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Abstract

Multisystem inflammatory syndrome in children (MIS-C) during the COVID-19 pandemic raised
a global alert from the Centers for Disease Control and Prevention’s Health Alert Network. The
main manifestations of MIS-C (also known as pediatric MIS (PMIS)) in the setting of a severe
inflammatory state include fever, diarrhea, shock, and variable presence of rash, conjunctivitis,
extremity edema, and mucous membrane changes. In some cases, these symptoms progressed to
multi-organ failure. The low percentage of children with asymptomatic cases compared with mild
illness and moderate illness could be correlated with the rare cases of MIS-C. One potential
explanation for the progression to severe MIS-C disease despite the presence of readily detectable
anti-SARS-CoV-2 antibodies could be due to the potential role of antibody-dependent
enhancement (ADE). We reason that the incidence of the ADE phenomenon whereby the
pathogen-specific antibodies can promote pathology should be considered in vaccine development
against SARS-CoV-2.
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In April 2020, clinical reports documented the occurrence of a multisystem inflammatory
syndrome in children (MIS-C) during the COVID-19 pandemic in the United States, United
Kingdom, Italy, and France. In the United States, during the period from April 16, 2020, to
May 4, 2020, 15 children aged 2—15 years with MIS-C syndromes were admitted to the
intensive care unit. On May 12, 2020, 102 children with similar presentations were reported
in a study from New York, many of whom tested positive for SARS-CoV-2 infection by
either a serologic assay or by RT-PCR.1 On July 12, 2020, two children are the first in the
South Carolina with a confirmed diagnosis of MIS-C. On May 14, 2020, the Centers for
Disease Control (CDC) and Prevention’s Health Alert Network issued a global alert for
MIS-C after identifying a possible link between this critical illness in children and infection
from the novel coronavirus SARS-CoV-2, the virus that causes the COVID-19 disease.> A
CDC-supported surveillance study for MIS-C conducted, and as of August 6, 2020, in
pediatric health centers across the United States documented 570 confirmed cases of MIS-C
and 10 deaths in 40 states with a median age of 8.3 years. The study also showed that about
55% of MIS-C patients were male and 99% of the patients were positive for SARS-CoV-2
by RT-PCR or antibody testing, and 88% of them were hospitalized.23 In general, more than
1,000 cases of MIS-C were documented worldwide and most patients have antibodies
against SARS-CoV-2, and the virus is detected in a smaller proportion.*

The main manifestations of MIS-C in the setting of a severe inflammatory state include
fever, diarrhea, shock, and variable presence of rash, conjunctivitis, extremity edema, and
mucous membrane changes, and in some cases, this can lead to the development of multi-
organ failure.> The multi-organ failure in MIS-C is manifested by neurologic involvement,
hyperferritinemia, and cardiogenic or vasoplegic shock.® Children with severe MIS-C cases
who have either previous exposure to SARS-CoV-2 or tested positive for SARS-CoV-2 were
admitted to the intensive care units for shock or acute cardiac dysfunction.”

The MIS-C features share some aspects of the Kawasaki syndrome in terms of multisystem
inflammation and high levels of inflammatory biomarkers. However, MIS-C has been
reported in individuals who are up to 21 years of age with a higher rate of cardiac
involvement,® whereas patients with Kawasaki syndrome have been shown to occur
predominantly in infants and children under 5 years old.” An epidemiologic feature showed
an increased incidence of MIS-C in patients of African, Afro-Caribbean, and Hispanic
descent and decreased incidence of MIS-C in patients of East Asian descent.8 The etiology
of Kawasaki disease remains unknown, with evidence suggesting that infectious agents
could trigger the initiation of this disease. The cases of previously healthy children who
developed MIS-C syndrome were shown to be associated with a clinical or sub-clinical
SARS-CoV-2 infection. At present, it is unclear whether the SARS-CoV-2 infection could
ignite the inflammation cascade that causes MIS-C illness.

Whereas it was previously thought that SARS-CoV-2 infection shows mild to asymptomatic
disease in children and those that become infected are not susceptible to pneumonia
secondary to COVID-19 infection, this view has significantly changed following the
documentation of MIS-C in select cases of pediatric SARS-CoV-2 infection.® These findings

Pediatr Allergy Immunol. Author manuscript; available in PMC 2021 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rothan and Byrareddy Page 3

have led to the conclusion that clearly more detailed studies are required to more precisely
define the molecular aspects of the triggering factors of MIS-C during the COVID-19
pandemic. In this opinion, we discuss the proposed molecular basis that demonstrates the
following: (a) the low susceptibility of children to SARS-CoV-2 infection than adults, and
(b) how could the re-infection of children with a symptomatic COVID-19 lead to the
development of the MIS-C disease.

THE LOW SUSCEPTIBILITY OF CHILDREN TO COVID-19 ILLNESS

Adults with severe COVID-19 suffer from deadly pneumonia and insufficient supply of
oxygen throughout the body, while children show mild to asymptomatic COVID-19 disease
with fewer death cases. A study early in the COVID-19 pandemic showed that the
percentage of infected children with SARS-CoV-2 was as low as 0.9% for 0-10 years and
1.2% for 10-19 years old.10 Further analysis of the SARS-CoV-2-infected children showed
that whereas there was a 4% incidence of children with asymptomatic cases, those with mild
illness comprised 51%, and those with moderate illness comprised 39% of the total number
of reported cases.1! The molecular basis of the differences in COVID-19 pathogenesis
between children and adults has yet to be fully understood.

The expression levels of SARS-CoV-2 cellular receptors and co-receptors in the children and
adults could have an impact on virus infectivity and disease severity. Angiotensin-converting
enzyme-2 (ACE2) represents the primary SARS-CoV-2 receptor for viral entry, and it is co-
expressed with a cluster of the transmembrane serine protease (TMPRSS?2). This protein
contains a type Il transmembrane domain, a receptor class A domain, a scavenger receptor
cysteine-rich domain, and a protease domain. It is now well known that the functional role of
TMPRSS2 in terms of SARS-CoV-2 viral entry is its role in cleaving the S protein of SARS-
CoV-1 and SARS-CoV-2 into two fragments S1, which is essential for virus attachment, and
S2, for virus fusion into the target cells.12 Attachment of the receptor-binding domain of the
virus spikes to the ACE2 initiates SARS-CoV entry into target cells.1314 As such, lung
epithelial cells represent the coronaviruses’ primary target because of the co-expression of
the ACE2 receptor with TMPRSS2 protein.1>

In this regard, it is important to note that children show lower levels of ACE2 expression in
the lungs than adults, which could contribute to the observed differences in disease
pathogenesis across different age groups.16 It has been reported that SARS-CoV infection
shows slight, non-specific, and cold-like symptoms in children younger than 12 years old
and these symptoms are less pronounced than it is in adolescents.1” The expression levels of
the TMPRSS? protein are regulated by the levels of androgen and androgen receptors.18 It is
important to note that children younger than 12 years old have a lower level of androgen and
androgen receptors than are present in adolescents and adult men. The age-based difference
in the expression levels of ACE2 and TMPRSS2 could contribute to lower levels of viremia
and play a potential role in the severity of COVID-19 pathogenesis.
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3| THE POSSIBLE TRIGGERING OF MIS-C VIA ANTIBODY-DEPENDENT
ENHANCEMENT
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Antibody-dependent enhancement (ADE) is a phenomenon by which the complex consisting
of the antigen and non-neutralizing virus-specific antibodies binds via the Fc portion of the
Ig to the Fc receptors on the cellular membrane of the immune cells thereby enhancing virus
entry. The ADE-dependent virus entry is independent of the conventional pathway of entry
of the SARS-CoV-2 virus mediated by binding of the spike proteins of the virus to the ACE2
receptor. Such ADE mechanisms are well described in other viral diseases such as dengue
and Zika virus infections.1® A number of reports documented the finding that most of the
individuals presenting with MIS-C have significant levels of SARS-CoV-2 antibodies in
their sera but they are negative for SARS-CoV-2 by RT-PCR. We reasoned that there may be
a potential role of the ADE that could trigger the MIS-C syndromes whereby the pathogen-
specific antibodies can promote pathology.

It has been observed that the severe disease caused by SARS-CoV-1 infection is associated
with the peak of neutralizing antibody response, suggesting that antibody responses that
potentially contain ADE antibodies may also be related to disease outcome in SARS-CoV-1
infection.20 The spike protein of SARS-CoV-2 contains various epitopes that could induce
neutralizing and non-neutralizing antibody production. The neutralizing antibodies afford a
protective effect against virus entry into the host cells. On the other hand, the antibodies
generated against the non-neutralizing epitopes could enhance virus entry leading to severe
disease outcomes.

We hypothesize that the initial exposure of children to the SARS-CoV-2 induces both
neutralizing and non-neutralizing antibodies production by immune cells. However, over
time, it is possible that those children with predominantly virus-neutralizing antibodies
progress to asymptomatic COVID-19 illness. However, a select number of those that shift to
producing predominantly non-neutralizing antibodies progress to severe disease due to
ADE. This is exemplified by the finding that at low dilutions, anti-sera against SARS-CoV
neutralized SARS-CoV infection, while highly diluted anti-sera significantly increased
SARS-CoV infection and induced higher levels of apoptosis.?! While low levels of
neutralizing antibodies may be insufficient to inhibit virus entry, these low levels of non-
neutralizing antibodies could on the other hand enhance virus entry and worsen the disease
outcome. Thus, the complex of antibody and Fc receptor functionally mimics viral receptor
in mediating MERS-CoV entry into the target cells.2

Previous in vitro (using cell lines) and in vivo studies (utilizing the murine model) of SARS-
CoV suggest the potential role of ADE in enhancing viral infection and pathogenesis. The
ADE was implicated in a respiratory syncytial virus (RSV) vaccine trial when the vaccinated
children carried high titers of non-neutralizing antibodies. Approximately, 80% of the
children immunized against RSV ended up hospitalized, and 2 children died, while only 5%
of the children in the control group required hospitalization.23 Macaques received vaccinia
virus expressing SARS-CoV-1 spike exhibit acute lung injury upon viral challenge than
controls and the blockade of FcyR reduced such effects.24 Hamsters vaccinated with SARS-
CoV-1 spike protein were potentially protected from SARS-CoV-1 infection but showed
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evidence of developing anti-sera that facilitated ACE2-independent virus entry.25 Cats
vaccinated with spike protein against feline coronavirus died much faster than unvaccinated
cats and carried more anti-spike antibodies, implicating ADE.23 Four different SARS-CoV-1
vaccines developed for human use were tested in mice. All vaccines induced immune
response and protection against virus infection but Th2-type immunopathology suggesting
hypersensitivity to SARS-CoV components was observed.28 Other studies on mice also
showed similar effects when the animals vaccinated with SARS-CoV nucleocapsid or
inactivated MERS-CoV.27:28

It is important to note the delay between the recognized beginning of the SARS-CoV-2
pandemic in the population and the recent emergence of MIS-C illness in children. It is
possible that COVID-19-induced pathology changed since the beginning of the pandemic,
after the virus began circulating within the general population due to varied levels of
background generational immunity of hosts. The severe or mild and symptomatic or
asymptomatic infections produce a different ratio of neutralizing and non-neutralizing
antibodies that will affect the pathology of the subsequent second infection with SARS-
CoV-2 (Figure 1).

MACROPHAGE ACTIVATION VIA ANTIBODY-DEPENDENT
ENHANCEMENT

A growing body of evidence suggests the host’s innate immune response to SARS-CoV-2
infection triggers the inflammation cascade that causes severe tissue damage.2°
Macrophages are the main tissue-resident immune cells that produce high levels of
inflammatory cytokines upon infection. The virus-specific antibodies increase the uptake of
virus by macrophages in the tissues that lead to the synthesis of high levels of pro-
inflammatory cytokines, also known “cytokine storm.” In select cases, COVID-19 is
characterized by a cytokine storm resembling that of macrophage activation seen in viral-
induced lymphohistiocytosis and hemophagocytosis.3® Macrophages and dendritic cells are
the key immune cells which express ACE2 receptor and susceptible to SARS-CoV-2
infection in the lung and other tissues. Previous studies showed that coronaviruses infect
different immune cells with or without ACE2 receptors and the infected immune cells
mediate virus entry into lung cells.31:32 Macrophages expressing CD68+CD169+ in the
spleen and lymph nodes contain SARS-CoV-2 nucleoprotein antigen and upregulate of IL-6
levels.33 It is also suggested that CD169+ macrophages could have a role in viral
dissemination, inflammation, and cell death during SARS-CoV-2 infection.33 Further studies
are required to address the relationship between Th2 cell-mediated pathology during
coronavirus infection and the occupancy of ADE.

The ACE2-independent pathway of virus entry depends on the expression of 1gG Fc
receptors (FCR) on the cellular membrane of the immune cells. Binding of virus-antibody
complex to FcR induces cellular endocytosis?! (Figure 2). The existing SARS-CoV-2-
specific antibodies in MIS-C patients may thus promote viral entry into immune cells
resulting in immune cell activation and subsequent acute inflammation. The macrophages
are activated when the endosomal Toll-like receptors TLR3, TLR7, and TLR8 start sensing

Pediatr Allergy Immunol. Author manuscript; available in PMC 2021 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rothan and Byrareddy Page 6

viral RNA and induce a downstream cascade of pro-inflammatory cytokines such as TNF
and 1L-6.21 The elevated levels of TNF are the leading cause of septic shock, and multi-
organ failure may result in myocardial damage and circulatory failure observed in some
COVID-19 patients.34 Furthermore, it has been observed that the majority of the children
with MIS-C do have gastrointestinal symptoms and in a recent study of pediatric Crohn’s
disease in a cohort of MIS-C children linked to the COVID-19 infection was successfully
treated with TNF-a blockade.3® Therefore, it was suggested that local inflammation and
accumulation of pathological macrophage populations in the tissues could be among the
leading causes of MIS-C syndrome. Further investigation is required to illustrate the role of
macrophage populations in MIS-C syndrome.

In conclusion, a few months after the COVID-19 pandemic, children with MIS-C syndrome
linked to SARS-CoV-2 infection were reported in different countries. To the best of our
knowledge, there was a paucity of reports from Asian countries that addressed the issue of
pediatric cases of COVID-19 until recently.38 As reported, there were only 14 cases of
children under the age of 10 among the total of 8866 cases of COVID-19 in one study from
China.36 In addition, the number of cases in patients aged from 10 to 19 was only 1% or
less. It is of interest to note that the incidence of Kawasaki disease is significantly higher in
Asian populations3” but the incidence of systemic inflammation secondary to COVID-19 in
pediatric cases has been rarely observed.38 The precise reasons for this finding have yet to
be established but we suspect that the low number of pediatric COVID-19 patients may be a
contributing factor. There is an apparent correlation between the percentage of asymptomatic
SARS-CoV-2 infection in children and the incidence of MIS-C. The absence of SARS-
CoV-2 RNA in seropositive individuals suggests the possible role of SARS-CoV-2 non-
specific antibodies in the development of MIS-C disease via ADE.
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Key Message

Multisystem inflammatory syndrome in children (MIS-C) is associated with SARS-
CoV-2 infection and a correlation was found between the percentage of asymptomatic
SARS-CoV-2 infection in children and the incidence of MIS-C. Further, there is a
possible role of SARS-CoV-2 non-specific antibodies in the development of MIS-C
disease via antibody-dependent enhancement (ADE).
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FIGURE 1.
The MIS-C cases could increase through the SARS-CoV-2 waves of infection. (A) The

number of new COVID-19 cases reported by CDC each day in the United States since the
beginning of the outbreak shows wave-like patterns.3? (B) The hypothetical scheme shows
that the susceptibility of children to re-infection with SARS-CoV-2 via ACE2-independent
pathway will increase when the accumulated number of children with asymptomatic disease
is increasing in the population during the waves of SARS-CoV-2 pandemic
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FIGURE 2.
The ACE2-independent pathway of virus entry depends on the expression of Fc receptors on

the cellular membrane of the immune cells. Binding of virus-antibody complex to Fc
receptors induces cellular endocytosis resulting in immune cell activation and subsequent
acute inflammation
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