this observation will require further study, we suspect that this finding may be due to a
longer time since onset of infection in children with MIS-C relative to children with severe COVID-
19. We could not formally investigate this possibility, since many of the patients with minimal
COVID-19 and MIS-C did not recall a specific exposure or disease symptoms. Children who
presented with severe COVID-19 reported a median of 5 days since symptom onset (Supplementary
table S1). Our previous studies indicate that adults with severe COVID-19 possess higher titers of
SARS-CoV-2 S-RBD antibodies compared to adults with milder disease (17, 18). It is interesting that
only 2 of 9 pediatric patients with severe COVID-19 had detectable 1gG antibody titers against the S-
RBD protein. One of these seropositive patients presented with severe COVID-19 associated acute
respiratory distress syndrome (ARDS) 10 days post symptom onset in the setting of pre-existing
hypertension, insulin-dependent diabetes mellitus and hypertrophic cardiomyopathy and eventually

died from cardiac causes (19). The other seropositive patient presented 4 days post symptom onset



and had a history of adrenal insufficiency due to panhypopituitarism and presented with hypotension
leading to respiratory failure, in the setting of multiple co-infections including rhinovirus, adenovirus,
and a radiologically confirmed osteomyelitis. Several children in all three phenotypic categories had
co-infection, and the role of co-infections in COVID-19 is an important area for future investigation.
Further studies are required to determine why children with severe COVID-19 tend to have lower

titers of SARS-CoV-2 antibodies compared to adults with similar disease.
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Figure Legend

Figure 1. Serum SARS-CoV-2 antibody levels in pediatric COVID-19 patients. Antibody titers
expressed as reciprocal serum dilution against SARS-CoV-2 antigens in pediatric patients with
minimal disease (n=10), severe disease (n=9) and multisystem inflammatory syndrome (MIS-C;
n=10). Line and error bars represent median antibody titer and interquartile range per disease
phenotype. Titers against the SARS-CoV-2 receptor binding domain (S-RBD) IgG (a), IgM (d), and
IgA (). Titers against SARS-CoV-2 full length spike protein (S) 1gG (b), IgM (e), and IgA (h). Titers
against SARS-CoV-2 nucleocapsid protein (N) 1gG (c) and IgM (f) and IgA (i). Note: IgA Sand N
antibodies were measured in a subset of samples with sufficient volume; N=23). (j) Neutralization
activity of sera against SARS-CoV-2 spike pseudo-typed vesicular stomatitis virus (VSV) expressed
as the geometric mean of the reciprocal dilution foci reduction neutralization titer (GMT FRNT,;
N=24). (k) Linear regressions of Log2 transformed SARS-CoV-2 IgG titers (S, S-RBD, and N) and
FRNT neutralization titers (R? = 0.59, 0.63, 0.4; p<0.0001, p<0.0001, and p=0.0002, respectively).
Dashed lines denote the lower limit of detection at a reciprocal dilution of 50. Unpaired t-test of log2

transformed titers **p<0.001.
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Figure 1
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