1' frontiers
in Medicine

REVIEW
published: 28 October 2021
doi: 10.3389/fmed.2021.747190

OPEN ACCESS

Edited by:
Antonio Brucato,
Papa Giovanni XXIIl Hospital, Italy

Reviewed by:

Prasanta Padhan,

Kalinga Institute of Medical Sciences
(KIMS), Indlia

Yasser Emad,

Cairo University, Egypt

*Correspondence:
Marco Cattalini
marco.cattaliniQunibs.it

Specialty section:

This article was submitted to
Rheumatology,

a section of the journal
Frontiers in Medicine

Received: 25 July 2021
Accepted: 29 September 2021
Published: 28 October 2021

Citation:

Panaro S and Cattalini M (2021) The
Spectrum of Manifestations of Severe
Acute Respiratory
Syndrome-Coronavirus 2
(SARS-CoV2) Infection in Children:
What We Can Learn From Multisystem
Inflammatory Syndrome in Children
(MIS-C). Front. Med. 8:747190.

doi: 10.3389/fmed.2021.747190

Check for
updates

The Spectrum of Manifestations of
Severe Acute Respiratory
Syndrome-Coronavirus 2
(SARS-CoV2) Infection in Children:
What We Can Learn From
Multisystem Inflammatory Syndrome
in Children (MIS-C)

Salvatore Panaro’ and Marco Cattalini®*

" Rheumatology and Clinical Immunology Unit, University of Brescia and Azienda Socio Sanitaria Territoriale (ASST) Spedali
Civili di Brescia, Brescia, ltaly, ? Pediatric Clinic, University of Brescia and Azienda Socio Sanitaria Territoriale (ASST) Spedali
Civili di Brescia, Brescia, Italy

Multisystem Inflammatory Syndrome in Children (MIS-C) is defined as a clinically
serious condition requiring hospitalization with fever, multi-system organ disfunction,
inflammatory biomarkers increase. The syndrome develops in the context of a probable or
ascertained Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV?2) infection,
but other possible etiologies should be ruled out for definitive diagnosis. On the clinical
side, along with the multi-system involvement, myocarditis with heart failure and shock
is the most striking feature. Capillary leak is another fundamental feature of MIS-C. In
fact, shock and hemodynamic compromise in MIS-C can occur also in the absence
of laboratory evidence of myocardial inflammation, with preserved cardiac function and
rapid reversibility. Since the first observations of MIS-C patients, it was evident that there
is a delay between the peak of adult cases of Coronavirus disease 19 (COVID-19) and
the MIS-C peak. Moreover, SARS-Cov2 isolation in children with MIS-C is not always
possible, due to low viral load, while positive serology is far more commonly observed.
These observations lead to the interpretation of MIS-C as a post-infectious disease.
Although the exact pathogenesis of MIS-C is far from being elucidated, it is clear that
it is a hyperinflammatory disease with a different inflammatory response as compared to
what is seen in acute SARS-CoV-2 infection and that the disease shares some, but not all,
immunological features with Macrophage Activation Syndrome (MAS), Kawasaki Disease
(KD), Hemophagocytic Lymphohistiocytosis (HLH), and Toxic Shock Syndrome (TSS).
Different mechanisms have been hypothesized as being responsible, from molecular
mimicry to antibody dependent enhancement (ADE). Some evidence has also been
collected on the immunological profile of patients with MIS-C and their difference from
COVID-19. This review is focused on critical aspects of MIS-C clinical presentation and
pathogenesis, and different immunological profiles. We propose a model where this
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hyperinflammatory disease represents one manifestation of the SARS-CoV2 spectrum
in children, going from asymptomatic carriers to the post-infectious MIS-C, through
symptomatic children, a low number of which may suffer from a severe infection with
hyperinflammation (pediatric Hyper-COVID).

Keywords: SARSCoV-2, MIS-C, children, COVID-19, myocarditis

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is an outbreaking
pandemic, threatening public health from at least September
2019. Until now we count at least 127 Million cases through
the Globe, with 2,79 Million deaths, as stated by World Health
Organization (WHO) (1). Children are less likely to be infected
by SARSCoV2 and, even if so, usually develop a mild disease
characterized by low-grade fever, abdominal pain and diarrhea
and mild upper respiratory tract involvement (2-5). Soon after
the first peak of SARSCoV?2 in Italy, Verdoni et al. reported on
an unusual peak of children presenting with some manifestations
of Kawasaki Disease (KD), but with atypical features, as
older age at onset, high incidence of cardiogenic shock and
myocarditis and abdominal symptoms. In the weeks after, as
the SARSCoV2 spread across Europe first and U.S. thereafter
more reports came of this hyperinflammatory syndrome possibly
related to SARSCoV2 (6-17). This syndrome is nowadays
called Multisystem Inflammatory Syndrome in Children (MIS-
C) or Pediatric Inflammatory Multisystem Syndrome temporally
associated with SARSCoV2 (PIMS-TS) and different case
definition criteria have been proposed (11, 18, 19). MIS-
C is a serious condition with systemic inflammation, always
requiring hospitalization and whose main features are fever,
multiorgan dysfunction, elevated acute phase reactants. The
syndrome develops in the context of a probable or ascertained
SARS-CoV2 infection, but other possible etiologies should
be ruled out for definitive diagnosis, as the disease mimics
KD shock syndrome (KSS), but also sepsis and Toxic Shock
Syndrome (TSS) (20). The epidemiology of MIS-C is still
unclear, although it appears to be a relatively rare condition,
with an incidence of <1% in SARS-CoV2-infected children (9).
As the number of cases reported is rising, it is not clear
which exact mechanism links SARSCoV2 infection to MIS-
C, and whether there is clinical overlap between acute severe
COVID-19 (Hyper-COVID), MIS-C, and K D. In the lack
of controlled trials, the treatment I usually based on the
combination of immunoglobulins i.v. (IVIG), systemic steroids
and, in the more severe cases anti-cytokine treatments. A
literature search through Medline/Pubmed was carried out
with different key-words: “SARSCoV2, “COVID-19,” “MIS-
C” “PIMS-TS; “Kawasaki Disease SARSCoV2, “Kawasaki
coronavirus,” “Kawasaki like disease,” “SARSCoV2 shock,
“Severe SARSCoV2,” “Severe COVID-19” with and without the
filter “children.” We included original studies, reviews, case
reports if written in English.

PATHOGENESIS

Although a definite model for MIS-C is far from being elucidated,
some preliminary evidence is now available.

The Superantigen Theory vs.
Antibody-Dependent Enhancement (ADE)

Epidemiological data showing a peak of MIS-C cases soon after
the peak of SARSCoV?2 infection in the general population, and
the observation that the majority of patients with MIS-C have
negative nasopharyngeal swabs but positive serology for SARS-
CoV2 point to a post-infective event, whose pathogenesis is still
far from clear (10, 21, 22). The disease seems to arise from a
dysregulated immune response, leading to a hyperinflammatory
state, and endothelial dysfunction, which ultimately causes a
capillary leak and multiorgan failure. Notably, there is a clinical
and laboratory overlap with some other hyperinflammatory
conditions, such as KD (KD), Kawasaki Shock Syndrome (KSS),
Haemophagocytic Lymphohistiocytosis (HLH), Macrophage
Activation Syndrome (MAS), and Toxic Shock Syndrome (TSS)
(23). One hypothesis to explain how SARS-CoV2 may elicit
this systemic response is through molecular mimicry, but also
a superantigen may play an important role in the process,
triggering self-reactive T cells (24). There is evidence that cells
from unexposed individuals can respond to S-protein epitopes
from SARS-CoV2, supporting the hypothesis of cross-viral
immunity from other strains of coronavirus. It is also known that
SARS-CoV-2 encodes a superantigen motif that is very similar
to another superantigen, known to cause TSS which, as already
pointed out, shows remarkable clinical overlapping with MIS-C;
the presence of a superantigen domain in selected viral strains
of SARS-CoV2 could also explain why MIS-C has been seen in
Europe and North America, but not in Asian countries (25).
On the other hand, Antibody-Dependent Enhancement (ADE)
is another mechanism possibly involved in the pathogenesis
of both COVID infection and MIS-C, with crucial clinical
implications (26). ADE could explain the clinical overlapping
between MIS-C and severe Dengue disease and why some
patients, developing high titers of virus-specific antibodies, have
a worse clinical outcome (26, 27). ADE has been demonstrated
for other coronaviruses: elevated levels of SARS-CoV-1 IgG
antibodies in critical SARS cases and anti-S IgG neutralizing
antibody responses developed more rapidly after the onset of
clinical symptoms in fatal forms compared with recovered cases,
leading some to attribute the enhanced tissue damage to ADE
(28). One mechanism regarding ADE for coronavirus suggests
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that the Fc Receptor-antibody complex mimics the viral receptor
in mediating viral entry, although this effect seems to be highly
dependent on antibody dosage (29). Patients with MIS-C carry
higher anti-spike antibodies, compared to children infected
by SARS-CoV2 but not developing MIS-C (26). It has also
been speculated that, in infants, ADE deriving from maternally
acquired SARS-CoV-2 antibodies bound to mast cells can be the
triggering mechanism of MIS-C (30). Another possibility is that
antibodies directed toward one strain might be not neutralizing
or sub-neutralizing for viral infections of other strains and
lead to ADE (26). Finally, dissemination of the virus has been
demonstrated in children who died from severe COVID-19, with
and without MIS-C, suggesting that direct virus replication in
different organs has a role in the most severe cases (31).

The Role of Endothelial Damage

From a pathological point of view, endothelial damage is one of
the main features of the disease. This damage may lead to the
overexpression of some molecules pivotal for inflammation, such
as Toll-Like Receptors (TLRs), IL-1, IL-6, TNF-alpha (32). The
role of endothelial damage is suggested by the finding of Burr cells
and schistocytes in patients with MIS-C and severe COVID-19,
and may explain the occurrence of renal failure and thrombotic
microangiopathy seen in some patients successfully treated with
eculizumab (20, 33, 34).

The Role of Dendritic Cells

Dendritic cells can likely be one pivotal target of COVID
infection. They are largely distributed in the respiratory tract and
through the gut. They are classified as plasmocytoid dendritic
cells, producing IFN I, crucial in antiviral response, and classical
dendritic cells, interacting with T lymphocytes for priming. A
new role for CD147, expressed on lymphocytes, macrophages,
and dendritic cells have been suggested for COVID infection.
Indeed spike protein can interact with CD147 on dendritic cells
and allow virus entry (35). Dendritic cell-specific intracellular
adhesion molecule-grabbing non-integrin (DC-SIGN) enhances
immune response during viral infections (36). Expression of
DC-SIGN or liver/lymph node-specific intercellular adhesion
molecule-3-grabbing integrin (L-SIGN) alone has no impact on
infection by SARS-CoV2, but amplifies infection of already-
permissive cells, i.e., ACE2 expressing cells (37). SARS patients
carrying the DC-SIGN promoter—336 G variant, which leads to
reduced DC-SIGN protein expression, had lower risk of having
severe SARS-CoV2 infection (38). Plasmacytoid dendritic cell-
derived type I IFNs is crucial for viral clearance in humans
(36, 39). Reduction in the percentage of dendritic cells, mainly
of the plasmocytic phenotype, in the peripheral blood of severe
patients in both acute and convalescent phases of SARS-CoV-
2 infection was also observed (average of 13 and 30 days after
symptoms onset, respectively), suggesting a possible defect in
type I interferon response as a possible factor for severe disease
(40). Further, the percentage of conventional dendritic cells have
been found decreased in the resolution phase of MIS-C and
dendritic cells also had decreased HLA-DR and CD86, which
could indicate impaired antigen presentation to CD8™ T cells and
priming of naive helper T cells (41).

Autoantibodies

Preliminary evidence suggests that specific autoantibodies may
be responsible for the systemic and organ-specific manifestations
of MIS-C. For instance, anti-endoglin (a glycoprotein expressed
by endothelium) antibodies were found in several patients
affected by MIS-C, but their role is still undefined. There
is also preliminary evidence that antibodies against common
cold-Coronaviruses could give some protection for MIS-C. IgG
antibodies to human coronavirus HKU1 and beta-coronavirus 1
were commonly observed in COVID patients, healthy volunteers
and Kawasaki-disease children, but lacked in MIS-C patients. The
relevance of this should be still determined but it is possible that
the presence of IgG antibodies against common coronaviruses
modulates the immune response to SARS-CoV-2 infection and
plays a role in the pathogenesis of MIS-C (42).

Differences in antibodies production between children with
MIS-C and adults with COVID-19 have been postulated by
Weisberg et al. In their study they found distinct antibody profiles
in MIS-C, COVID-19, and convalescent plasma donors. MIS-C
patients display a restricted antibody response, largely limited
to anti-Spike antibodies, with the overall lowest neutralizing
activity. On the other hand, patients with ARDS caused by
primary infection show the highest overall levels and the
most prominent neutralizing activity. The MIS-C cohort lacked
anti Nucleocapsid (Anti-N) antibodies, letting one think to a
weaker immune response in this subset of patients, almost not
neutralizing, although these results are not definitive (43).

CLINICAL PRESENTATION

General Features

MIS-C s believed to occur 2-6 weeks after SARS-CoV2 infection,
although definite demonstration of a preceding infection in
children with MIS-C is not always possible. Data from the first
case series showed that the majority of patients with MIS-C
are positive only for SARS-CoV2 serology, almost a third of
the patients resulted positive on both serology and nasal swabs
polymerase chain reaction (PCR), while a minority of patients
(around 5%) are negative on both SARS-CoV2 antibodies and
PCR (6, 10, 11, 22, 44). This delay between SARS-CoV2 infection
and MIS-C onset is testified also by the delay that has been
described in different countries between COVID-19 peaks in
the general population and MIS-C occurrence and may justify
the higher viral cycle thresholds of MIS-C patients compared to
severe COVID cases observed (10, 20, 22).

MIS-C usually has an abrupt onset with high spiking fever
and signs and symptoms of systemic involvement. The clinical
picture may be wide, in terms of organ manifestations and
severity. In a recent systematic review, the commoner symptoms
were gastrointestinal (71%), with the occurrence of abdominal
pain (36%), diarrhea (27%), and vomiting (25%), followed by
mucocutaneous manifestations (skin rash, strawberry tongue,
dried-cracked lips, conjunctivitis) (33, 34). Patients may present
with shock in a high percentage of cases, from 30 to 70%,
depending on different case series published. Shock is most
probably determined by a concurrence of heart failure and
capillary leak syndrome and requires intensive care treatment
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(7, 16, 45, 46). Heart involvement is, indeed, one of the most
striking features of MIS-C as further discussed. Neurological
involvement is quite common, described in up to 20% of affected
patients, with varying severity, from irritability and meningismus
to severe encephalopathy (47). Patients may also present with
kidney failure. Most notably, respiratory symptoms are seldomly
described, and this may help to differentiate MIS-C from severe
COVID-19, as further discussed (48).

Cardiovascular Involvement

Cardiac involvement is very common in MIS-C, and one
of the key features to distinguish this disease from severe
COVID-19. Myocarditis seems to be the most common cardiac
manifestation: more than a third of reported patients in the
literature showed depressed cardiac function with variable
severity, and this was the main cause for ICU admission
(48). Mild to moderate mitral regurgitation and tricuspid
regurgitation, but also some localized contractility defects are
the most common findings on echocardiography. In those
cases where MRI was performed, it showed myocardial edema
with late-gadolinium enhancement (46). Markers of cardiac
involvement, namely Troponin-T, brain natriuretic peptide P
(BNP) and N-terminal-prohormone BNP (NT-proBNP) were
raised in up to 77% of patients (46). Different mechanisms have
been proposed to cause heart involvement, from myocardial
edema to myocardial stunning, but also myocardial necrosis
(49, 50). An intense inflammatory state, but also transitory
ischemic states secondary to the hypoperfusion and hypotension
(in the most severe MIS-C cases) may be possible determinants
of the cardiac stunning. MIS-C with myocarditis shows a
stronger inflammatory profile compared to patients without
myocarditis. Eleven cytokines and chemokines, including CSF2,
CCL2, IL-6, CXCL10, FLT3L, 177 VEGE TGF-A, IL-1RA, PD-L1,
CX3CL1, TGF-BI, were found to be higher in MIS-C with severe
myocarditis (51). In contrast, a slightly higher expression of IFN-
a2 and IL-17A was found in MIS-C without myocarditis (51).
Another possible mechanism of damage is the direct invasion
of SARS-CoV2 in the heart: post-mortem biopsy analysis in
few children showed myocarditis, endocarditis, pericarditis with
necrosis of cardiomyocytes; the presence of viral particles in
endothelium, myocardium, myocardial macrophages, together
with lung and kidney microthrombi (16, 52).

Other less common findings in children with MIS-C are
pericarditis, in up to 20% of patients, and coronary artery
aneurisms (CAAs), which are reported in up to 25% of patients
(44, 46). The occurrence of CAAs in patients with MIS-C is
intriguing, as CAAs are a classic feature of Kawasaki Disease
(KD) and, together with some mucocutaneous manifestations
that are present in some patients, are the main feature suggesting
common pathogenesis, if not a continuum of disease, between
MIS-C and KD. Interestingly, the incidence of CAAs was
the same among three different categories of patients with
MIS-C, where two of the three categories had no other
common manifestations of KD (11). The outcome of cardiac
manifestations seems to be very good in patients with MIS-C, as
the majority of cases show resolution within few weeks, probably
for the aggressive treatment the majority of patients receive (53).

Laboratory Findings

Lab tests in patients with MIS-C testify the systemic
inflammation. The most common findings are leukocytosis
with neutrophilia, elevated inflammatory markers (CRP, ESR,
fibrinogen, procalcitonin), mild anemia, in up to 90% of patients.
Some patients may exhibit lymphopenia, although lymphocyte
levels are usually higher than in patients with acute COVID-19.
Finding high Troponin T and/or B natriuretic peptide (BNP)
or N-terminal pro-BNP (NT-pro-BNP) may suggest cardiac
involvement (48). Liver enzymes may be found elevated and
the most inflamed patients may satisfy Macrophage Activation
Syndrome criteria, with thrombocytopenia, markedly elevated
ferritin, hypofibrinogenemia, elevated lactate dehydrogenase
(6, 22). Hypoalbuminemia and prolonged PT and aPTT may be
found. Higher inflammatory markers and markers for cardiac
involvement seems to correlate with a poorer prognosis (54).

As already pointed out, evidence of infection from SARS-
CoV2 is present in almost 60% of cases, through positive PCR
on nasopharyngeal swabs or, more commonly, positive serology.
Noteworthy, as per case definitions, in case PCR o serology
is negative, patients must have a positive history of SARS-
CoV2 exposure.

Imaging

Hameed et al. described a case series of 35 children with
MIS-C. Chest radiography can be negative or can show peri-
bronchial cuffing and perihilar interstitial thickening (34%),
perihilar airspace opacification (31%). Interestingly, these
findings associate with cardiac dysfunction (12). In some cases,
a focal perihilar consolidation at admission, as well as small
bilateral pleural effusions and atelectatic changes, changing
within days from site to site were described (55).

Thoracic computer tomography (CT) imaging was performed
when embolism was suspected, due to raised values of D dimer
and fibrinogen. Basal consolidation with collapse (39%) and
pleural effusions (30%) were the most common findings (55).

As MIS-C has some overlapping features with KD, cardiac
CT was performed in case of myocardial dysfunction in 30 of
the 35 children (80%) and showed abnormal coronary artery
aneurysms in 6 (20%). Aneurysms ranged from very mild
single coronary artery dilatation (e.g., left anterior descending
artery diameter of 4.3 x 4.lmm and z score of +2.7) to
large aneurysms affecting more than one coronary artery (left
anterior descending artery diameter of 6.5 x 7.7mm and z
score of +13.9 in one child) (55). Heart magnetic resonance
imaging (MRI) showed signs of diffuse myocardial edema
and hyperemia with no focal myocardial necrosis or fibrosis
(40, 55).

Outcome

Although MIS-C may have an abrupt onset requiring intensive
care management, the global outcome is generally favorable.
According to a systematic review, the duration of hospitalization
was 4-13 days (median, 7 days), and intensive care was required
in 68% of patients. Inotropic support was required in 40%,
mechanical ventilation was required in 15%, and ECMO was
required in 2.7%. The fatality rate was reported to be 1.7%
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in the US and 1.4% in Europe (56). Among the studies that
reported outcomes at discharge (13) or during follow-up, almost
all patients with cardiac involvement experienced nearly full
recovery of left ventricular function and normalization of cardiac
inflammatory markers except for mild cardiac dysfunction
observed in nine patients at discharge in one study (57-60).

When compared with classic KD, MIS-C patients had a worse
left ventricular systolic and diastolic function. The strongest
predictors associated with myocardial injury in MIS-C patients
were globulin longitudinal strain (GLS), global circumferential
strain (GCS), left atrial strain (LAS), and longitudinal strain
of the right ventricular free wall (RVFWS), with an odds
ratio: 1.45 [95% confidence interval (CI): 1.08-1.95], 1.39 [95%
CI: 1.04-1.88], 0.84 [95% CI: 0.73-0.96], 1.59 [95% CI: 1.09-
2.34], respectively) (61). Higher inflammatory markers and
markers for cardiac involvement seems to correlate with a
poorer prognosis (54).

TREATMENT

To date, the majority of patients with MIS-C have been treated
with a combination of systemic corticosteroids and high-dose
i.v. immunoglobulins (IVIG). This is most certainly due to
the clinical overlap between MIS-C and KD. On this basis,
some scientific societies proposed guidance for management
and treatment of MIS-C and, although with slight differences
among them, they generally suggest tailoring the treatment on
the patient clinical picture and general management with the use
of IVIG alone in patients with less severe disease, adding systemic
corticosteroids (1-2 mg/kg/day i.v.) in patients with evidence of
shock (62-64). Pulse methylprednisolone is considered an option
for the most severe patients by some societies. Finally, as for KD
itself, Anakinra has been proposed for the treatment of refractory
cases, or on top of corticosteroids and immunoglobulins at
disease onset in the most severe patients (i.e., patients needing
ICU admittance, with signs or symptoms of secondary HLH)
(65). Few data are available to address the real efficacy of different
treatments. In a recent study by Son et al., the initial treatment
with IVIG plus glucocorticoids was associated with a lower risk
of new or persistent cardiovascular dysfunction than IVIG alone,
while McArdle et al. found no evidence that recovery from
MIS-C differed after primary treatment with IVIG alone, IVIG
plus glucocorticoids, or glucocorticoids alone (53, 66). These
discrepancies are most probably due to the retrospective nature
of the studies and to patients heterogeneity. Tocilizumab has
also been used in different case series but no specific trials are
available (44, 49).

Other ancillary treatments regarding thrombotic risk and
inotropic support must be evaluated case by case. Acetylsalicylic
acid should be given in case of coronary abnormalities, as it is for
KD (64). Prophylactic low molecular weight heparin should be
considered in children with MIS-C, given the high inflammatory
state and stratifying the thrombotic risk based on D-Dimer
levels and the presence of other pro-thrombotic risk factors (67).
Inotropic support is another important issue because of capillary
leak complicating MIS-C (68). Finally, therapy with eculizumab

should be considered in case of acute kidney failure and evidence
of microangiopathy (34).

HOT-TOPICS FOR DISCUSSION

MIS-C, KD, or Severe COVID-19? The
Spectrum of Clinical Manifestations of
SARS-CoV2 Infection in Children

The clinical picture of MIS-C is quite obvious in the majority of
cases; still, the disease has many overlaps with other conditions,
such as KD, Toxic Shock Syndrome (TSS), and sepsis (see
Table 1). Case definition criteria have been proposed for the
prompt identification and treatment of suspected cases, but their
sensitivity has never been evaluated. There is now evidence
that patients with MIS-C may satisfy also Kawasaki Disease
criteria and that some patients with acute COVID-19 may have
severe disease, with some features of systemic inflammation, and
possibly satisfying criteria for MIS-C (here referred to as Hyper-
COVID) (22, 69). To close the loop, clear-cut Kawasaki Disease
cases, without the classic features of MIS-C (such as shock and
myocarditis) and positive nasopharyngeal swabs for SARS-CoV2,
have been described (70).

Although pediatric COVID-19 is generally a benign disease
a minority of patients require ICU admittance for severe
manifestations (15, 71). Bhumbra et al. reported on few
patients with severe COVID-19, requiring ICU admission, and
compared their characteristics with less severe patients. Patients
requiring ICU were older, with longer disease duration before
admittance, worse respiratory parameters and evidence of intense
systemic inflammation with lower WBC, platelets, and higher
inflammatory markers (69). When reviewing MIS-C cases in
the US during the march to July 2020 period, Godfred-Cato
et al. were able to distinguish three different categories of
patients: a third of the patients had a higher incidence of
multiorgan involvement, with the cardiovascular and intestinal
systems being almost constantly affected. Those patients had also
the highest incidence of shock, higher inflammatory markers,
and more commonly showed increased Troponin, BNP, or
pro-BNP. SARS-CoV2 serology was positive in almost all the
children in this category. The second category of patients,
encompassing almost a third of the studied population, included
younger children, with a higher incidence of mucocutaneous
manifestations and lower incidence of multisystem involvement.
Children from this category had also a lower incidence of shock,
myocarditis, and most commonly satisfied Kawasaki criteria.
SARS-CoV?2 serology was positive in 2/3 of the patients, with
a third having also PCR positivity. Finally, the remaining third
of the patients had a higher incidence of respiratory symptoms
and severe respiratory involvement, with higher fatality rates
and SARS-CoV2 swabs were positive in a significantly higher
percentage of children. The authors themselves hypothesize
that this third category of patients most probably comprises
children with acute severe COVID-19, satisfying also MIS-C
criteria (11). Feldstein et al. recently published their research
where they recruited more than 1,100 children with SARS-CoV2-
related diseases, comparing those with MIS-C (as per CDC
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TABLE 1 | Main clinical and laboratory differences between MIS-C, Hyper-COVID, KD, TSS, and MAS (macrophage activation syndrome).

MIS-C Hyper-COVID KD TSS MAS
Age Older children (>8 y/0) Adolescents Young Children (<5 y/o) Older children (>10 yrs) Variable
Sex Male Equal Male Equal Equal
Ethnicity Non-African black Equal Asian Equal Equal
Skin involvement KD-like >50% cases Uncommon (rash) Typical Very common None
(erythema)
G.l. involvement Severe abdominal Abdominal Uncommon Common Uncommon
pain/diarrhea common pain/diahhrea possible
Respiratory Uncommon Severe low respiratory Uncommon Uncommon Uncommon
Involvement tract
Common
Neurologic involvement Irritability/ meningismus Uncommon Irritability very common Common Severe
Meningismus uncommon Common
Very common
to common
Kidney Involvement Possible AKI Uncommon Uncommon Common Uncommon
Hepatosplenomegaly Common Uncommon Possible Uncommon Very common
Lymphadenopathy Possible Uncommon Very common Uncommon Very common
Heart Involvement Very common Uncommon Common Common (myocarditis) Uncommon
Myocarditis/pericarditis/CAAs CAAs
Shock Common Uncommon Possible Common Uncommon
Lymphocyte count Normal to low Very low Normal Normal to high Normal to low
Neutrophil count Normal to high Normal Normal to high high Normal to low
Platelets Normal to low Normal to low Normal Normal Normal to low
LFTs Normal to high Normal to high Normal to High Normal High to very high
Triglycerides Normal Normal to high Normal Normal High
Fibrinogen Normal to low Normal to low Normal to high Normal to high Very low
Ferritin Normal to high Normal to high Normal to high Normal to high Very high
CRP High to very high High to very high High high High to very high

criteria) from those with severe acute COVID-19 (as per a pre-
defined set of criteria). Patients with MIS-C were significantly
younger, with a higher incidence of non-Hispanic Black
ethnicity, lower incidence of comorbidities, higher incidence
of cardiovascular involvement without respiratory involvement,
and higher incidence of mucocutaneous manifestations. Patients
with MIS-C also had higher inflammatory markers than patients
with acute COVID-19 (44).

Taken together all this evidence seems to suggest that SARS-
CoV2 may determine in children a spectrum of diseases: on
one end of the spectrum, there are the majority of children,
that remain asymptomatic or, develop a very mild disease,
which is clinically characterized by a low-grade fever and mild
gastrointestinal and respiratory involvement. A lower number
of ACE2 receptors in the high respiratory tract of children,
but also the so-called “trained immunity” theory have been
recalled as responsible for this benign course of SARS-CoV2
infection (72-74). Moving through the spectrum of diseases there
is then the minority of children that develop Hyper-COVID.
These are usually older children, usually with comorbidities.
Severe respiratory involvement, often requiring ICU treatments
and high fatality rates are the main characteristics of these
children, which usually have positive nasopharyngeal swabs
for SARS-CoV2. At the other end of the spectrum, there is

the post-infection disease, called MIS-C. High incidence of
shock, cardiac and gastrointestinal involvement, very intense
systemic inflammation, and racial predisposition are key
features of this form. Patients with MIS-C may have some
features of KD, mainly the mucocutaneous manifestations
and CAAs formation so that some of them, usually the
younger ones, satisfy KD criteria. Finally, there is also the
possibility to have bona-fide KD triggered by SARS-CoV2
(70). The high incidence of CAAs in the cohort of patients
studied, underlie that the two diseases share some common
pathogenetic mechanisms.

Many attempts are directed toward the identification
of different immunological profiles to distinguish MIS-
C and severe COVID (Table2). According to a recent
study, in MIS-C marked thrombocytopenia, neutrophilia, a
higher neutrophils/lymphocytes ratio and higher levels of
Myeloperoxidase (MPO) were found compared to COVID-19
(75). C-Reactive Protein plasma levels were found to be higher
in MIS-C rather than in COVID-19 children (75). In MIS-C
an important reduction of plasmocytoid dendritic cells was
found, with a proinflammatory cytokine profile characterized
by high levels of IL-6, CXCL8, CCL2, CXCL9, and CXCL10
(75). Acute COVID disease cytokine profile is characterized
by high IFNa levels with respect to MIS-C, while IFN-y was
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TABLE 2 | Merging knowledge from different studies.

MIS-C COVID

*MIS-C with severe myocarditis

High levels of CSF2, CCL2, IL-6, CXCL10,
FLT3L, 177 VEGF, TGF-A, IL-1RA, PD-L1,
CX3CL1, TGF-B1 (51)

Neutrophilia (75)
Decreased NF-KB inhibitors* (51)
Thrombocytopenia (75)

High IFNa (75)

Higher ratio neutrophils/lymphocytes (75)
Increased S-100 proteins* (51)

High MPO expression (80)

Increased NF-KB expression* (51)

Low plasmocytoid dendritic cells (75)
Decreased MHC Il expression* (51)

High levels of IFNy, IFNa2, IL-17A, TNF-a, IL-10,
Granzyme B (51)

Lower levels of IFNy, IFNa2,
IL-17A, TNF-a, IL-10,
Granzyme B compared to
MIS-C (51)

High levels of IL-10 4+ TNF-a (20)

High levels of Hypoxia induced response

(HIF1-0)* (51)

High levels of IFNa2 and IL-17A* (51)

High SARS-CoV2 RT-PCR cycle threshold (20) Low SARS-CoV2 RT-PCR

cycle threshold (20)

Higher levels of specific
antibodies with the most
prominent neutralizing
activity (43)

Presence of anti- N
antibodies (43)

Restricted antibody response, mainly anti-Spike
antibodies, lower neutralizing activity (43)

Lack of anti-N antibodies (43)

Overexpression of interferon induced genes (51)

*means MIS-C with severe myocarditis.

undetectable in both processes. This data is congruent with a
reduction in plasmocytoid dendritic cells encountered in MIS-C,
as they produce large amounts of IFNo; nevertheless, others
found an increase in IFN-y (20, 75). The role of many molecules,
including IFN-y, was studied by Smith et al. (76). They found
an important role for CXCL9, a monokine induced by IFN-y.
Increased levels of CXCL9 were correlated with the severity of
MIS-C (76). Indeed, CXCL9 could possibly allow distinguishing
MIS-C from KD. The optimal CXCL9 value to distinguish MIS-C
from KD was determined to be 535 pg/mL with a sensitivity
of 93% and specificity of 100% (76). Furthermore, CXCL9
followed the clinical picture, as it decreased after administration
of immunomodulators (76). Other authors pointed out that the
sum of IL-10 and TNF-a levels allowed to distinguish MISC from
severe COVID-19 presentations, but not between severe and
mild MIS-C (20). SARS-CoV2 reverse transcription polymerase
chain reaction (RT-PCR) cycle thresholds were found to be low
in COVID patients and high in MIS-C patients (20). Soluble
C5b-9 (sC5b-9), instead, has been suggested to be useful to
distinguish severe COVID-19 from mild COVID-19, but not
severe COVID-19 from MIS-C (20).

Post-vaccine Myocarditis: Is There a Link
With MIS-C?

Some reports have been published since May 2021 on the
occurrence of myocarditis and pericarditis in adult patients
receiving the mRNA vaccines. Myocarditis seems to occur mainly
in people under 30 years of age and is usually very mild (77).
More recently, Marshall et al. reported on seven adolescents
(from 14 to 19 years old) who developed myocarditis soon after
SARS-CoV2 vaccine (78). Although there was no evidence of
a causal relationship between SARS-CoV2 vaccination and the
occurrence of myocarditis, the observation that myocarditis is
one of the main features of MIS-C whose pathogenesis may
be linked to the production of autoantibodies, there have been
concerns that SARS-CoV2 vaccines may be related to MIS-C.
This is in contrast with the funding that all seven adolescents
lately reported had no evidence of acute SARS-CoV-2 infection
and did not fulfill criteria for MIS-C, also, myocarditis was
generally mild and all patients recovered without sequelae.
Myocarditis has been linked to other vaccines, smallpox in
particular, but a possible link between SARS-CoV2 vaccine
and MIS-C could not be excluded by now and only further
understanding of MIS-C pathogenesis would lead to final
conclusions (79). It is crucial to underline that, at the time
Marshall et al. reported on the 7 adolescents with myocarditis,
more than 2.5 million doses of the Pfizer/BioNTech vaccine had
been delivered to adolescents 12-15 years old and 4 million doses
were given to 16-18 years since FDA EUA approval. As 4 million
COVID-19 cases have been diagnosed in children under 18 in the
US that resulted in over 15,000 hospitalizations and between 300
and 600 deaths, it is clear that, by now, the benefits of vaccination
far exceed the risks of rare adverse events (80).

CONCLUSIONS

MIS-C is a post-infectious severe disease occurring in children
with a SARSCoV2 previous contact. As the definition and
clinical characteristics may overlap with severe acute SARSCoV2
infection (referred here as HyperCOVID), but also with other
hyperinflammatory conditions (such as KSS, sHLH, TSS) the
careful evaluation of both clinical features and laboratory
markers are needed before a final diagnosis is established.
To date, the best treatment strategy seems to rely on the
variable association of systemic corticosteroids, IVIG and anti-
IL-1 treatments, tailored on an individual basis depending
on the disease severity. Future research should be focused
on a better definition of the therapeutic strategy, possibly
with randomized trials. A very crucial point to further
explore is the pathogenesis of the disease, and in particular
of the possible role of anti-SARSCoV2 antibodies, also to
rule/out the possibility of vaccine-induced MIS-C or MIS-C
like manifestations.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

Frontiers in Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 747190


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Panaro and Cattalini

SARSCoV2 Manifestations in Children

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Parri

. Li P, Chen L, Liu Z, Pan ], Zhou D, Wang H, et al. Clinical features and short-

term outcomes of elderly patients with COVID-19. Int ] Infect Dis. (2020) 97:
245-50. doi: 10.1016/j.ijid.2020.01.022

N, Lenge M, Buonsenso D. Children with COVID-19 in
pediatric emergency departments in Italy. N Engl ] Med. (2020)
383:187-90. doi: 10.1056/NEJMc2007617

. Jiatong S, Lanqin L, Wenjun L. COVID-19 epidemic: disease characteristics in

children. ] Med Virol. (2020) 92:747-54. doi: 10.1002/jmv.25807

. Posfay-Barbe KM, Wagner N, Gauthey M, Moussaoui D, Loevy N, Diana A, et

al. COVID-19 in children and the dynamics of infection in families. Pediatrics.
(2020) 146:€20201576. doi: 10.1542/peds.2020-1576

. Lu X, Zhang L, Du H, Zhang J, Li YY, Qu J, et al. SARS-CoV-2 infection in

children. N Engl ] Med. (2020) 382:1663-5. doi: 10.1056/NEJMc2005073

. Verdoni L, Mazza A, Gervasoni A, Martelli L, Ruggeri M, Ciuffreda M, et

al. An outbreak of severe Kawasaki-like disease at the Italian epicentre of
the SARS-CoV-2 epidemic: an observational cohort study. Lancet. (2020)
395:1771-8. doi: 10.1016/S0140-6736(20)31103-X

. Riphagen S, Gomez X, Gonzalez-Martinez C, Wilkinson N, Theocharis P.

Hyperinflammatory shock in children during COVID-19 pandemic. Lancet.
(2020) 395:1607-8. doi: 10.1016/50140-6736(20)31094-1

. Feldstein LR, Rose EB, Horwitz SM, Collins JP, Newhams MM, Son

MBE€ et al. Multisystem inflammatory syndrome in U.S. children and
adolescents. N Engl ] Med. (2020) 383:334-46. doi: 10.1056/NEJMoa
2021680

. Dufort EM, Koumans EH, Chow EJ, Rosenthal EM, Muse A, Rowlands J, et al.

Multisystem inflammatory syndrome in children in New York State. N Engl |
Med. (2020) 383:347-58. doi: 10.1056/NEJMo0a2021756

Whittaker E, Bamford A, Kenny J, Kaforou M, Jones CE, Shah P, et al. Clinical
characteristics of 58 children with a pediatric inflammatory multisystem
syndrome temporally associated with SARS-CoV-2. JAMA. (2020) 324:259-
69. doi: 10.1001/jama.2020.10369

Godfred-Cato S, Bryant B, Leung J, Oster ME, Conklin L, Abrams J, et al.
COVID-19-associated multisystem inflammatory syndrome in children —
United States, March-July 2020. MMWR Morb Mortal Wkly Rep. (2020)
69:1074-80. doi: 10.15585/mmwr.mm6932e2

Morris SB, Schwartz NG, Patel P, Abbo L, Beauchamps L, Balan S,
et al. Case series of multisystem inflammatory syndrome in adults
associated with SARS-CoV-2 infection - United Kingdom and United States,
March-August 2020. MMWR Morb Mortal Wkly Rep. (2020) 69:1450-
6. doi: 10.15585/mmwr.mmé6940el

Moraleda C, Serna-Pascual M, Soriano-Arandes A, Simé S, Epalza C, Santos
M, et al. Multi-inflammatory syndrome in children related to SARS-CoV-2 in
Spain. Clin Infect Dis. (2020) 72:¢397-401. doi: 10.1093/cid/ciaal042

Torres JP, Izquierdo G, Acufia M, Pavez D, Reyes F Fritis A, et al
Multisystem inflammatory syndrome in children (MIS-C): report of the
clinical and epidemiological characteristics of cases in Santiago de Chile
during the SARS-CoV-2 pandemic. Int ] Infect Dis. (2020) 100:75-
81. doi: 10.1016/.ijid.2020.08.062

Swann OV, Holden KA, Turtle L, Pollock L, Fairfield CJ, Drake TM, et al.
Clinical characteristics of children and young people admitted to hospital with
COVID-19 in United Kingdom: prospective multicentre observational cohort
study. BMJ. (2020) 370:m3249. doi: 10.1136/bmj.m3249

Belhadjer Z, Méot M, Bajolle E Khraiche D, Legendre A, Abakka S, et
al. Acute heart failure in multisystem inflammatory syndrome in children
(MIS-C) in the context of global SARS-CoV-2 pandemic. Circulation. (2020)
142:429-36. doi: 10.1161/circulationaha.120.048360

Pouletty M, Borocco C, Ouldali N, Caseris M, Basmaci R, Lachaume
N, et al. Paediatric multisystem inflammatory syndrome temporally
associated with SARS-CoV-2 mimicking Kawasaki disease (Kawa-
COVID-19): a multicentre cohort. Ann Rheum Dis. (2020) 79:999-1006.
doi: 10.1136/annrheumdis-2020-218814

Royal College of Pediatrics and Child Health. Guidance: Paediatric
Multisystem Inflammatory Syndrome Temporally Associated With COVID-19.
Available online at: https://www.rcpch.ac.uk/sites/default/files/2020-05/
COVID-19- Paediatric- multisystem-inflammatorysyndrome-20200501.pdf
(accessed May 8, 2020).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Multisystem Inflammatory Syndrome in Children and Adolescents With
COVID-19. Available online at: https://www.who.int/publications/i/item/
multisystem-inflammatory- syndrome-in-children-and-adolescents- with-
covid-19 (accessed June 24, 2021).

Diorio C, Henrickson SE, Vella LA, McNerney KO, Chase ], Burudpakdee
C, et al. Multisystem inflammatory syndrome in children and COVID-19
are distinct presentations of SARS-CoV-2. J Clin Invest. (2020) 130:5967-
75. doi: 10.1172/JCI140970

Belot A, Antona D, Renolleau S, Javouhey E, Hentgen V, Angoulvant E et
al. SARS-CoV-2-related paediatric inflammatory multisystem syndrome, an
epidemiological study, France, 1 March to 17 May 2020. Eurosurveillance.
(2020) 25:2001010. doi: 10.2807/1560-7917.ES.2020.25.22.2001010

Cattalini M, Della Paolera S, Zunica F, Bracaglia C, Giangreco M, Verdoni
L, et al. Defining Kawasaki disease and pediatric inflammatory multisystem
syndrome-temporally associated to SARS-CoV-2 infection during SARS-
CoV-2 epidemic in Italy: results from a national, multicenter survey. Pediatr
Rheumatol. (2021) 19:29. doi: 10.1186/s12969-021-00511-7

Nakra NA, Blumberg DA, Herrera-Guerra A, Lakshminrusimha S. Multi-
system inflammatory syndrome in children (MIS-C) following SARS-CoV-
2 infection: review of clinical presentation, hypothetical pathogenesis,
and proposed management. Child. (2020) 7:69. doi: 10.3390/children70
70069

Bittmann S, Weissenstein A, Luchter E, Moschiiring-Alieva E, Villalon
G. Multisystem inflammatory syndrome in children (MIS-C). The role of
viral superantigens in COVID-19 disease. J Allergy Infect Dis. (2020) 1:18-
20. doi: 10.46439/allergy.1.050

DeBiasi RL, Harahsheh AS, Srinivasalu H, Krishnan A, Sharron MP, Parikh K,
et al. Multisystem inflammatory syndrome of children: sub-phenotypes, risk
factors, biomarkers, cytokine profiles and viral sequencing. J Pediatr. (2021)
237:125-35.e18. doi: 10.1016/j.jpeds.2021.06.002

Ricke  DO. Different  antibody-dependent
(ADE) risks for SARS-CoV-2 antibodies. Front Immunol.
12:640093. doi: 10.3389/fimmu.2021.640093

Halstead SB. Dengue antibody-dependent
knowns and unknowns. Microbiol

2. doi: 10.1128/microbiolspec. AID-0022-2014

Halstead SB, Katzelnick L. COVID-19 vaccines: should we fear ADE? ] Infect
Dis. (2020) 222:1946-50. doi: 10.1093/infdis/jiaa518

Wan Y, Shang J, Sun S, Tai W, Chen ], Geng Q, et al. Molecular mechanism
for antibody-dependent enhancement of coronavirus entry. J Virol. (2020)
94:€02015-19. doi: 10.1128/JV1.02015-19

Yonker LM, Neilan AM, Bartsch Y, Patel AB, Regan J, Arya P, et al. Pediatric
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2): clinical
presentation, infectivity, and immune responses. J Pediatr. (2020) 227:45-
52.e5. doi: 10.1016/j.jpeds.2020.08.037

Duarte-Neto AN, Caldini EG, Gomes-Gouvéa MS, Kanamura CT, de Almeida
Monteiro RA, Ferranti JE et al. An autopsy study of the spectrum of
severe COVID-19 in children: from SARS to different phenotypes of MIS-C.
EClinicalMedicine. (2021) 35:100850. doi: 10.1016/j.eclinm.2021.100850
McMurray JC, May JW, Cunningham MW, Jones OY. Multisystem
inflammatory syndrome in children (MIS-C), a post-viral myocarditis and
systemic vasculitis—a critical review of its pathogenesis and treatment. Front
Pediatr. (2020) 8:626182. doi: 10.3389/fped.2020.626182

Trimarchi H, Coppo R. COVID-19 and acute kidney injury in pediatric
subjects: is there a place for eculizumab treatment? ] Nephrol. (2020) 33:1119-
20. doi: 10.1007/540620-020-00859-1

Mabhajan R, Lipton M, Broglie L, Jain NG, Uy NS. Eculizumab treatment
for renal failure in a pediatric patient with COVID-19. ] Nephrol. (2020)
33:1373-6. doi: 10.1007/s40620-020-00858-2

Wang K, Chen W, Zhou Y-S, Lian J-Q, Zhang Z, Du P, et al. SARS-
CoV-2 invades host cells via a novel route: CD147-spike protein. BioRxiv.
(2013). doi: 10.1101/2020.03.14.988345

enhancement
(2021)

Two

enhancement:
Spectr. (2014)

Borges RC, Hohmann MS, Borghi SM. Dendritic cells in
COVID-19  immunopathogenesis: insights for a possible role
in  determining disease outcome. Int Rev  Immunol. (2021)

40:108-25. doi: 10.1080/08830185.2020.1844195
Marzi A, Gramberg T, Simmons G, Méller P, Rennekamp AJ, Krumbiegel M, et
al. DC-SIGN and DC-SIGNR interact with the glycoprotein of marburg virus

Frontiers in Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 747190


https://doi.org/10.1016/j.ijid.2020.01.022
https://doi.org/10.1056/NEJMc2007617
https://doi.org/10.1002/jmv.25807
https://doi.org/10.1542/peds.2020-1576
https://doi.org/10.1056/NEJMc2005073
https://doi.org/10.1016/S0140-6736(20)31103-X
https://doi.org/10.1016/S0140-6736(20)31094-1
https://doi.org/10.1056/NEJMoa2021680
https://doi.org/10.1056/NEJMoa2021756
https://doi.org/10.1001/jama.2020.10369
https://doi.org/10.15585/mmwr.mm6932e2
https://doi.org/10.15585/mmwr.mm6940e1
https://doi.org/10.1093/cid/ciaa1042
https://doi.org/10.1016/j.ijid.2020.08.062
https://doi.org/10.1136/bmj.m3249
https://doi.org/10.1161/circulationaha.120.048360
https://doi.org/10.1136/annrheumdis-2020-218814
https://www.rcpch.ac.uk/sites/default/files/2020-05/COVID-19-Paediatric-multisystem-inflammatorysyndrome-20200501.pdf
https://www.rcpch.ac.uk/sites/default/files/2020-05/COVID-19-Paediatric-multisystem-inflammatorysyndrome-20200501.pdf
https://www.who.int/publications/i/item/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://www.who.int/publications/i/item/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://www.who.int/publications/i/item/multisystem-inflammatory-syndrome-in-children-and-adolescents-with-covid-19
https://doi.org/10.1172/JCI140970
https://doi.org/10.2807/1560-7917.ES.2020.25.22.2001010
https://doi.org/10.1186/s12969-021-00511-7
https://doi.org/10.3390/children7070069
https://doi.org/10.46439/allergy.1.050
https://doi.org/10.1016/j.jpeds.2021.06.002
https://doi.org/10.3389/fimmu.2021.640093
https://doi.org/10.1128/microbiolspec.AID-0022-2014
https://doi.org/10.1093/infdis/jiaa518
https://doi.org/10.1128/JVI.02015-19
https://doi.org/10.1016/j.jpeds.2020.08.037
https://doi.org/10.1016/j.eclinm.2021.100850
https://doi.org/10.3389/fped.2020.626182
https://doi.org/10.1007/s40620-020-00859-1
https://doi.org/10.1007/s40620-020-00858-2
https://doi.org/10.1101/2020.03.14.988345
https://doi.org/10.1080/08830185.2020.1844195
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Panaro and Cattalini

SARSCoV2 Manifestations in Children

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

and the s protein of severe acute respiratory syndrome coronavirus. J Virol.
(2004) 78:12090-5. doi: 10.1128/JV1.78.21.12090-12095.2004

Chan KYK, Xu MS, Ching JCY, Chan VS, Ip YC, Yam L, et al. Association
of a single nucleotide polymorphism in the CD209 (DCSIGN) promoter with
SARS severity. Hong Kong Med J. (2010) 16(5 Suppl. 4):37-42.
Cervantes-Barragan L, Zist R, Weber FE  Spiegel M, Lang
KS, Akira S, et al. Control of coronavirus infection through
plasmacytoid dendritic-cell- derived type I interferon. Blood. (2007)
109:1131-7. doi: 10.1182/blood-2006-05-023770

Zhou R, To KKW, Wong YC, Liu L, Zhou B, Li X, et al. Acute SARS-CoV-
2 infection impairs dendritic cell and T cell responses. Immunity. (2020)
53:864-77.€5. doi: 10.1016/j.immuni.2020.07.026

Carter MJ, Fish M, Jennings A, Doores KJ, Wellman P, Seow J, et al.
Peripheral immunophenotypes in children with multisystem inflammatory
syndrome associated with SARS-CoV-2 infection. Nat Med. (2020) 26:1701-
7. doi: 10.1038/s41591-020-1054-6

Consiglio CR, Cotugno N, Sardh E Pou C, Amodio D, Rodriguez L, et al.
The immunology of multisystem inflammatory syndrome in children with
COVID-19. Cell. (2020) 183:968-81.e7. doi: 10.1016/j.cell.2020.09.016
Weisberg SP, Connors T, Zhu Y, Baldwin M, Lin W, Wontakal S, et al.
Antibody responses to SARS-CoV2 are distinct in children with MIS-C
compared to adults with COVID-19. Nat Immunol. (2021) 22:25-31.
Feldstein LR, Tenforde MW, Friedman KG, Newhams M, Rose EB, Dapul
H, et al. Characteristics and outcomes of US children and adolescents with
multisystem inflammatory syndrome in children (MIS-C) compared with
severe acute COVID-19 supplemental content. JAMA. (2021) 325:1074-
87. doi: 10.1001/jama.2021.2091

Davies P, Evans C, Kanthimathinathan HK, Lillie J, Brierley J, Waters G,
et al. Intensive care admissions of children with paediatric inflammatory
multisystem syndrome temporally associated with SARS-CoV-2 (PIMS-TS) in
the UK: a multicentre observational study. Lancet Child Adolesc Heal. (2020)
4:669-77. doi: 10.1016/S2352-4642(20)30215-7

Valverde 1. Acute cardiovascular manifestations in 286 children
with  multisystem  inflammatory ~ syndrome  associated ~ with
COVID-19  infection in  Europe.  Multicenter — Study.  (2021)

143:21-32. doi: 10.1161/CIRCULATIONAHA.120.050065

Larovere KL, Riggs BJ, Poussaint TY, Young CC, Newhams MM, Maamari M,
et al. Neurologic involvement in children and adolescents hospitalized in the
United States for COVID-19 or multisystem inflammatory syndrome. JAMA
Neurol. (2021) 78:536-47. doi: 10.1001/jamaneurol.2021.0504

Radia T, Williams N, Agrawal P, Harman K, Weale ], Cook J, et al.
Multi-system inflammatory syndrome in children & adolescents (MIS-C): a
systematic review of clinical features and presentation. Paediatr Respir Rev.
(2020) 38:51-7. doi: 10.1016/j.prrv.2020.08.001

Kaushik S, Aydin SI, Derespina KR, Bansal PB, Kowalsky S, Trachtman
R, et al. Multisystem inflammatory syndrome in children associated with
severe acute respiratory syndrome coronavirus 2 infection (MIS-C): a
Multi-institutional Study from New York City. ] Pediatr. (2020) 224:24-
9. doi: 10.1016/j.jpeds.2020.06.045

Blondiaux E, Parisot P, Redheuil A, Tzaroukian L, Levy Y, Sileo C, et al. Cardiac
MRI in children with multisystem inflammatory syndrome associated with
COVID-19. Radiology. (2020) 297:E283-8. doi: 10.1148/radiol.2020202288
de Cevins C, Luka M, Smith N, Meynier S, Magérus A, Carbone F
et al. A monocyte/dendritic cell molecular signature of SARS-CoV-
2 related multisystem inflaimmatory syndrome in children (MIS-C)
with severe myocarditis. SSRN  Electron ]. (2021) 2:1072-92.e7.
doi: 10.1016/j.medj.2021.08.002

Dolhnikoff M, Ferreira Ferranti ], de Almeida Monteiro RA, Duarte-
Neto AN, Soares Gomes-Gouvéa M, Viu Degaspare N, et al
SARS-CoV-2 in cardiac tissue of a child with COVID-19-related
multisystem inflammatory syndrome. Lancet Child Adolesc Heal. (2020)
4:790-4. doi: 10.1016/S2352-4642(20)30257-1

Son MBE, Murray N, Friedman K, Young CC, Newhams MM, Feldstein LR,
et al. Multisystem inflammatory syndrome in children — initial therapy and
outcomes. N Engl ] Med. (2021) 385:23-34. doi: 10.1056/NEJMo0a2102605
Abrams JY, Oster ME, Godfred-Cato SE, Bryant B, Datta SD, Campbell AP, et
al. Factors linked to severe outcomes in multisystem inflammatory syndrome

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

in children (MIS-C) in the USA: a retrospective surveillance study. Lancet
Child Adolesc Heal. (2021) 5:323-31. doi: 10.1016/S2352-4642(21)00050-X
Hameed S, Elbaaly H, Reid CEL, Santos RME, Shivamurthy V, Wong J, et
al. Spectrum of imaging findings at chest radiography, US, CT, and MRI in
multisystem inflammatory syndrome in children associated with COVID-19.
Radiology. (2020) 298:E1-10. doi: 10.1148/radiol.2020202543

Kaushik A, Gupta S, Sood M, Sharma S, Verma S. A systematic
review of multisystem  inflammatory  syndrome in  children
associated with SARS-CoV-2 infection. Pediatr Infect Dis J. (2020)
39:€340-6. doi: 10.1097/INF.0000000000002888

Riollano-Cruz M, Akkoyun E, Briceno-Brito E, Kowalsky S, Reed J,
Posada R, et al. Multisystem inflammatory syndrome in children related
to COVID-19: a New York City experience. ] Med Virol. (2021) 93:424-
33. doi: 10.1002/jmv.26224

Chiotos K, Bassiri H, Behrens EM, Blatz AM, Chang J, Diorio C, et al.
Multisystem inflammatory syndrome in children during the coronavirus
2019 pandemic: a case series. | Pediatric Infect Dis Soc. (2020) 9:393-
8. doi: 10.1093/jpids/piaa069

Kwak JH, Lee SY, Choi JW. Clinical features, diagnosis, and outcomes of
multisystem inflammatory syndrome in children associated with coronavirus
disease 2019. Korean ] Pediatr. (2021) 64:68-75. doi: 10.3345/cep.2020.01900
Capone CA, Subramony A, Sweberg T, Schneider ], Shah S, Rubin L, et
al. Characteristics, cardiac involvement, and outcomes of multisystem
inflammatory syndrome of childhood associated with severe acute
respiratory syndrome coronavirus 2 infection. ] Pediatr. (2020)
224:141-5. doi: 10.1016/j.jpeds.2020.06.044

Matsubara D, Kauffman HL, Wang Y, Calderon-Anyosa R, Nadaraj S, Elias
MD, et al. Echocardiographic findings in pediatric multisystem inflammatory
syndrome associated with COVID-19 in the United States. ] Am Coll Cardiol.
(2020) 76:1947-61. doi: 10.1016/j.jacc.2020.08.056

Harwood R, Allin B, Jones CE, Whittaker E, Ramnarayan P, Ramanan AV, et
al. A national consensus management pathway for paediatric inflammatory
multisystem syndrome temporally associated with COVID-19 (PIMS-TS):
results of a national Delphi process. Lancet Child Adolesc Heal. (2020) 5:133-
41. doi: 10.1016/S2352-4642(20)30304-7

Henderson LA, Canna SW, Friedman KG, Gorelik M, Lapidus SK, Bassiri H,
et al. American College of Rheumatology Clinical Guidance for Multisystem
Inflammatory Syndrome in Children Associated with SARS-CoV-2 and
hyperinflammation in pediatric COVID-19: version 2. Arthritis Rheumatol.
(2021) 73:e13-29. doi: 10.1002/art.41616

Cattalini M, Taddio M, Bracaglia C, Cimaz R, Filocamo G, et al
Childhood multisystem inflammatory syndrome associated with COVID-
19 (MIS-C): a diagnostic and treatment guidance from the Rheumatology
Study Group of the Italian Society of Pediatrics. Ital J Pediatr. (2021)
47:24. doi: 10.1186/s13052-021-00980-2

Marchesi A, Rigante D, Cimaz R, Ravelli A, Tarissi de Jacobis I, Rimini
A, et al. Revised recommendations of the Italian Society of Pediatrics
about the general management of Kawasaki disease. Ital ] Pediatr. (2021)
47:16. doi: 10.1186/s13052-021-00962-4

McArdle AJ, Vito O, Patel H, Seaby EG, Shah P, Wilson C, et al. Treatment
of multisystem inflammatory syndrome in children. N Engl J Med. (2021)
385:11-22. doi: 10.1056/NEJMo0a2102968

Goldenberg NA, Sochet A, Albisetti M, Biss T, Bonduel M, Jaffray J, et
al. Consensus-based clinical recommendations and research priorities for
anticoagulant thromboprophylaxis in children hospitalized for COVID-19-
related illness. ] Thromb Haemost. (2020) 18:3099-105. doi: 10.1111/jth.15073
Garcia-Salido A, Vicente JCdC, Hofheinz SB, Ramirez JB, Barrio MS, Gordillo
IL, et al. Severe manifestations of SARS-CoV-2 in children and adolescents:
from COVID-19 pneumonia to multisystem inflammatory syndrome: a
multicentre study in pediatric intensive care units in Spain. Crit Care. (2020)
24:666. doi: 10.1186/s13054-020-03332-4

Bhumbra S, Malin S, Kirkpatrick L, Khaitan A, John CC, Rowan CM, et al.
Clinical features of critical coronavirus disease 2019 in childrens. Pediatr Crit
Care Med. (2020) 21:E948-53. doi: 10.1097/PCC.0000000000002511

Jones VG, Mills M, Suarez D, Hogan CA, Yeh D, Bradley Segal J, et al. COVID-
19 and Kawasaki disease: novel virus and novel case. Hosp Pediatr. (2020)
10:537-40. doi: 10.1542/hpeds.2020-0123

Frontiers in Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 747190


https://doi.org/10.1128/JVI.78.21.12090-12095.2004
https://doi.org/10.1182/blood-2006-05-023770
https://doi.org/10.1016/j.immuni.2020.07.026
https://doi.org/10.1038/s41591-020-1054-6
https://doi.org/10.1016/j.cell.2020.09.016
https://doi.org/10.1001/jama.2021.2091
https://doi.org/10.1016/S2352-4642(20)30215-7
https://doi.org/10.1161/CIRCULATIONAHA.120.050065
https://doi.org/10.1001/jamaneurol.2021.0504
https://doi.org/10.1016/j.prrv.2020.08.001
https://doi.org/10.1016/j.jpeds.2020.06.045
https://doi.org/10.1148/radiol.2020202288
https://doi.org/10.1016/j.medj.2021.08.002
https://doi.org/10.1016/S2352-4642(20)30257-1
https://doi.org/10.1056/NEJMoa2102605
https://doi.org/10.1016/S2352-4642(21)00050-X
https://doi.org/10.1148/radiol.2020202543
https://doi.org/10.1097/INF.0000000000002888
https://doi.org/10.1002/jmv.26224
https://doi.org/10.1093/jpids/piaa069
https://doi.org/10.3345/cep.2020.01900
https://doi.org/10.1016/j.jpeds.2020.06.044
https://doi.org/10.1016/j.jacc.2020.08.056
https://doi.org/10.1016/S2352-4642(20)30304-7
https://doi.org/10.1002/art.41616
https://doi.org/10.1186/s13052-021-00980-2
https://doi.org/10.1186/s13052-021-00962-4
https://doi.org/10.1056/NEJMoa2102968
https://doi.org/10.1111/jth.15073
https://doi.org/10.1186/s13054-020-03332-4
https://doi.org/10.1097/PCC.0000000000002511
https://doi.org/10.1542/hpeds.2020-0123
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Panaro and Cattalini

SARSCoV2 Manifestations in Children

71.

72.

73.

74.

75.

76.

77.

Dong Y, Mo X, Hu Y, Qi X, Jiang E Jiang Z, et al. Epidemiological
characteristics of 2143 pediatric patients with 2019 coronavirus disease
in China. Pediatrics. (2020) 145:e20200702. doi: 10.1542/peds.202
0-0702

Bunyavanich S, Do A, Vicencio A. Nasal gene expression of angiotensin-
converting enzyme 2 in children and adults. JAMA. (2020) 323:2427-
9. doi: 10.1001/jama.2020.8707

Ortiz ME, Thurman A, Pezzulo AA, Leidinger MR, Klesney-Tait JA,
Karp PH, et al. Heterogeneous expression of the SARS-Coronavirus-
2 receptor ACE2 in the human respiratory tract. EBioMedicine. (2020)
60:102976. doi: 10.1016/j.ebiom.2020.102976

Mantovani A, Netea MG. Trained innate immunity, epigenetics, and COVID-
19. N Engl ] Med. (2020) 383:1078-80. doi: 10.1056/NEJMcibr2011679
Caldarale E Giacomelli M, Garrafa E, Tamassia N, Morreale A,
Poli P, et al. Plasmacytoid dendritic cells depletion and elevation
of IFN-y dependent chemokines CXCL9 and CXCL10 in children
with multisystem inflammatory syndrome. (2021)
12:654587. doi: 10.3389/fimmu.2021.654587

Rodriguez-Smith JJ, Verweyen EL, Clay GM, Esteban YM, de
Loizaga SR, Baker EJ, et al. Inflammatory biomarkers in COVID-19-
associated multisystem inflammatory syndrome in children, Kawasaki

Front Immunol.

disease, and macrophage activation syndrome: a cohort study.
Lancet Rheumatol. (2021) 3:e574-84. doi: 10.1016/S2665-9913(21)0
0139-9

COVID-19 Vaccines: Update on Ongoing Evaluation of Myocarditis and
Pericarditis | European Medicines Agency. Available online at: https://www.
ema.europa.eu/en/news/covid- 19-vaccines- update- ongoing-evaluation-
myocarditis- pericarditis (accessed July 12, 2021).

78. Marshall M, Ferguson ID, Lewis P, Jaggi P, Gagliardo C, Collins
JS, et al. Symptomatic acute myocarditis in seven adolescents
following Pfizer-BioNTech COVID-19 vaccination. Pediatrics. (2021)
148:€2021052478. doi: 10.1542/peds.2021-052478

79. Dudley MZ, Halsey NA, Omer SB, Orenstein WA, O’Leary ST, Limaye R], et al.
The state of vaccine safety science: systematic reviews of the evidence. Lancet
Infect Dis. (2020) 20:e80-9. doi: 10.1016/S1473-3099(20)30130-4

80. O'Leary ST, Maldonado YA. Myocarditis after =~ SARS-CoV-
2 vaccination:  true, true, and...related?  Pediatrics. (2021)

148:€2021052644. doi: 10.1542/peds.2021-052644

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Panaro and Cattalini. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

10

October 2021 | Volume 8 | Article 747190


https://doi.org/10.1542/peds.2020-0702
https://doi.org/10.1001/jama.2020.8707
https://doi.org/10.1016/j.ebiom.2020.102976
https://doi.org/10.1056/NEJMcibr2011679
https://doi.org/10.3389/fimmu.2021.654587
https://doi.org/10.1016/S2665-9913(21)00139-9
https://www.ema.europa.eu/en/news/covid-19-vaccines-update-ongoing-evaluation-myocarditis-pericarditis
https://www.ema.europa.eu/en/news/covid-19-vaccines-update-ongoing-evaluation-myocarditis-pericarditis
https://www.ema.europa.eu/en/news/covid-19-vaccines-update-ongoing-evaluation-myocarditis-pericarditis
https://doi.org/10.1542/peds.2021-052478
https://doi.org/10.1016/S1473-3099(20)30130-4
https://doi.org/10.1542/peds.2021-052644
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	The Spectrum of Manifestations of Severe Acute Respiratory Syndrome-Coronavirus 2 (SARS-CoV2) Infection in Children: What We Can Learn From Multisystem Inflammatory Syndrome in Children (MIS-C)
	Introduction
	Pathogenesis
	The Superantigen Theory vs. Antibody-Dependent Enhancement (ADE)
	The Role of Endothelial Damage
	The Role of Dendritic Cells
	Autoantibodies

	Clinical Presentation
	General Features
	Cardiovascular Involvement
	Laboratory Findings
	Imaging
	Outcome

	Treatment
	Hot-Topics for Discussion
	MIS-C, KD, or Severe COVID-19? The Spectrum of Clinical Manifestations of SARS-CoV2 Infection in Children
	Post-vaccine Myocarditis: Is There a Link With MIS-C?

	Conclusions
	Author Contributions
	References


