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As of mid-September, the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has infected more than
30 million people, resulting in approximately 1 million deaths
worldwide, including more than 200,000 deaths in the United
States alone. Fever, dry cough, breathing difficulties, and
gastrointestinal (GI) symptoms are typical features of coronavirus
disease-2019 (COVID-19). Although 80% of infected people
develop a mild disease, approximately 20% progress to severe
COVID-19, which is associated with lung damage and breathing
difficulties, and may lead to respiratory failure and death.
Exacerbation of the COVID-19 immune response manifested by
extensive cytokines release, called cytokine storm, may lead to
multisystem inflammatory syndrome, which is fatal in 28% of
cases.' Children can also be infected with SARS-CoV-2 (<2%);
however, most confirmed pediatric cases have a less severe
outcome and milder symptoms.

In late April 2020, reports from Europe described the
emergence of a new febrile pediatric entity that involved
persistent fever, systemic hyperinflammation, multiorgan
involvement with prominent and severe GI symptoms, and
cardiogenic shock and hypotension, requiring pediatric intensive
care unit care in most cases. Some who developed this syndrome,
referred to as COVID-19-associated multisystem inflammatory
syndrome in children (MIS-C), also demonstrated clinical
findings including erythematous rashes, conjunctivitis, and in-
flammatory changes in the oral mucosa, features reminiscent of
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Kawasaki disease (KD). However, although initially designated
as “Kawasaki-like,” it soon became clear that this novel syn-
drome was very different from KD or KD shock syndrome,
because MIS-C affected different demographics, and the clinical
and laboratory parameters differed greatly between the 3
conditions® (Table I). Although early research suggested that
KD might be triggered by a superantigen (SAg), subsequent
studies could not confirm VB2 family T-cell repertoire skewing
in patients with KD. In contrast, MIS-C is more reminiscent of
toxic shock syndrome (TSS).” MIS-C cases reported from Lon-
don showed similar findings, including an association with
COVID-19 infection, higher incidence in children with African
ancestry, and disease presentation with prominent features of
shock, myocarditis, and severe GI symptoms, which are all very
rare in KD.? In addition, the overall clinical picture of MIS-C is
similar in many respects to the late, severe COVID-19 phase in
adults, which is characterized by a cytokine storm, hyperinflam-
mation, and multiorgan damage, and often includes severe
myocarditis and acute kidney injury, and laboratory and clinical
features of TSS."

A causal link between SARS-CoV-2 infection and MIS-C has
not yet been clearly established; however, many patients with
MIS-C were reportedly exposed to someone known or suspected
to have COVID-19. Although only around a third of patients with
MIS-C are positive for SARS-CoV-2 by PCR, a large majority are
PCR-negative but positive serologically for SARS-CoV-2 anti-
bodies and/or have a history of mild COVID-19 infection or
exposure several weeks before presentation. Such timing suggests
that MIS-C is a postinfectious disease or an immune or
autoimmune disease. Moreover, the virus may still be present in
the GI tract of these patients, because they demonstrate very
severe GI symptoms.

Through structure-based computational modeling, we discov-
ered that the SARS-CoV-2 spike protein encodes a high-affinity
SAg-like sequence motif near the S1/S2 cleavage site of the spike
protein. The region containing this motif exhibits a high affinity to
bind to T-cell receptors (TCRs) by closely associating with the
variable domains’ complementarity-determining regions of both
the o and B chains(Fig 1).”° Notably, this region (containing the
SAg-like motif) is highly similar in sequence and 3-dimensional
structure to a fragment of the superantigenic Staphylococcal
Enterotoxin B (SEB), which is known to interact with the TCR
and CD28.° SEB triggers large-scale T-cell activation and prolif-
eration, resulting in massive production of a proinflammatory
cytokine profile typical of TSS, similar to that which entails
severity and death from COVID-19. Next-generation immunose-
quencing analysis of T-cell repertoires from patients with
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TABLE I. Demographic and clinical characteristics of patients with MIS-C, KD shock, TSS, and KD
KD shock
Characteristic MiIS-C TSS syndrome KD
Median age (y) 9 7 3 2
Ethnicity Hispanic or Latino and Black, non-hispanic White Asian and Asian and

GI symptoms

Myocardial dysfunction/cardiovascular shock
Neuropsychological findings and CNS symptoms
Coronary artery dilatation/aneurysms

D-dimers levels

Troponin levels

Inflammation markers (ferritin, CRP, neutrophils)
Lymphopenia

Thrombocytopenia

Response to IVIG and steroids

Severe

Yes

Yes

Transient dilation
No real aneurysm
High

High

Highest

Yes

Yes

Yes

Severe

Yes

Yes

Transient dilation
No aneurysm
High

NA

Highest

Yes

Yes

Yes

Asian ancestry
Mild
Yes
No
Dilation
and aneurysms
Low
Low
Higher
No
No*
Yes

Asian ancestry
Mild
No
No
Dilation
and aneurysms
Low
Low
High

CNS, Central nervous system; CRP, C-reactive protein.

*Some cases of KD shock have been associated with thrombocytopenia. Table generated from Whittaker et al” and Cheung et al.’
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FIG 1. SARS-CoV-2 spike superantigen (SAg)-like motif exposure and immune activation following SARS-
CoV-2 infection potentially leads to hyperinflammation in MIS-C and cytokine storm. A, Schematic
representation of the interaction between SARS-CoV-2 spike and host cell ACE2 receptor (green) and trans-
membrane protease TMPRSS2 (purple). TMPRSS2 binds the spike trimer near the Pgg1RRAgg4 insert (red)
unique to the SARS-CoV-2 spike. Peg1RRAgg4 is located in an SAg-like region, which also exhibits a high
affinity to bind TCRs (cyan), -and is adjacent to the cleavage site Rggs-Segs, the breakage of which separates
each subunit of the spike trimer into 2 subunits, S1 and S2, resulting in the S2 fusion trimer (bound to viral
membrane) and the S1 trimer (released to extracellular space). The diagram displays S2 prefusion and post-
fusion conformations (see the key for diagrams in A at the bottom). B, Exposure of the SAg-like region
prompts nonspecific T-cell activation and cytokine storm, leading to hyperinflammation associated with
MIS-C and severe COVID-19. IVIG and steroids may block the SAg-triggered activity. Note, we show the cat-
alytic domain of membrane-bound TMPRSS2, and 1 monomer of ACE2 receptor, for simplicity. Spike
monomers are colored blue, gray, and orange, with lighter/darker shades for S1/S2 subunits. ACE2, Angio-
tensin-converting enzyme 2; APC, Antigen-presenting cell; TMPRSS2, Transmembrane Serine Protease 2.

COVID-19 indicated that severe COVID-19 was associated with a
TCRV skewing, enrichment of selected V[3 genes, and increased
J diversity, consistent with SAg activity.” These data support our
hypothesis that MIS-C, as well as cytokine storm observed in
adult patients with severe COVID-19, is mediated by SAg activity

of the SARS-CoV-2 spike protein. Additional, prospective studies
in adult and pediatric cohorts are warranted to test this hypothesis.

Notably, both T and B cells can be triggered by SAgs to
contribute to the innate immune response. Multiple autoantigenic
immunoglobulins have been identified in children with MIS-C,’
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raising the possibility that the SARS-CoV-2 SAg-like structure
we identified may also possess B-cell SAg-like function. Further-
more, T-cell SAgs can interact with MHCII expressed on B cells
to induce B-cell signaling pathways.® It will be important to
explore this potential in future studies.

Some children with MIS-C develop neurological symptoms,”
including headache, altered mental state, and confusion, and
similar neurological complications are reported in adult patients
with COVID-19.” The pathologic mechanisms leading to these
symptoms remain unknown. Interestingly, SAg-induced TSS
has been associated with long-term neuropsychologic deficits
in adults, including cognitive decline,'” and we identified a
homology between the SAg motif of SARS-CoV-2 and
neurotoxin-like sequences that are able to bind the TCR.
Notably, SARS-CoV-2 spike contains other neurotoxin-like mo-
tifs as well, including in particular the segment T299-Y351,
which has been recently observed to be a highly cross-
reactive epitope that triggers CD4" T-cell response.” It will
be interesting to determine whether these neurotoxin-like se-
quences in the SARS-CoV-2 spike protein contribute to the
neurological manifestations observed in children with MIS-C
and adults with severe COVID-19.

Why only a small fraction of SARS-CoV-2—infected children
develop MIS-C remains unclear. It is possible that a poor initial
antibody response to the virus in a subset of children fails to
produce neutralizing antibodies, leading to immune enhancement
following SARS-CoV-2 reexposure. Alternatively, some HLA
types may be more permissive, and respond more robustly to
certain viral antigenic structures.” Indeed, among the reported
cases from London,” 50% of patients with MIS-C were of Afro-
Caribbean descent, which suggests a possible genetic component
for MIS-C susceptibility.

Finally, our findings suggest that immunomodulatory thera-
peutic approaches used for TSS, such as intravenous immuno-
globulin (IVIG) and steroids, may also be effective for MIS-C.
Indeed, most patients with MIS-C respond well to IVIG (2 g/kg)
and aspirin, with or without steroids.” Given the structural simi-
larities between SEB and the SARS-CoV-2 spike SAg motif,” it
is possible that antibodies within IVIG that neutralize SEB
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cross-react with the SARS-CoV-2 spike, which may in part
explain the beneficial response of MIS-C cases to IVIG. In addi-
tion, in the mouse model of TSS, lethal SEB SAg challenge can be
prevented by short peptide mimetics of the SAg motif.” There-
fore, it would be important to investigate the therapeutic potential
of peptide mimetics of SARS-CoV-2 spike SAg-like region in
COVID-19-induced hyperinflammatory syndromes in future
studies. Further elucidation of the parameters affecting the inter-
action between SARS-CoV-2 spike glycoprotein and immune
cells will be necessary to design effective preventive and thera-
peutic interventions.

We gratefully acknowledge support from the National Institutes of Health.
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