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Abstract
The COVID-19 pandemic caused by the coronavirus 2 of the severe acute respiratory syndrome (SARS-CoV-2) has signifi-
cantly affected people around the world, leading to substantial morbidity and mortality. Although the pandemic has affected 
people of all ages, there is increasing evidence that children are less susceptible to SARS-CoV-2 infection and are more 
likely to experience milder symptoms than adults. However, children with COVID-19 can still develop serious complica-
tions, such as multisystem inflammatory syndrome in children (MIS-C). This narrative review of the literature provides an 
overview of the epidemiology and immune pathology of SARS-CoV-2 infection and MIS-C in children. The review also 
examines the genetics of COVID-19 and MIS-C in children, including the genetic factors that can influence the susceptibil-
ity and severity of the diseases and their implications for personalized medicine and vaccination strategies. By examining 
current evidence and insights from the literature, this review aims to contribute to the development of effective prevention 
and treatment strategies for COVID-19, MIS-C, and long COVID syndromes in children.
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Introduction

SARS-CoV-2 infection in children occasionally leads to 
severe multisystemic inflammatory syndromes (MIS), 
including MIS-C and severe pneumonia from COVID-19.

If most children who contract SARS-CoV-2 experience 
no or only mild symptoms, why do some develop severe 
hyperinflammation? Could MIS-C be considered a new dis-
ease? Many viruses can cause hyperinflammation, and viral 
myocarditis has been known for quite some time, so what 
makes MIS-C unique?

As pediatricians, we are always amazed by the level of 
active inflammation that can be present in patients with 
MIS-C and yet how quickly they respond to treatment. 
Inflammation can be tamed immediately compared to its 
activity, which is reminiscent of its epidemiology. It came 
out of nowhere, hit hard and now seems to disappear.

Post-acute sequelae of SARS-CoV-2 infection (PASC), 
more commonly known as long COVID syndrome, refer to 

a wide range of lingering symptoms that can occur weeks 
or months after an individual recovers from the initial acute 
phase of COVID. These prolonged effects are not lim-
ited to those who experienced severe cases, but have been 
reported in children with mild and even asymptomatic infec-
tions. Although MIS-C is a cytokine storm characterized 
by hyperinflammation that can occur in children infected 
with SARS-CoV-2, MIS-C has also been associated with 
long COVID symptoms, and recent research has suggested 
that MIS-C may be a more severe extension of long COVID 
syndrome. Furthermore, MIS-C can be classified as PASC 
since these syndromes present 2 to 6 weeks after SARS-
CoV-2 infection.

This paper will review the current literature, focusing on 
the immunological aspects of MIS-C and severe COVID 
pneumonia in children and its potential link to long COVID.

Epidemiology of SARS‑CoV‑2 infection in children

Approximately 18% of all coronavirus infections occur in 
children, and around 1% of COVID-19 patients are children. 
The incidence of COVID-19 was higher in ages 5–15. Sero-
positivity in the United States of America is around 75% 
for children, which is higher than that described in adults. 

 *	 Tamás Constantin 
	 tamas.constantin@gmail.com

1	 Department of Pediatrics, Semmelweis University, Tűzoltó 
u. 7‑9., Budapest 1094, Hungary

http://crossmark.crossref.org/dialog/?doi=10.1007/s10787-023-01272-3&domain=pdf
http://orcid.org/0000-0002-9291-295X


2222	 T. Constantin et al.

1 3

Fortunately, in most pediatric cases (> 90%), SARS-CoV-2 
infection is asymptomatic or presents only mild symptoms, 
such as low fever, dry cough, and weakness. Sixty-six per-
cent of all infected children show no symptoms, 27% have 
mild flu-like symptoms, 5% have moderate (but pneumonic) 
symptoms, and only 2% are severe enough to require ICU 
care (Forrest et al. 2022).

Approximately 48 of every 100,000 children under 
18 years of age are hospitalized annually due to SARS-
CoV-2. This number is highest for children between the ages 
of 0 and 4 years (66.8 per 100,000), followed by those aged 
12 to 17 years (59.9 per 100,000), and for those aged 5 to 
11 it is the lowest (25 per 100,000 cases). During the Omi-
cron wave, hospitalization rates between 0 and 4 years were 
15.6/100,000. Children aged 5–11 who did not receive the 
vaccine had a rate of 19/100,000, while those who received 
the vaccine had a much lower rate of 9/100,000. Although 
hospitalization rates for SARS-CoV-2 and influenza are sim-
ilar for children under 12, those over 12 are more likely to 
be hospitalized due to SARS-CoV-2 infection (Marks et al. 
2022; Shi et al. 2022). Patients who are considered high-risk 
have a higher likelihood of being hospitalized. However, it is 
not entirely clear if this is due to the severity of their illness 
or if hospitals are quicker to accept high-risk patients (Shane 
et al. 2020). We now understand that the hospitalization rate 
is overestimated because general testing does not differenti-
ate between those hospitalized due to COVID and someone 
who incidentally tests positive (Beck and Gandhi 2021).

Deaths from COVID-19 in children have been rare, rang-
ing from 0.17 per 100,000 people as of February 2021, in 
seven countries, including the United States, the UK, Italy, 
Germany, Spain, and France. In fact, of the total estimated 
mortality from all causes in an average year, only 0.48% 

were attributed to COVID-19 in children under 18 years of 
age (Bhopal et al. 2021).

Although the mortality rate for COVID-19 in children is 
low, it is also evident that the virus does not discriminate 
according to age. In addition, even young people who were 
healthy before may need supportive treatment. On a posi-
tive note, most experts believe that children usually experi-
ence milder symptoms when infected with the SARS-CoV-2 
virus.

Cytokine storm and beyond

There are several stages of COVID-19 that determine the 
treatment strategy. Stage 1 is an early viral infection, with 
symptoms of fever, respiratory or gastrointestinal, and lym-
phopenia. Phase 2a is a nonhypoxemic pulmonary phase, 
while phase 2b is hypoxemic. Finally, the third stage is mul-
tisystemic inflammation syndrome (MIS), which is some-
times accompanied by a cytokine storm as a characteristic of 
the pathogen (Fig. 1). A real cytokine storm occurs only in 
a small proportion of patients – 2% of all patients and 8% to 
11% of severe cases. (Szekanecz et al. 2022). (At first, after 
looking at the China reports from early 2020, it seemed that 
hyperinflammation was the main reason for the high mortal-
ity rate. However, we are now sure that what we are facing is 
a localized cytokine ‘flooding’ instead of a systemic 'storm' 
(McGonagle et al. 2021).) This late stage of COVID-19 is 
also characterized by the activation of bradykinin storms, 
coagulation and complement cascades, endotheliitis, vascu-
lar leaks and edema, microthrombotic events, and extracel-
lular neutrophil traps (Szekanecz et al. 2022).

Lymphopenia is often the first laboratory sign of SARS-
CoV-2 infection. The number of circulating CD4 + and 

Fig. 1   Cytokine storm syn-
dromes (figure adapted from 
ref. (Buszko et al. 2021)). 
(Assoc association, CRS 
cytokine release syndrome, 
EBV Epstein–Barr virus, HLH 
hemophagocytic lymphohis-
tiocytosis, Malig, malignancy, 
MAS macrophage activation 
syndrome, SJIA systemic juve-
nile idiopathic arthritis.)
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CD8 + T cells decreases significantly in COVID-19. The 
degree of lymphopenia is more pronounced in the elderly 
and those who require intensive care and correlates with 
mortality (Mathew et al. 2020; Wang et al. 2020). It is not 
clear, but the virus might directly affect these cells. As a 
result of increased chemotaxis, lymphocytes are redistrib-
uted toward tissues (e.g., lung interstitium) occurs. Interleu-
kin-6 (IL-6) and other cytokines also inhibit physiological 
T cell activation (detected by the coexpression of CD38 and 
HLA-DR coexpression). Finally, T cell lymphopenia is also 
driven by apoptosis: surviving T cells in SARS-CoV infec-
tions have an "exhausted" dysfunctional phenotype show-
ing increased expression of programmed death 1 (PD-1) 
expression (Diao et al. 2020). In addition to the maladaptive 
immune response of T cells, patients with severe COVID 
pneumonia showed a significant increase in the number of 
plasma cells (Mathew et al. 2020).

Not only does the adaptive immune system play a role in 
COVID-related hyperinflammatory syndromes, but autoin-
flammation has also been shown to contribute (Moga et al. 
2022). Viral recognition within infected cells activates the 
NLRP3 inflammasome and NF-κB signaling, which is also 
a reason for the excessive production of pro-inflammatory 
cytokines and chemokines (Sefik et al. 2022). Pyroptosis 
is an inflammatory type of programmed cell death that 
occurs in response to infection or damage. After activating 
the NLRP3 inflammasome, which accompany the autoin-
flammatory response, caspase-1 cuts the N-terminal part of 
gasdermin D. This cleavage part is responsible for pyrop-
tosis because these particles create a pyroptotic pore in the 
cell membrane and cytokines are released through them 
into the extracellular space. Furthermore, pyroptosis fur-
ther enhances the production of IL-1-like cytokines through 
positive feedback. The role of pyroptosis in the release of 
numerous inflammatory mediators (IL-1b) has also been 
confirmed in COVID-19 (Yang 2020; Zheng et al. 2021).

Why is COVID‑19 rare and mild in children?

COVID-19 is generally mild in children. Hospitalization 
rates for COVID-19 are highest in the elderly, but why? One 
likely explanation is thymic involution. A research team has 
shown that the incidence of hospitalizations for COVID-
19 in several countries consistently doubles every 16 years. 
They concluded that the risk of hospitalization for COVID-
19 increases exponentially with age, inversely proportional 
to the production of T cell production (Palmer et al. 2021).

Furthermore, the hospitalization rate for COVID-19 is 
higher in men than in women. Men have a higher rate of 
thymic involution than women and also produce fewer T 
cells. Therefore, the hospitalization rate for COVID-19 may 
be due, at least in part, to thymic involution. However, the 
authors also found that other factors protect the under-20 

age group from severe disease by an additional 49–75%. 
Therefore, thymic involution is one, but not the only reason, 
for the increase in the hospitalization rate with age (Palmer 
et al. 2021).

An area of active research is the role of cross-reactive 
immunity against other viruses, such as the common cold. 
(We can assume that exposure to other coronaviruses may 
provide some level of protection against COVID-19, but 
research proved otherwise: children after prior COVID-19 
or MIS-C showed some loss of cross-neutralization against 
all variants, with the most pronounced loss against Omi-
cron (Tang et al. 2022).) Hypothetically, the nonspecific 
immunomodulatory effect (or ‘‘off-target’’) effect of vac-
cinations containing live pathogens in childhood can also 
protect against future SARS-CoV-2 infections. Furthermore, 
there is evidence that viral interference in the mucosa may 
play a role (Piret and Boivin 2022). The mechanism involved 
in viral interference between prior and subsequent SARS-
CoV-2 infection is mediated by interferon pathways (Fage 
et al. 2022).

The respiratory mucosa of young children is quite dif-
ferent from that of adults (Pierce et al. 2021). Young chil-
dren's mucous membranes are penitent for type 1 interferon 
responses, which are essential to mediate local defenses 
against SARS-CoV-2 infection (Loske et al. 2021; Yoshida 
et  al. 2021). Generally, the innate immune response is 
stronger in children, whereas the adaptive immune system 
is less developed and immature than in adults (Yoshida 
et al. 2021). When the virus is quickly cleared, it can help 
prevent the overwhelming immune response known as a 
cytokine storm. As a result, young children can better com-
bat SARS-CoV-2 infection and avoid COVID-19. However, 
as we age, our mucosal surfaces become less effective in 
producing these responses (lower activation before infection, 
with weaker induction of interferon signaling after infec-
tion), making us more susceptible to SARS-CoV-2 infection 
(Loske et al. 2021).

Finally, other risk-reducing factors are more commonly 
known. For example, smoking is less prevalent during child-
hood, and children's airways aren’t exposed to pollution for 
as long as adults. Comorbidities that occur later in life, such 
as type 2 diabetes mellitus or high blood pressure, are not 
as prevalent in children. (The results of a systematic review 
and meta-analysis showed that certain independent risk fac-
tors in childhood increase the probability of severe COVID. 
These include newborn age, chronic lung disease, diabetes, 
premature birth, heart disease, and immunosuppressed state. 
However, asthma, neurodevelopmental disorders, and age 
less than 3 months are not associated with increased severity 
(Choi et al. 2022).)
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Are the dangers of severe childhood COVID‑19 still 
on the decline?

The emergence of the more contagious Omicron variant 
has presented us with numerous difficulties, notably its 
increased transmissibility, reduced effectiveness even after 
vaccination, and waning efficacy over time. Fortunately, 
the pandemic that had previously spared children from its 
full effects prevented it from becoming even worse. Studies 
have shown that the effectiveness of the Omicron vaccine 
decreases with time; however, the Omicron wave resulted 
in significantly milder acute cases. Furthermore, studies, 
including a very recent meta-analysis, indicate that complete 
vaccination is still essential to reduce emergency department 
visits and urgent care encounters associated with COVID-
19 infection in children (Klein et al. 2022, Gao et al. 2023).

In conclusion, the mRNA vaccine is also effective against 
the Omicron variant in young people. Among partially vac-
cinated children who received an incomplete series of vac-
cinations, the vaccine was 13.6% effective against infection 
and 42.3% effective against hospitalization. In contrast, 
those who received a complete series of vaccinations had 
an efficacy of 36.8% for infection and 82.7% for hospitaliza-
tion. Protection against hospitalization gradually decreases 
over time; after 20 weeks, protection is only 76% (Tan et al. 
2022).

Immunity levels are high after infection, but, similarly 
to vaccinations, this immunity can fade over time. In cases 
where the person was not vaccinated and contracted the omi-
cron virus, the said person was still protected from reinfec-
tion 90.7% of the time within a two-month period and 62.9% 
of the time after 4 months had passed. Research shows 
that vaccinated children who have had Omicron infection 
are protected against reinfection 94.3% of the time within 
3 months and 79.4% of the time 4 months after vaccina-
tion. As it stands, this ‘‘hybrid’’ immunity offers the great-
est protection. Of the 887,193 children included in a large 
cohort study that was already tracking the dominant spread 
of Omicron, 193,346 were infected. Of the infected, 103,338 
had the Omicron strain. Of the 309 total hospital admissions, 
294 were not vaccinated. The seven deaths occurred among 
unvaccinated children (Tan et al. 2022).

MIS‑C is a distinct disease

In April 2020, UK health officials reported the first cases 
of what would become known as multisystem inflamma-
tory syndrome in children (MIS-C). The affected children 
had various symptoms that suddenly appeared and then 
progressed rapidly. As the word of the syndrome spread 
throughout the world, more and more cases began to be 
reported. Symptoms of MIS-C include fever, abdominal 
pain, vomiting, diarrhea, and rash. In severe cases, MIS-C 

can cause organ damage and even death. MIS-C has clini-
cal features that overlap with Kawasaki disease, including 
fever, rash, and lymphadenopathy. However, MIS-C also 
often includes additional features, such as gastrointestinal 
symptoms, cardiac involvement, and neurological manifesta-
tions. The primary age group affected by Kawasaki disease 
is children under five years of age, while MIS-C predomi-
nantly affects children aged 2 to 14.

The cytokine profiles of adults with acute COVID-19 
disease differ entirely from those seen in children with 
MIS-C or Kawasaki disease. IL-8 is a chemokine associ-
ated with lymphopenia in severe cases of COVID-19, and 
IL-7 is a cytokine involved in the maintenance of T cells 
and is associated with lymphocyte counts. IL-8 and IL-7 
were elevated in adults with acute COVID-19. Compared 
to MIS-C and Kawasaki disease, both showed only slight 
elevations in these cytokines, indicating that the hyperin-
flammatory state in these conditions overlaps in part, but 
differs from that seen in acute COVID-19. However, a dif-
ference was also found in the immunopathology of Kawasaki 
disease and MIS-C. In MIS-C, the level of IL-17A, which 
we know plays an essential role in Kawasaki disease, was 
significantly lower (Consiglio et al. 2020). The main way 
to distinguish MIS-C from Kawasaki disease is by elevated 
concentrations of CXCL9. The stratification of patients with 
MIS-C based on their high or low CXCL9 concentrations 
indicates that those with severe MAS have a similar patho-
physiology (Rodriguez-Smith et al. 2021). MIS-C is also 
unique in that it features an expansion of the expansion of 
polyclonal Vbeta21.3 T cells in both the CD4 and CD8 sub-
sets not directed against antigenic peptides of SARS-CoV2, 
which was not detected in patients with KD, TSS and acute 
COVID-19 (see details later). Furthermore, the cytokine 
storm they detected was correlated with this (Moreews et al. 
2021).

By analyzing signatures with the help of artificial intel-
ligence, researchers have recently found that though both 
KD and MIS-C produce a similar immune response guided 
by IL-15 / IL15RA, they differ quite extensively in other 
laboratory parameters and cardiac phenotypes. Furthermore, 
the response is more intense in MIS-C cases. Their results 
imply shared pathways of their proximal immunopathogen-
esis (Ghosh et al. 2022).

Immunopathology of MIS‑C

Based on complex immune profile studies, a characteristic 
pro-inflammatory cytokine profile is observed in MIS-C, 
which is associated with a significant increase in biomark-
ers related to type II IFN signaling (IFN-γ, CXCL9, and 
CXCL10), macrophage activation (IL-6, sTNFRI, IL-10, 
sCD25, IL-17, TNF-α, sCD163, CCL2, CCL3, CCL4, 
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ferritin, and IL-15), chemotaxis (CXCL1, CCL3, CCL4, 
CDCP1) neutrophil activation (MPO and lactoferrin), 
endothelial injury and activation (VEGF, sVCAM-1/sCD106 
and sE-Selectin/sCD62E) and mucosal immune dysregula-
tion (CCL20, CCL28) (Gruber et al. 2020; Moreews et al. 
2021; Sacco et al. 2022).

Immunophenotyping of peripheral blood cells in 
patients with MIS-C showed characteristic changes in 
the proportions and functions of immune cells. Naive 
CD4 + and CD8 + cytotoxic T cell counts were signifi-
cantly reduced, as were the ratios of monocyte and natural 
killer (NK) cell ratios (Mathew et al. 2020). Furthermore, 
there was evidence of neutrophil and CD16 + monocyte 
activation (FcγR1) and increased expression of migration 
proteins (ICAM-1), all indicating increased flow of NK 
and myeloid cells to the periphery (Consiglio et al. 2020; 
Gruber et al. 2020). This is important because activated 
inflammatory cells that flow into organs establish the state 
of multiorgan inflammation in MIS-C. The abnormally low 
number of NK cells and CD8 + cytotoxic lymphocytes in 
circulation, combined with increased cytotoxic activation 

of these cells (as indicated by increased expression of the 
perforin and granzyme gene), contributes to maintaining 
inflammation, which also promotes the development of 
autoreactivity (Beckmann et al. 2021; Ramaswamy et al. 
2021).

Autoantibodies have long been thought to play a role in 
Kawasaki disease, but the nature of their reactivity remains 
somewhat elusive. Recent studies profiling the autoanti-
gen reactivity of MIS-C plasma revealed broadly reactive 
antibodies and novel candidates that recognize endothelial, 
gastrointestinal, and immune cell antigens. This finding sug-
gests that while there may not be a single target for these 
antibodies, loss of tolerance of B cells is probably a con-
tributing factor to the development of MIS-C (Gruber et al. 
2020; Porritt et al. 2021a). Furthermore, increased plasma-
blasts and endothelium-reactive IgG are known features of 
severe MIS-C (Ramaswamy et al. 2021). Based on all of 
these studies, it can be concluded that a robust autoimmune 
signature can be observed in MIS-C.

The immunopathology of MIS-C is summarized in Fig. 2.

Fig. 2   Immunopathology of MIS-C (figure adapted from ref. (Buszko et al. 2021)). Ab autoantibodies, GI gastrointestinal)
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The superantigen hypothesis

The concept of superantigens is the most common theory 
that explains the high cytokine release (storm) and tolerance 
of B cells. Various well-documented arguments favor it, such 
as the existence of a superantigen spike protein character and 
a skewed repertoire of T-cell receptors.

Based on computer modeling based on structure, we 
know that the SARS-CoV-2 spike protein contains a supe-
rantigen-like pattern. This pattern binds highly to the CD 
section of the variable domains of the alpha and beta chains 
of the T cell receptor (TCR) (Cheng et al. 2020). The supe-
rantigen motif is sequence and 3D similar to the Staphylo-
coccus enterotoxin B superantigen, which also binds to TCR 
and CD28 and thus triggers toxic shock syndrome (TSS). 
Binding of the corresponding region of the SARS-CoV-2 
spike protein is also followed by large-scale nonspecific T 
cell activation and proliferation, with massive production 
of the characteristic pro-inflammatory cytokine profile of 
TSS (Rivas et al. 2021). Furthermore, the superantigen-like 
region of SARS-CoV-2 can also activate B cells, stimulating 
them to produce autoantibodies.

Finally, analysis of the repertoire of T cells from patients 
with COVID-19 showed that severe COVID-19 disease is 
associated with a TCR-Vβ shift, the selection of specific Vβ 
genes, and increased J diversity, as observed during superan-
tigen activation (Moreews et al. 2021; Porritt et al. 2021b). 
Interestingly, the TCR repertoires of patients with mild 
MIS-C are richer and more diverse than those of patients 
with severe MIS-C. The expansion of T cells with identical 
TCR-Vβ genes was correlated with the severity of the dis-
ease and the cytokine storm, indicating that it is an important 
mechanism underlying severe MIS-C (Porritt et al. 2021b). 
Furthermore, the repertoire of T cells returned to baseline 
within weeks after the resolution of the MIS-C resolution 
(Moreews et al. 2021).

Why is MIS‑C delayed?

Usually, MIS-C occurs about a month after someone has 
contracted SARS-CoV-2. At that time, SARS-CoV-2 was 
already undetectable by the reverse transcription-polymerase 
chain reaction of the nasopharyngeal swab in most cases 
(Feldstein et al. 2020; Santos et al. 2021). If we consider 
that superantigens cause MIS-C, it will be reasonable that 
most antigens should be present during the early stages of 
infection (Han et al. 2021). So why does not MIS-C develop 
sooner? The most convincing explanation is that the virus 
can persist for a long time in children, particularly in the 
intestinal tract. The virus can be detected in children's feces 
long after infection, even after their nasopharyngeal tests 
became negative (Xu et al. 2020). The average time to viral 
clearance is nine days for the respiratory tract and 34 days 

for stool samples (Du et al. 2020). Furthermore, from biopsy 
samples, we know that the virus can be present in intestinal 
tissues for even longer (Arostegui et al. 2021). From an ele-
gant study, we now also know that the gastrointestinal tract 
is not only a passive reservoir of virus, but also a source of 
viremia (consequential antigenemia), which can contribute 
to the development of MIS-C (Yonker et al. 2021).

Why is MIS‑C rare?

The reason why only a minority of children infected with 
SARS-CoV-2 end up developing MIS-C is still unknown. 
It is plausible that the initial antibody response does not 
create enough neutralizing antibodies for some children. 
Consequently, the immune system overreacts if exposed 
again to the virus (Rivas et al. 2021). Another explanation 
(see more details later) for the susceptibility to MIS-C is 
genetics; some types of HLA may have a stronger reaction 
to specific viral antigens (Cheng et al. 2020). The latter is 
supported by the fact that the incidence of MIS-C varies by 
race and ethnicity (e.g. 50% of MIS-C cases in London were 
of Afro-Caribbean origin) (Whittaker et al. 2020; Stierman 
et al. 2021).

The role of immunity against previously experienced 
common cold coronaviruses (CCCs) is also discussed. In 
one study, anti-CCC antibodies were undetectable in patients 
with MIS-C, suggesting that infection with the SARS-CoV2 
virus can trigger a stronger immune response without this 
type of protection (Consiglio et al. 2020). A recent study 
found that memory T cells generated in people previously 
infected with the CCC virus can eliminate SARS-CoV-2, 
which shares surface proteins with CCC. This suggests that 
these individuals have a more rapid immune response during 
the initial phase of viremia (Swadling et al. 2021).

It is worth mentioning that, according to the second hit 
theory, subsequent infections may be necessary to develop 
symptoms. According to second-hit theory, a pathogen (for 
example, during gastroenteritis) "hits" the window period 
after SARS-CoV-2 infection (Buszko et al. 2021). In another 
study, B cell reactions were compared; however, those with 
MIS-C showed a more developed antibody response upon 
presentation, which implies that they had experienced a 
postinfectious condition different from COVID-19 (Akin-
dele et al. 2022).

How effective are SARS‑CoV‑2 vaccines against MIS‑C?

Studies carried out in various countries have found that 
the prevalence of MIS-C is significantly decreasing but 
remains a serious complication of SARS-CoV-2 infection 
(Cohen et al. 2022; Levy et al. 2022; Miller et al. 2022; Sorg 
et al. 2022b; Whittaker et al. 2022). During the Delta and 
Omicron, the rate decreased by 73% and 86% in Germany, 
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respectively, compared to the Alpha period (Sorg et al. 
2022a). In southeast England, the rates of MIS-C per con-
firmed SARS-CoV-2 infection in children aged 0–16 years 
were 56% lower during the prevaccination delta (the period 
before a vaccine was available), 66% lower during the post-
vaccination delta (the period after a vaccine became avail-
able), and 95% lower during the Omicron period (Cohen 
et al. 2022). In a study in England, the estimated odds that 
MIS-C occurs after SARS-CoV-2 infection in those under 
15 years of age were 0.045%, with a 95% credible interval 
ranging from 0.035 to 0.068% during the Alfa and Delta 
waves (Shingleton et al. 2022).

Several studies have found that not only has the preva-
lence decreased, but also the severity changed. Compared 
to the third, fewer reports of organ system complications, 
such as cardiovascular and respiratory problems, were 
published during the fourth wave of MIS-C. Hospital stays 
were shorter and the number of patients receiving ICU 
care was significantly lower in the fourth wave (Levy et al. 
2022; Miller et al. 2022; Sorg et al. 2022a; Wang et al. 
2022; Kenney et al. 2023). The severity of MIS-C severity 
can differ for a few reasons, such as host immune response 
variances, earlier clinical diagnosis, or MIS-C treatment. 
Furthermore, the clinical phenotype could be altered by 
having some degree of preexisting immunity conferred by 
SARS-CoV infection or COVID vaccination (Miller et al. 
2022). Although there is no scientific evidence to support 
this hypothesis, the decrease in the risk of MIS-C may be 
attributed to significant mutations in superantigen motifs, 
which are believed to induce an exaggerated inflammatory 
reaction.

In the USA, a recent case–control study showed that the 
Pfizer BioNTech vaccine is 91% effective in preventing 
MIS-C among vaccinated individuals aged 12–18 years. 
Among the 102 patients with MIS-C cases, all 38 children 
requiring life support were not vaccined. Individuals aged 
12–18 years who received two doses of the Pfizer-BioN-
Tech vaccine were found to have a high level of protection 
against MIS-C (Zambrano et al. 2022).

Recently, there have been several reports of a hyper-
inflammatory condition (multisystem inflammatory syn-
drome after vaccination, MIS-V), similar to MIS-C, in 
children who have received the SARS-CoV-2 RNA vac-
cine. However, it is essential to put these reports in per-
spective. First, the incidence of MIS after receiving the 
SARS-CoV-2 vaccine is very low and is much less fre-
quent in vaccinated children than in unvaccinated children. 
In the US, the reported rate for MIS after vaccination is 
1 case per million individuals aged 12 to 20 years who 
received one or more doses (Yousaf et al. 2022). In France, 
the reported rate was 2.9 per 1 million 12–17 year-old vac-
cinated children (Ouldali et al. 2022).

Second, the symptoms of MIS-V are usually milder than 
those of virus-induced MIS-C, although many children still 
needed treatment in the intensive care unit. The median age 
of those affected was slightly older (the median age was 
16 years in the US), and a specific phenotype was described: 
Patients were diagnosed more frequently with cytolytic 
hepatitis (20–50%) and some showed transient hypereosino-
philia (20%). Laboratory symptoms of inflammation were 
less alarming than expected, such as a lower CRP level and 
a normal hemoglobin level. All cases have recovered, and 
no death is known (Ouldali et al. 2022; Yousaf et al. 2022).

Finally, there is no direct evidence that the vaccine would 
cause MIS; instead, it appears to be a coincidence that some 
children who develop MIS-C have also been vaccinated. 
Some patients contracted SARS-CoV-2 and later developed 
MIS-C while simultaneously receiving vaccines, which 
could easily have been misinterpreted as MIS-C associated 
with vaccination. Furthermore, most of the vaccinated chil-
dren who later developed MIS-C showed clear evidence of 
breakthrough infection with SARS-CoV-2 (Cole et al. 2022; 
Yousaf et al. 2022). Only 0.3 cases of MIS per million vac-
cinated individuals have been reported in children without 
evidence of previous SARS-CoV-2 infection (Yousaf et al. 
2022). In France, 8 out of 12 cases did not show evidence of 
the last infection (Ouldali et al. 2022).

In conclusion, although MIS-C is a severe disease that 
should be monitored, it is clear that the risks posed by 
the SARS-CoV-2 RNA vaccine are far outweighed by its 
benefits.

Should children receive the SARS‑CoV‑2 vaccination 
after MIS‑C?

Although mRNA vaccines are effective in young peo-
ple, it is still unclear whether SARS-CoV-2 vaccination 
is safe in patients who previously experienced MIS-C. 
As mentioned above, MIS-C shares similarities with ill-
nesses caused by exposure to superantigens, much like 
toxic shock syndrome. A key question arises in light of 
MIS-C cases among children: Could reexposure to viral 
antigens cause relapse? This fear is only compounded by 
recent reports of rare but severe inflammatory events after 
SARS-CoV-2 vaccination, such as myocarditis in young 
men and more general multisystem inflammation (MIS-V).

To date, only two international surveys and a short-
term, non-controlled study have been conducted to assess 
the safety and immunogenicity of SARS-CoV-2 vaccines 
in children with a history of MIS-C. Fortunately, all found 
reassuring answers.

To assess the acceptance of SARS-CoV-2 vaccination 
in children who have previously suffered from MIS-C, 
Levi Hoste and his research team surveyed a global popu-
lation of pediatric rheumatologists and infectious disease 
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specialists. After analyzing the survey results, it was dis-
covered that most centers did not vaccinate those with a 
history of MIS-C due to limited safety and efficacy infor-
mation. However, 17% of suitable patients were vaccinated 
and only experienced mild or moderate adverse effects 
without significant long-term problems (Hoste et al. 2022).

In a survey conducted internationally, Minoia et al. ana-
lyzed the perspectives of pediatric rheumatologists on the 
management of children with previous MIS-C cases with 
respect to COVID-19 vaccinations and other immuniza-
tions. The survey was distributed to 288 pediatric rheuma-
tologists and 111 of them responded with a response rate 
of 38.5%. Compared to Hoste et al., the survey results were 
more encouraging: Most of the respondents recommended 
vaccination with COVID-19 for children with a history of 
MIS-C (84%). Although a waiting period of three months 
after the acute stage of MIS-C is generally preferred, there 
has not yet been a definitive consensus on when exactly 
the SARS-CoV-2 vaccine should be administered. Sixty-
seven of the total of 228 centers (28%) in 22 countries 
had already vaccinated patients with MIS-C with MIS-C, 
where 89% did not report any adverse reactions. Unfortu-
nately, six cases reported complications such as unspeci-
fied diseases in two children, mild symptoms in three chil-
dren, and one case even registered a reaction similar to that 
of MIS-V. The overwhelming majority of centers wanted 
to maintain their current vaccination practices with non-
live (99%) and live (93%) vaccines; however, the desired 
timelines varied tremendously (Minoia et al. 2022).

Howe et al. published a brief study on the safety and 
immunogenicity of the Pfizer-BioNTech COVID-19 vac-
cine in children with a history of MIS-C. The study enrolled 
23 children aged 12–15 who had recovered from MIS-C 
and received the two-dose regimen. The study found that 
the vaccine was well tolerated and no significant adverse 
events were reported. They found that all participants devel-
oped detectable antibody responses after the second dose. 
Although the study has limitations, such as the small sam-
ple size and the lack of a control group, it suggests that the 
Pfizer-BioNTech COVID-19 vaccine is safe and immuno-
genic in children who have recovered from MIS-C (Howe 
et al. 2022).

Immunopathology of COVID‑19

A study published in Science showed that a subset of patients 
with COVID-19 produce autoantibodies that can block type 
I interferons (alfa and omega) (Bastard et al. 2020). The 
authors investigated the presence of these autoantibodies in 
a group of patients hospitalized in the ICU and in a control 
group of healthy individuals. They found that more than 10% 
of the ICU patients had high titers of these antibodies (20% 
over 80 years), while none or low levels were observed in 

patients with asymptomatic or mild infection (Bastard et al. 
2020, 2021). The presence of these autoantibodies means a 
higher risk of serious disease than other classical risk fac-
tors, except age (Bastard et al. 2021). They also showed 
that when the effect of type 1 interferons is blocked, there 
is more viral replication in vitro. Furthermore, they found 
that patients with autoantibodies against IFNα2 have low 
or undetectable levels of circulating IFNα concentrations 
in vivo. Others found that these autoantibodies also affect 
type I IFN activity in peripheral blood mononuclear cells 
(Wijst et al. 2021).

The most exciting part is that the researchers discovered 
that these autoantibodies had already existed before infec-
tion, although only a few patients were tested (Bastard et al. 
2020). In conclusion, the authors suggested that the produc-
tion of autoantibodies against type I interferons contributes 
to the severity of COVID-19. In other words, this means that 
infection did not induce the appearance of autoantibodies; 
rather, their presence led to severe COVID-19 disease.

Interestingly, more than half of the patients were elderly 
(> 65 years old), and almost all were men (95%) (Bastard 
et al. 2020). In the healthy and uninfected population, the 
frequency of occurrence of these autoantibodies is rare under 
the age of 65, but increases sharply above the age of 65 
(Bastard et al. 2021). These findings help explain why more 
men are likely to be severely affected by COVID-19 and 
how the risk of severe disease increases with age (Bastard 
et al. 2020). Subsequently, several research groups around 
the world verified their initial observations.

Many patients with COVID-19 pneumonia with low oxy-
gen levels show a range of different autoantibodies. These 
were probably caused by the SARS-CoV-2 infection and 
may have affected the progression of the disease (Wang et al. 
2021). This, along with a study of a small group of patients 
over time, suggests that SARS-CoV-2 infection increases the 
levels of type I IFN autoantibodies that already exist (Shaw 
et al. 2021). These autoantibodies were found in children and 
were also an independent risk factor for developing severe 
(hypoxemic) COVID-19 pneumonia (Bastard, personal com-
munication, 2022).

According to research by Bastard et al. the presence of 
these antibodies can even suppress vaccine effectiveness. 
They discovered that even after two doses of the mRNA 
vaccine and the existence of circulating antibodies that 
could neutralize SARS-CoV-2, autoantibodies that block 
type I IFN may be behind a large percentage of hypoxemic 
COVID-19 pneumonia incidents (Bastard et al. 2022).

Genetics of COVID‑19 and MIS‑C in children

Although we know several health conditions that make peo-
ple more vulnerable to severe COVID-19, it is still a mystery 
why some otherwise healthy individuals, including young 
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adults and children, develop deadly complications from 
SARS-CoV-2 infection. In both children and adults, a com-
prehensive evaluation of candidate genes involved in innate 
immunity (including those that encode pattern recognition 
receptors and their downstream mediators), antigen presen-
tation, cytotoxicity, costimulation, inflammation, and throm-
bosis/hemostasis is warranted, given the role each plays in 
the pathogenesis of COVID-19. Because MIS-C and CSS 
share some characteristics, the same genes that contribute 
to HLH may also play a role in the development of MIS-C.

Primary immunodeficiencies (PIDs)

Interestingly, patients with antibody deficiencies are not 
susceptible to severe COVID pneumonia, and the general 
course of SARS-CoV-2 infection appears similar to that 
of the general population. This agrees with what has been 
found for critical influenza pneumonia, which explicitly 
affects patients with inborn errors of type I IFN immunity 
but not others, even those lacking T and B cells (Zhang et al. 
2022a).

Much less is known about the relationship between PIDs 
and MIS-C. Several small studies have proposed possible 
monogenic reasons for MIS-C. Genes related to immune 
dysregulation, such as SOCS1, XIAP, CYBB and TBK-1, 
have been found in patients with MIS-C (Schulert et al. 
2021).

Malle et al.' study reveals that SARS-CoV-2 can trigger 
an atypical inflammatory syndrome in infants with Down 
syndrome (DS). This not only emphasizes the idea that chil-
dren with DS are vulnerable to atypical disease presentation, 
but the authors also showed that uninfected children with 
DS have a significantly altered (and ‘‘alerted,’’ pro-inflam-
matory) immune state. Their findings suggest that children 
with DS are prone to MIS-C due to inherent genetic factors 
rather than just exposure to pathogens (Malle et al. 2021).

HLA Association

The expansion of TRBV11-2 has been associated with HLA 
class I alleles (Porritt et al. 2021b). This was recently sup-
ported by evidence that the combination of HLA-A*02, 
B*35 and C*04 alleles increased the risk of developing 
MIS-C (Sacco et al. 2022).

Interferon deficiency and severe COVID‑19 pneumonia

The production of type I IFNs by respiratory epithelial 
cells and plasmacytoid dendritic cells is necessary for host 
defense against SARS-CoV-2. However, inadequate type I 
IFN immunity in the respiratory tract, which can depend 
on age and sex, can lead to viral spread and eventually to 
disease (pulmonary or systemic inflammation). Interferon 

deficiency can be due to either a lack of production or an 
inability to respond to the protein.

Most patients with type 1 autoimmune polyendocrine 
syndrome (APS-1), caused by biallelic mutations in the 
AIRE gene, have autoantibodies against IFN-α and IFN-ω. 
Many of these patients had contracted severe COVID-19 
and some even died. In particular, several individuals were 
asymptomatic despite being infected with SARS-CoV-2 
(Beccuti et al. 2020; Bastard et al. 2021; Meisel et al. 2021).

A research group established the COVID Human Genetic 
Effort (www.​covid​hge.​com) to test whether life-threatening 
COVID-19 in some patients may be caused by genetic dis-
orders that affect immunity to SARS-CoV-2. They analyzed 
the exomes or genomes of 659 patients with severe COVID-
19 pneumonia and 534 with asymptomatic or mild infec-
tions. At least 3.5% of patients with life-threatening COVID-
19 pneumonia had genetic defects in TLR3- and interferon 
regulatory factor 7 (IRF7)—dependent induction and ampli-
fication of type I IFN. These findings suggest mutations 
in other type I IFN–related genes in patients with severe 
COVID-19 (Beccuti et al. 2020). Since this publication in 
2020, it has been a fact. The deficiencies of autosomal Toll-
like receptor 3 (TLR3) and TLR7 linked to the X chromo-
some are inborn errors of type I interferons that are found 
in around 1% to 5% of younger patients (under 60 years 
old) with critical pneumonia, while a lower proportion of 
older patients have them (Zhang et al. 2022a). Deficiency 
of the Type I interferon receptor and TANK binding kinase 
(TBK-1) can lead to serious and potentially life-threatening 
diseases (Zhang et al. 2020; Khanmohammadi et al. 2021; 
Schmidt et al. 2021). A recent study found that patients with 
TLR7 deficiency accounted for approximately 1.8% of male 
patients with severe COVID-19 pneumonia below the age of 
60 years. Because this gene is located on the X chromosome, 
it helps explain why younger men are at higher risk of devel-
oping serious and critical forms of the disease than women 
(Asano et al. 2021). After conducting an exome-wide gene 
burden analysis to find the rare variants responsible for criti-
cal COVID-19, no single gene had statistical significance 
for GW. However, when adopting a recessive inheritance 
model, X-linked TLR7 was identified as having the strongest 
association (Matuozzo et al. 2022).

Inborn errors of immunity were more common in chil-
dren than in adults, with more than 10% of hospitalized 
children with severe COVID-19 displaying genetic deficien-
cies in several genes related to type I interferon pathways 
(Zhang et al. 2022b). For context, these same deficiencies 
were not found among 1000 + mildly infected young peo-
ple with SARS-CoV-2 who did not develop pneumonia. In 
other words, around 10% of hospitalizations for COVID-19 
pneumonia are estimated to be due to IFN type I immu-
nity deficiencies. (As children usually have a more robust 
innate immune response than adults—and fewer neutralizing 

http://www.covidhge.com
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autoantibodies -it was expected that a higher proportion of 
hospitalized children have a predisposing genetic factor.)

Genetics of Kawasaki disease

Kawasaki disease (KD) is tentatively linked to genetic and 
environmental influences. A familial tendency toward the 
disorder and its higher prevalence in Northeast Asia indi-
cate a possible genetic disposition leading to KD. In fact, 
some studies have shown that specific genetic variants can 
make individuals more susceptible to the disease (Onouchi 
et al. 2012, 2016). However, there is no single mendelian 
cause of Kawasaki disease. Instead, several genes are likely 
to contribute to its development. A systematic review article 
found that the following gene polymorphisms may play a 
role in susceptibility to KD: ACE, BLK, CASP3, CD40, 
FCGR2A, FGβ, HLA-E, IL1A, IL-6, ITPKC, LTA, MPO, 
PD-1, SMAD3, CCL17, and TNF (Xie et al. 2018). Four 
main groups were classified when identifying susceptibil-
ity genes using GWAS and the candidate gene approach: 
those associated with enhanced T cell activation (ITPKC, 
ORAI1, STIM1), dysregulated B cell signaling (CD40, 
BLK, FCGR2A), decreased apoptosis (CASP3), and altered 
transforming growth factor β signaling (TGFB2, TGFBR2, 
MMP SMAD) (Kumrah et al. 2020). Furthermore, others 
revealed that KD is associated with HLA class 1 antigen 
genes (Kumrah et al. 2020; Lo 2020; Chen et al. 2021). By 
analyzing adult people’s DNA, whole exome sequencing 
revealed 12 uncommon and potentially pathogenic variants 

within genes related to autophagy, Kawasaki disease, restric-
tion factors and immune responses (Ronit et al. 2021).

Cytokine storm genes in COVID‑19 and MIS‑C

As demonstrated above, COVID-19 pneumonia and MIS-C 
can lead to cytokine storm syndrome. Heterozygous muta-
tions related to familial (primary) HLH can often also be 
found in other CSS with different underlying causes (Bami 
et al. 2020; Eloseily et al. 2020). An increasing number of 
studies have shown that heterozygous variants in HLH-
related genes may be related to SARS-CoV-2-related CSS 
(Table 1). Recent studies using computational algorithms 
and multilayered transcriptomics have concluded that the 
pHLH genes could interact with SARS-CoV-2, predisposing 
patients to severe COVID-19 through a neutrophil activa-
tion signature similar to that described earlier in HLH (Ding 
et al. 2021; Schimke et al. 2022). Another study suggests that 
the UNC13D and AP3B1 variants (known as HLH genes) 
might be associated with the development of severe cytokine 
storms, critical disease, and fatal outcomes in patients with 
COVID-19 (Luo et al. 2021).

Anshul Vagrecha and Randy Cron (2022) led a research 
group that reported rare missense heterozygous variants of 
the HLH genes in their cohort of children with MIS-C. They 
identified 54 rare variants in immune regulatory genes from 
patients with MIS-C. Twenty-nine patients (74.3%) had at 
least one genetic variant. The most common variants were 
missense mutations in the DOCK8 gene that were found in 

Table 1   Immune gene 
mutations associated with 
MIS-C (table adapted from 
ref. (Schulert et al. 2021; 
Cron 2022; Sacco et al. 2022; 
Vagrecha et al. 2022)

Gene mutations Immune pathway affected Immune disorder

Genes related to innate immunity
 SOCS1 Cytokine signaling FN regulation Immune dysregulation

PID
Inflammasomopathy
Interferon b1 deficiency
defect in IFNa and IFNb induction

 XIAP Apoptosis
 CYBB Microbicidal oxidation
 TBK-1 Antiviral responses

IFN production
 NLRC4 Inflammasome
 IFNB1 Interferon b1
 TLR3 Toll-like receptor 3

MHC class I genes
 HLA-A*02,
 HLA-B*35
 HLA-C*04

Viral recognition
T-cell activation

Dysregulation of T-cell responses
NK cell activation

fHLH genes
 PRF1 Perforin Deficiency in perforin-mediated cytolysis
 LYST Vesicle sorting
 AP3B1 Vesicle transport
 DOCK8 Vesicle transport
 UNC13D Vesicle priming
 STXBP2 Vesicle fusion
 STX11 Vesicle fusion
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four patients (10.2%). Furthermore, of the 39 patients, six 
(15.3%) had rare heterozygous missense mutations in pHLH-
related genes (LYST in two patients; STXBP2, UNC13D, 
PRF1, and AP3B1 in each). Furthermore, a patient had a 
missense variant located in NLRC4, an autoinflammatory 
gene linked to CSS in infants with dominant missense muta-
tions. Interestingly, although none of the children in the con-
trol group had any genetic variants in the pHLH genes or 
DOCK8, a quarter of those with MIS-C tested positive for 
at least one variant (Vagrecha et al. 2022).

Here, we must mention that the frequency of occurrence 
of risk alleles varies significantly from one geographi-
cal region to another. A recent publication by Japanese 
researchers stated that those under 65 years of age who had 
the DOCK2 genetic variant were more likely to experience 
severe symptoms of COVID-19. This allele is common 
among East Asians, but rare compared to Europeans (Nam-
koong et al. 2022).

The probability of MIS‑C occurring in siblings is very low

The probability of KD is higher in close relatives of patients 
who have already been diagnosed with the disease. In fact, 
siblings of patients with KD are ten times more likely to 
develop KD themselves (Chen et al. 2021).

In sporadic cases, there is a family accumulation of MIS-
C. For example, two siblings in one family became ill and 
one member of a monozygotic twin pair was affected. The 
fact that the other member of the twin pair contracted SARS-
CoV-2 but remained healthy is interesting (Lim et al. 2021).

Certain ethnic groups are disproportionately affected 
by MIS‑C

It is a known fact that there are racial and ethnic dispari-
ties in the incidence of Kawasaki disease. Research sug-
gests that non-Hispanic Asian populations experience the 
highest rate, with non-Hispanic Black populations follow-
ing closely behind. In comparison, MIS-C was more promi-
nent among Hispanic and non-Hispanic Black children in 
the US, whereas it occurred less often among non-Hispanic 
White and non-Hispanic Asian children. Even after account-
ing for the existing disparities in COVID-19 infections and 
geographic differences, these variations in MIS-C cases 
between different ethnicities remain (Stierman et al. 2021). 
This reveals that the cause of this phenomenon goes beyond 
mere infection rates. Social determinants of health could 
be a key factor in this, but they are clearly not the only 
one. That is, another study found that the risk that black 
and Latino children develop MIS-C is much higher than the 
overrepresentation of black and Latino adults for both severe 
COVID-19 and COVID-19-related mortality. In the case of 

adults, this difference is generally explained by preexist-
ing health disparities. However, if health disparities were 
solely responsible for overrepresentation among children, 
we would expect them to be at a similar level. Evidently, 
other crucial factors are also more likely to be involved, such 
as genetic predisposition to a hyperinflammatory response 
(Middelburg et al. 2021).

Conclusion, immunopharmacological implications

The COVID-19 pandemic has caused a global public health 
crisis, with almost a billion confirmed cases and millions 
of deaths. The disease spread rapidly, putting pressure on 
healthcare systems. Rigorous scientific studies are being 
conducted to explore a multitude of preventive and curative 
treatments, such as vaccines, antibodies, or immunosuppres-
sants (Hasan et al. 2021).

Research suggests that hyperinflammatory syndrome 
affects the severity of COVID-19. Currently, evidence indi-
cates that hyperinflammatory syndrome is caused by a dys-
regulated innate immune response of the host. According 
to the two-step general model of the pathogenesis of life-
threatening COVID-19, insufficient type I IFN immunity 
during the first days of infection leads to viral growth and 
spread. This causes pulmonary and systemic inflammation 
that can damage (Zhang et al. 2020).

Although more research is needed to understand the full 
extent of this phenomenon, the implications could be far-
reaching for our understanding of disease pathology and 
treatment in the future.

Antibodies

Type I IFN autoantibodies are estimated to have caused 
nearly 1 million deaths from COVID-19 worldwide. With 
this in mind, future research on these antibodies may have 
significant clinical practicality. First, people (especially peo-
ple with risk factors for severe disease) can be tested for 
autoantibodies with a simple blood test before any potential 
SARS-CoV-2 infection. Those who return positive should be 
vaccinated as soon as possible and given priority for booster 
shots. It is also possible to specifically test during the early 
stages of COVID-19 because more targeted treatments—
like IFNβ, neutralizing monoclonal antibodies against 
SARS-CoV-2, or plasma exchange—could be beneficial in 
patients with autoantibody positive patients (Zhang et al. 
2022a). Clinically relevant approaches are being developed 
to quickly recognize people with positive interferon antibody 
responses so that subsequent clinical interventions can be 
administered (Akbil et al. 2021).
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Genetics

By understanding which genes can contribute to pediatric 
COVID-19 and MIS-C, clinicians can make more informed 
treatment decisions. Children with mutations associated 
with HLH may benefit the most from therapies targeting 
excessive inflammation, such as glucocorticoids, cytokine 
blockers (e.g., IL-1 and IL-6), and lymphocyte-targeted 
treatments (e.g., calcineurin inhibitors). In comparison, chil-
dren infected with SARS-CoV-2 who have genetic disorders 
in their innate immune responses, including type I IFN, may 
improve with treatment that includes recombinant interferon. 
This will help control viral replication and prevent cytokine 
storm syndrome from occurring (Schulert et al. 2021).

MIS‑C

Fortunately, treatments for MIS-C are available and have 
been shown to be effective. The prognosis for patients with 
MIS-C is excellent and only a few patients have experienced 
long-term sequelae. Furthermore, both national and interna-
tional registries for MIS-C cases have recently found a lower 
occurrence rate, possibly due to the different effects of the 
SARS-CoV-2 variants or vaccinations.

The recurrence of KD recurrence is uncommon and we 
are optimistic that the same will be true for MIS-C. How-
ever, autoantibodies in patients with MIS-C suggest a poten-
tial for relapse or other disorders related to autoimmune 
characteristics. Although inflammation is short-lived, these 
autoantibodies could still pose a risk.

In conclusion, although MIS-C can be managed with 
available treatments, more scientific research is still required 
to fully understand the condition (Gruber et al. 2020).

Implications for Long COVID

Long COVID refers to the persistence of symptoms related 
to infection with the SARS-CoV-2 virus (Soriano et al. 
2022). Specific symptoms and their duration can vary widely 
between individuals, but common symptoms of long COVID 
include fatigue, shortness of breath, chest pain, coughing, 
joint pain, headache, difficulty sleeping, brain fog, and loss 
of taste or smell sense. Other less common symptoms can 
also occur, such as gastrointestinal symptoms, heart palpita-
tions, and skin rashes.

Long COVID can affect people of all ages, including chil-
dren (Berg et al. 2022). Among children, the most frequently 
reported symptoms were fatigue, headache, arthromyalgia, 
chest tightness or pain, and dyspnea (Borch et al. 2022a; 
Pellegrino et al. 2022).

Research has shown that these long-term COVID symp-
toms cannot be attributed to any psychological effects of 
recent social restrictions in place (Borch et  al. 2022b). 

Fortunately, long COVID symptoms are often temporary 
and improve in 1–5 months; however, they can still greatly 
reduce someone's quality of life.

Scientific evidence on the immunopathology behind the 
long COVID syndrome in children is still limited. How-
ever, some studies suggest that long COVID in children 
may be associated with an immune-mediated inflammatory 
response similar to what has been observed in adults with 
long COVID (Son et al. 2022). One hypothesis is that long 
COVID in children may be triggered by an autoimmune 
response. Unlike short-lived systemic problems caused by 
cytokine storms, autoantibodies are believed to trigger more 
specific and long-term damage and therefore may play a role 
in the pathogenesis of long COVID (Wang et al. 2021; Su 
et al. 2022; Zhang et al. 2023). The SARS-CoV-2 superan-
tigen motif, which we have previously discussed in detail, 
could potentially contribute to the development of COVID-
19 hyperinflammatory syndromes, such as MIS-C, and auto-
immune reactions related to long COVID (Rivas et al. 2022).

In addition, there have been reports of neurological symp-
toms, such as brain fog and memory problems, that may be 
related to an autoimmune response. Women who have recov-
ered from toxic shock syndrome regularly report persistent 
neurological symptoms such as headaches, impaired cogni-
tion, and memory loss (Rosene et al. 1982). These signs are 
strikingly similar to the neuropsychiatric problems described 
by those with long-term COVID. This provides further evi-
dence that superantigens may be involved in the induction 
of long COVID. Furthermore, the recognition of neuro-
toxin patterns in SARS-CoV-2 opens up the possibility that 
inflammation caused by its spike protein could directly con-
tribute to neurological symptoms associated with MIS-C and 
prolonged COVID (Rivas et al. 2022).In summary, gaining a 
clear and deeper understanding of the early and late immune 
response to SARS-CoV-2 infection could be a key factor in 
understanding the prolonged effects of long COVID.

Author contributions  All authors contributed to the conception and 
design of the literature review. Every author played an equal part 
in drafting the manuscript. All authors read and approved the final 
manuscript.

Funding  Open access funding provided by Semmelweis Univer-
sity. The authors declare that no funds, grants, or other support were 
received during the preparation of this manuscript.The authors have no 
relevant financial or non-financial interests to disclose.

Data availability  Enquiries about data availability should be directed 
to the authors

Declarations 

Conflict of interest  A conflict of interest declaration is mandatory for 
publication in this journal. Please confirm that this declaration is ac-
curate, or provide an alternative



2233Multisystem inflammatory syndrome in children (MIS‑C): Implications for long COVID﻿	

1 3

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Akbil B, Meyer T, Stubbemann P et al (2021) Early and rapid identifi-
cation of COVID-19 patients with neutralizing type I-interferon 
auto-antibodies by an easily implementable algorithm. Medrxiv. 
https://​doi.​org/​10.​1101/​2021.​11.​12.​21266​249

Akindele NP, Pieterse L, Suwanmanee S, Griffin DE (2022) B cell 
responses in hospitalized SARS-CoV-2-infected children with 
and without multisystem inflammatory syndrome. J Infect Dis. 
https://​doi.​org/​10.​1093/​infdis/​jiac1​19

Arostegui D, Castro K, Schwarz S et al (2021) Persistent SARS-CoV-2 
nucleocapsid protein presence in the intestinal epithelium of a 
pediatric patient 3 months after acute infection. Jpgn Reports 
3:e152. https://​doi.​org/​10.​1097/​pg9.​00000​00000​000152

Asano T, Boisson B, Onodi F et al (2021) X-linked recessive TLR7 
deficiency in ~1% of men under 60 years old with life-threatening 
COVID-19. Sci Immunol 6:eabl4348. https://​doi.​org/​10.​1126/​
sciim​munol.​abl43​48

Bami S, Vagrecha A, Soberman D et al (2020) The use of anakinra 
in the treatment of secondary hemophagocytic lymphohistiocy-
tosis. Pediatr Blood Cancer 67:e28581. https://​doi.​org/​10.​1002/​
pbc.​28581

Bastard P, Rosen LB, Zhang Q et al (2020) Autoantibodies against 
type I IFNs in patients with life-threatening COVID-19. Science 
370:eabd4585. https://​doi.​org/​10.​1126/​scien​ce.​abd45​85

Bastard P, Gervais A, Voyer TL et al (2021) Autoantibodies neutral-
izing type I IFNs are present in ~4% of uninfected individuals 
over 70 years old and account for ~20% of COVID-19 deaths. 
Sci Immunol 6:eabl4340. https://​doi.​org/​10.​1126/​sciim​munol.​
abl43​40

Bastard P, Vazquez S, Liu J et al (2022) Vaccine breakthrough hypox-
emic COVID-19 pneumonia in patients with auto-Abs neutral-
izing type I IFNs. Sci Immunol. https://​doi.​org/​10.​1126/​sciim​
munol.​abp89​66

Beccuti G, Ghizzoni L, Cambria V et al (2020) A COVID-19 pneu-
monia case report of autoimmune polyendocrine syndrome type 
1 in Lombardy, Italy: letter to the editor. J Endocrinol Invest 
43:1175–1177. https://​doi.​org/​10.​1007/​s40618-​020-​01323-4

Beck A, Gandhi M (2021) Adjudicating reasons for hospitalization 
reveals that severe illness from COVID-19 in children is rare. 
Hosp Pediatrics 11:e159–e160. https://​doi.​org/​10.​1542/​hpeds.​
2021-​006084

Beckmann ND, Comella PH, Cheng E et al (2021) Downregulation 
of exhausted cytotoxic T cells in gene expression networks of 
multisystem inflammatory syndrome in children. Nat Commun 
12:4854. https://​doi.​org/​10.​1038/​s41467-​021-​24981-1

Berg SK, Nielsen SD, Nygaard U et al (2022) Long COVID symp-
toms in SARS-CoV-2-positive adolescents and matched con-
trols (LongCOVIDKidsDK): a national, cross-sectional study. 

Lancet Child Adolesc Health 6:240–248. https://​doi.​org/​10.​
1016/​s2352-​4642(22)​00004-9

Bhopal SS, Bagaria J, Olabi B, Bhopal R (2021) Children and young 
people remain at low risk of COVID-19 mortality. Lancet 
Child Adolesc Heal 5:e12–e13. https://​doi.​org/​10.​1016/​s2352-​
4642(21)​00066-3

Borch L, Holm M, Knudsen M et al (2022a) Long COVID symptoms 
and duration in SARS-CoV-2 positive children - a nationwide 
cohort study. Eur J Pediatr 181:1597–1607

Buszko M, Nita-Lazar A, Park J-H et al (2021) Lessons learned: new 
insights on the role of cytokines in COVID-19. Nat Immunol 
22:404–411. https://​doi.​org/​10.​1038/​s41590-​021-​00901-9

Chen M-R, Kuo H-C, Lee Y-J et al (2021) Phenotype, susceptibility, 
autoimmunity, and immunotherapy between kawasaki disease 
and coronavirus disease-19 associated multisystem inflamma-
tory syndrome in children. Front Immunol 12:632890. https://​
doi.​org/​10.​3389/​fimmu.​2021.​632890

Cheng MH, Zhang S, Porritt RA et al (2020) Superantigenic char-
acter of an insert unique to SARS-CoV-2 spike supported by 
skewed TCR repertoire in patients with hyperinflammation. 
Proc Natl Acad Sci 117:25254–25262. https://​doi.​org/​10.​1073/​
pnas.​20107​22117

Choi JH, Choi S-H, Yun KW (2022) Risk factors for severe COVID-
19 in children: a systematic review and meta-analysis. J Korean 
Med Sci. https://​doi.​org/​10.​3346/​jkms.​2022.​37.​e35

Cohen JM, Carter MJ, Cheung CR et al (2022) Lower risk of multi-
system inflammatory syndrome in children (MIS-C) with the 
Delta and Omicron variants of SARS-CoV-2. Clin Infect Dis 
Official Publ Infect Dis Soc Am 76:ciac553

Cole LD, Slate M, Minneman S, Bozzella MJ (2022) Early release—
multisystem inflammatory syndrome after breakthrough 
SARS-CoV-2 infection in 2 immunized adolescents, united 
states—volume 28, Number 7—July 2022—emerging infec-
tious diseases Journal—CDC. Emerg Infect Dis 28:1456–1459. 
https://​doi.​org/​10.​3201/​eid28​07.​220560

Consiglio CR, Cotugno N, Sardh F et al (2020) The immunology of 
multisystem inflammatory syndrome in children with COVID-
19. Cell 183:968-981.e7. https://​doi.​org/​10.​1016/j.​cell.​2020.​
09.​016

Cron RQ (2022) Biologic disease-modifying antirheumatic drugs 
to treat multisystem inflammatory syndrome in children. Curr 
Opin Rheumatol 34:274–279. https://​doi.​org/​10.​1097/​bor.​
00000​00000​000889

Diao B, Wang C, Tan Y et  al (2020) Reduction and functional 
exhaustion of T cells in patients with coronavirus disease 2019 
(COVID-19). Front Immunol 11:827. https://​doi.​org/​10.​3389/​
fimmu.​2020.​00827

Ding J, Hostallero DE, Khili MRE et al (2021) A network-informed 
analysis of SARS-CoV-2 and hemophagocytic lymphohistiocy-
tosis genes’ interactions points to Neutrophil extracellular traps 
as mediators of thrombosis in COVID-19. Plos Comput Biol 
17:e1008810. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​10088​10

Du W, Yu J, Liu X et al (2020) Persistence of SARS-CoV-2 virus 
RNA in feces: a case series of children. J Infect Public Heal 
13:926–931. https://​doi.​org/​10.​1016/j.​jiph.​2020.​05.​025

Eloseily EM, Weiser P, Crayne CB et al (2020) Benefit of anakinra 
in treating pediatric secondary hemophagocytic lymphohistio-
cytosis. Arthritis Rheumatol 72:326–334. https://​doi.​org/​10.​
1002/​art.​41103

Fage C, Hénaut M, Carbonneau J et al (2022) Influenza A(H1N1)
pdm09 virus but not respiratory syncytial virus interferes with 
SARS-CoV-2 replication during sequential infections in human 
nasal epithelial cells. Viruses 14:395. https://​doi.​org/​10.​3390/​
v1402​0395

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1101/2021.11.12.21266249
https://doi.org/10.1093/infdis/jiac119
https://doi.org/10.1097/pg9.0000000000000152
https://doi.org/10.1126/sciimmunol.abl4348
https://doi.org/10.1126/sciimmunol.abl4348
https://doi.org/10.1002/pbc.28581
https://doi.org/10.1002/pbc.28581
https://doi.org/10.1126/science.abd4585
https://doi.org/10.1126/sciimmunol.abl4340
https://doi.org/10.1126/sciimmunol.abl4340
https://doi.org/10.1126/sciimmunol.abp8966
https://doi.org/10.1126/sciimmunol.abp8966
https://doi.org/10.1007/s40618-020-01323-4
https://doi.org/10.1542/hpeds.2021-006084
https://doi.org/10.1542/hpeds.2021-006084
https://doi.org/10.1038/s41467-021-24981-1
https://doi.org/10.1016/s2352-4642(22)00004-9
https://doi.org/10.1016/s2352-4642(22)00004-9
https://doi.org/10.1016/s2352-4642(21)00066-3
https://doi.org/10.1016/s2352-4642(21)00066-3
https://doi.org/10.1038/s41590-021-00901-9
https://doi.org/10.3389/fimmu.2021.632890
https://doi.org/10.3389/fimmu.2021.632890
https://doi.org/10.1073/pnas.2010722117
https://doi.org/10.1073/pnas.2010722117
https://doi.org/10.3346/jkms.2022.37.e35
https://doi.org/10.3201/eid2807.220560
https://doi.org/10.1016/j.cell.2020.09.016
https://doi.org/10.1016/j.cell.2020.09.016
https://doi.org/10.1097/bor.0000000000000889
https://doi.org/10.1097/bor.0000000000000889
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1371/journal.pcbi.1008810
https://doi.org/10.1016/j.jiph.2020.05.025
https://doi.org/10.1002/art.41103
https://doi.org/10.1002/art.41103
https://doi.org/10.3390/v14020395
https://doi.org/10.3390/v14020395


2234	 T. Constantin et al.

1 3

Feldstein LR, Rose EB, Horwitz SM et al (2020) Multisystem inflam-
matory syndrome in U.S. children and adolescents. New Engl 
J Med 383:334–346. https://​doi.​org/​10.​1056/​nejmo​a2021​680

Forrest CB, Burrows EK, Mejias A et al (2022) Severity of acute 
COVID-19 in children 18 years old march 2020 to December 
2021. Pediatrics. https://​doi.​org/​10.​1542/​peds.​2021-​055765

Gao P, Kang L-Y, Liu J, Liu M (2023) Immunogenicity, effective-
ness, and safety of COVID-19 vaccines among children and 
adolescents aged 2–18 years: an updated systematic review 
and meta-analysis. World J Pediatr. https://​doi.​org/​10.​1007/​
s12519-​022-​00680-9

Ghosh P, Katkar GD, Shimizu C et al (2022) An Artificial Intel-
ligence-guided signature reveals the shared host immune 
response in MIS-C and Kawasaki disease. Nat Commun 
13:2687. https://​doi.​org/​10.​1038/​s41467-​022-​30357-w

Gruber CN, Patel RS, Trachtman R et al (2020) mapping systemic 
inflammation and antibody responses in multisystem inflam-
matory syndrome in children (MIS-C). Cell 183:982-995.e14. 
https://​doi.​org/​10.​1016/j.​cell.​2020.​09.​034

Han MS, Choi EH, Chang SH et al (2021) Clinical characteristics 
and viral RNA detection in children with coronavirus dis-
ease 2019 in the Republic of Korea. Jama Pediatr 175:73–80. 
https://​doi.​org/​10.​1001/​jamap​ediat​rics.​2020.​3988

Hasan A, Al-Ozairi E, Al-Baqsumi Z et  al (2021) Cellular and 
humoral immune responses in covid-19 and immunotherapeu-
tic approaches. Immunotargets Ther 10:63–85. https://​doi.​org/​
10.​2147/​itt.​s2807​06

Hoste L, researchers M-C, Soriano-Arandes A, et al (2022) Severe 
acute respiratory syndrome coronavirus 2 vaccination in chil-
dren with a history of multisystem inflammatory syndrome in 
children: an international survey. J Pediatrics 248:114–118. 
https://​doi.​org/​10.​1016/j.​jpeds.​2022.​05.​028

Howe HL, Amarin JZ, Hayek H et al (2022) Safety and Immuno-
genicity of SARS-CoV-2 vaccination in children with a history 
of MIS-C. Open Forum Infect Dis. https://​doi.​org/​10.​1093/​
ofid/​ofac4​92.​637

Kenney PO, Chang A, Krabill L, Hicar M (2023) Decreased clinical 
severity of pediatric acute COVID-19 and MIS-C and increase 
of incidental cases during the omicron wave in comparison 
to the delta wave. Viruses. https://​doi.​org/​10.​3390/​v1501​0180

Khanmohammadi S, Rezaei N, Khazaei M, Shirkani A (2021) A 
case of autosomal recessive interferon alpha/beta recep-
tor alpha chain (IFNAR1) deficiency with severe COVID-
19. J Clin Immunol 42:19–24. https://​doi.​org/​10.​1007/​
s10875-​021-​01166-5

Klein N, Stockwell M, Demarco M et al (2022) Effectiveness of 
COVID-19 Pfizer-BioNTech BNT162b2 mRNA vaccination 
in preventing COVID-19–associated emergency department 
and urgent care encounters and hospitalizations among non-
immunocompromised children and adolescents aged 5–17 
Years—VISION Network, 10 States, April 2021–January 
2022. MMWR Morbidity Mortality Weekly Report. https://​
doi.​org/​10.​1585/​mmwr.​mm710​9e3

Kumrah R, Vignesh P, Rawat A, Singh S (2020) Immunogenetics of 
Kawasaki disease. Clin Rev Allerg Immu 59:122–139. https://​
doi.​org/​10.​1007/​s12016-​020-​08783-9

Levy N, Koppel JH, Kaplan O et al (2022) Severity and incidence 
of multisystem inflammatory syndrome in children during 3 
SARS-CoV-2 pandemic waves in Israel. JAMA. https://​doi.​
org/​10.​1001/​jama.​2022.​8025

Lim L, Lim SJ, Loy JS, Ng DC (2021) Multisystem inflammatory 
syndrome in children (MIS-C) occurring in temporal proximity 
between siblings. Bmj Case Reports 14:246066. https://​doi.​
org/​10.​1136/​bcr-​2021-​246066

Lo MS (2020) A framework for understanding Kawasaki disease 
pathogenesis. Clin Immunol 214:108385. https://​doi.​org/​10.​
1016/j.​clim.​2020.​108385

Loske J, Röhmel J, Lukassen S et al (2021) Pre-activated antiviral 
innate immunity in the upper airways controls early SARS-
CoV-2 infection in children. Nat Biotechnol 40:319–324. 
https://​doi.​org/​10.​1038/​s41587-​021-​01037-9

Luo H, Liu D, Liu W et al (2021) Germline variants in UNC13D and 
AP3B1 are enriched in COVID-19 patients experiencing severe 
cytokine storms. Eur J Hum Genet 29:1312–1315. https://​doi.​
org/​10.​1038/​s41431-​021-​00886-x

Malle L, Bastard P, Martín-Nalda A et al (2021) Atypical inflamma-
tory syndrome triggered by SARS-CoV-2 in infants with down 
syndrome. J Clin Immunol 41:1457–1462. https://​doi.​org/​10.​
1007/​s10875-​021-​01078-4

Marks KJ, Whitaker M, Anglin O et al (2022) Hospitalizations of 
children and adolescents with laboratory-confirmed COVID-
19 — COVID-NET, 14 States, July 2021–January 2022. Mor-
bidity Mortal Wkly Rep 71:271–278. https://​doi.​org/​10.​1585/​
mmwr.​mm710​7e4

Mathew D, Giles JR, Baxter AE et al (2020) Deep immune profil-
ing of COVID-19 patients reveals distinct immunotypes with 
therapeutic implications. Science 369:eabc8511. https://​doi.​
org/​10.​1126/​scien​ce.​abc85​11

Matuozzo D, Talouarn E, Marchal A et al (2022) Rare predicted 
loss-of-function variants of type I IFN immunity genes are 
associated with critical COVID-19. medRxiv. https://​doi.​org/​
10.​1101/​2022.​10.​22.​22281​221

McGonagle D, Ramanan AV, Bridgewood C (2021) Immune cartog-
raphy of macrophage activation syndrome in the COVID-19 
era. Nat Rev Rheumatol 17:145–157. https://​doi.​org/​10.​1038/​
s41584-​020-​00571-1

Meisel C, Akbil B, Meyer TW et al (2021) Mild COVID-19 despite 
autoantibodies against type I IFNs in autoimmune polyendo-
crine syndrome type 1. J Clin Invest. https://​doi.​org/​10.​1172/​
jci15​0867

Middelburg JG, Crijnen TEM, D’Antiga L et al (2021) Association of 
ethnicity with multisystem inflammatory syndrome in children 
related to SARS-CoV-2 infection: an international case-referent 
study. Frontiers Pediatrics 9:707650. https://​doi.​org/​10.​3389/​
fped.​2021.​707650

Miller AD, Yousaf AR, Bornstein E et al (2022) multisystem inflam-
matory syndrome in children (MIS-C) during SARS-CoV-2 delta 
and omicron variant circulation—United States, July 2021—
January 2022. Clin Infect Dis Official Publ Infect Dis Soc Am 
75:ciac471. https://​doi.​org/​10.​1093/​cid/​ciac4​71

Minoia F, Lucioni F, Heshin-Bekenstein M et al (2022) Approaches to 
SARS-CoV-2 and other vaccinations in children with a history of 
multisystem inflammatory syndrome (MIS-C): An international 
survey. Frontiers Pediatrics 10:1030083. https://​doi.​org/​10.​3389/​
fped.​2022.​10300​83

Moga E, Lynton-Pons E, Domingo P (2022) The Robustness of Cel-
lular Immunity Determines the Fate of SARS-CoV-2 Infection. 
Front Immunol 13:904686. https://​doi.​org/​10.​3389/​fimmu.​2022.​
904686

Moreews M, Gouge KL, Khaldi-Plassart S et al (2021) Polyclonal 
expansion of TCR Vb 21 3+ CD4+ and CD8+ T cells is a hall-
mark of multisystem inflammatory syndrome in children. Sci 
Immunol 6:1516. https://​doi.​org/​10.​1126/​sciim​munol.​abh15​16

Namkoong H, Edahiro R, Takano T et al (2022) DOCK2 is involved 
in the host genetics and biology of severe COVID-19. Nature 
609:754–760. https://​doi.​org/​10.​1038/​s41586-​022-​05163-5

Onouchi Y, Ozaki K, Burns JC et al (2012) A genome-wide association 
study identifies three new risk loci for Kawasaki disease. Nat 
Genet 44:517–521. https://​doi.​org/​10.​1038/​ng.​2220

https://doi.org/10.1056/nejmoa2021680
https://doi.org/10.1542/peds.2021-055765
https://doi.org/10.1007/s12519-022-00680-9
https://doi.org/10.1007/s12519-022-00680-9
https://doi.org/10.1038/s41467-022-30357-w
https://doi.org/10.1016/j.cell.2020.09.034
https://doi.org/10.1001/jamapediatrics.2020.3988
https://doi.org/10.2147/itt.s280706
https://doi.org/10.2147/itt.s280706
https://doi.org/10.1016/j.jpeds.2022.05.028
https://doi.org/10.1093/ofid/ofac492.637
https://doi.org/10.1093/ofid/ofac492.637
https://doi.org/10.3390/v15010180
https://doi.org/10.1007/s10875-021-01166-5
https://doi.org/10.1007/s10875-021-01166-5
https://doi.org/10.1585/mmwr.mm7109e3
https://doi.org/10.1585/mmwr.mm7109e3
https://doi.org/10.1007/s12016-020-08783-9
https://doi.org/10.1007/s12016-020-08783-9
https://doi.org/10.1001/jama.2022.8025
https://doi.org/10.1001/jama.2022.8025
https://doi.org/10.1136/bcr-2021-246066
https://doi.org/10.1136/bcr-2021-246066
https://doi.org/10.1016/j.clim.2020.108385
https://doi.org/10.1016/j.clim.2020.108385
https://doi.org/10.1038/s41587-021-01037-9
https://doi.org/10.1038/s41431-021-00886-x
https://doi.org/10.1038/s41431-021-00886-x
https://doi.org/10.1007/s10875-021-01078-4
https://doi.org/10.1007/s10875-021-01078-4
https://doi.org/10.1585/mmwr.mm7107e4
https://doi.org/10.1585/mmwr.mm7107e4
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1101/2022.10.22.22281221
https://doi.org/10.1101/2022.10.22.22281221
https://doi.org/10.1038/s41584-020-00571-1
https://doi.org/10.1038/s41584-020-00571-1
https://doi.org/10.1172/jci150867
https://doi.org/10.1172/jci150867
https://doi.org/10.3389/fped.2021.707650
https://doi.org/10.3389/fped.2021.707650
https://doi.org/10.1093/cid/ciac471
https://doi.org/10.3389/fped.2022.1030083
https://doi.org/10.3389/fped.2022.1030083
https://doi.org/10.3389/fimmu.2022.904686
https://doi.org/10.3389/fimmu.2022.904686
https://doi.org/10.1126/sciimmunol.abh1516
https://doi.org/10.1038/s41586-022-05163-5
https://doi.org/10.1038/ng.2220


2235Multisystem inflammatory syndrome in children (MIS‑C): Implications for long COVID﻿	

1 3

Onouchi Y, Fukazawa R, Yamamura K et al (2016) Variations in 
ORAI1 gene associated with Kawasaki disease. Plos One 
11:e0145486. https://​doi.​org/​10.​1371/​journ​al.​pone.​01454​86

Ouldali N, Bagheri H, Salvo F et  al (2022) Hyper inflammatory 
syndrome following COVID-19 mRNA vaccine in children: a 
national post-authorization pharmacovigilance study. Lancet 
Regional Heal - Europe 17:100393. https://​doi.​org/​10.​1016/j.​
lanepe.​2022.​100393

Palmer S, Cunniffe N, Donnelly R (2021) COVID-19 hospitalization 
rates rise exponentially with age, inversely proportional to thymic 
T-cell production. J Roy Soc Interface 18:20200982. https://​doi.​
org/​10.​1098/​rsif.​2020.​0982

Pellegrino R, Chiappini E, Licari A et al (2022) Prevalence and clinical 
presentation of long COVID in children: a systematic review. Eur 
J Pediatr 181:3995–4009

Pierce CA, Sy S, Galen B et al (2021) Natural mucosal barriers and 
COVID-19 in children. Jci Insight 6:148694. https://​doi.​org/​10.​
1172/​jci.​insig​ht.​148694

Piret J, Boivin G (2022) Viral interference between respiratory 
viruses—volume 28, number 2—February 2022 - emerging 
infectious diseases journal—CDC. Emerg Infect Dis 28:273–281. 
https://​doi.​org/​10.​3201/​eid28​02.​211727

Porritt RA, Binek A, Paschold L et al (2021) The autoimmune signa-
ture of hyperinflammatory multisystem inflammatory syndrome 
in children. J Clin Invest. https://​doi.​org/​10.​1172/​jci15​1520

Porritt RA, Paschold L, Rivas MN et al (2021) HLA class I-associated 
expansion of TRBV11–2 T cells in multisystem inflammatory 
syndrome in children. J Clin Invest. https://​doi.​org/​10.​1172/​jci14​
6614

Ramaswamy A, Brodsky NN, Sumida TS et al (2021) Immune dys-
regulation and autoreactivity correlate with disease severity in 
SARS-CoV-2-associated multisystem inflammatory syndrome in 
children. Immunity 54:1083-1095.e7. https://​doi.​org/​10.​1016/j.​
immuni.​2021.​04.​003

Rivas MN, Porritt RA, Cheng MH et al (2021) COVID-19–associ-
ated multisystem inflammatory syndrome in children (MIS-C): 
a novel disease that mimics toxic shock syndrome—the superan-
tigen hypothesis. J Allergy Clin Immun 147:57–59. https://​doi.​
org/​10.​1016/j.​jaci.​2020.​10.​008

Rivas MN, Porritt RA, Cheng MH et al (2022) Multisystem inflamma-
tory syndrome in children and Long COVID: The SARS-CoV-2 
viral superantigen hypothesis. Front Immunol 13:941009

Rodriguez-Smith JJ, Verweyen EL, Clay GM et al (2021) Inflammatory 
biomarkers in COVID-19-associated multisystem inflammatory 
syndrome in children, Kawasaki disease, and macrophage acti-
vation syndrome: a cohort study. Lancet Rheumatology 3:e574–
e584. https://​doi.​org/​10.​1016/​s2665-​9913(21)​00139-9

Ronit A, Jørgensen SE, Roed C et al (2021) Host genetics and antiviral 
immune responses in adult patients with multisystem inflamma-
tory syndrome. Front Immunol 12:718744. https://​doi.​org/​10.​
3389/​fimmu.​2021.​718744

Rosene KA, Copass MK, Kastner LS et al (1982) Persistent neuropsy-
chological sequelae of toxic shock syndrome. Ann Intern Med 
96:865. https://​doi.​org/​10.​7326/​0003-​4819-​96-6-​865

Sacco K, Castagnoli R, Vakkilainen S et al (2022) Immunopatho-
logical signatures in multisystem inflammatory syndrome in 
children and pediatric COVID-19. Nat Med 28:1050–1062. 
https://​doi.​org/​10.​1038/​s41591-​022-​01724-3

Santos MO, Gonçalves LC, Silva PAN et al (2021) Multisystem 
inflammatory syndrome (MIS-C): a systematic review and 
meta-analysis of clinical characteristics, treatment, and out-
comes. J Pediat. https://​doi.​org/​10.​1016/j.​jped.​2021.​08.​006

Schimke LF, Marques AHC, Baiocchi GC et  al (2022) Severe 
COVID-19 shares a common neutrophil activation signature 
with other acute inflammatory states. Cells 11:847. https://​doi.​
org/​10.​3390/​cells​11050​847

Schmidt A, Peters S, Knaus A et al (2021) TBK1 and TNFRSF13B 
mutations and an autoinflammatory disease in a child with 
lethal COVID-19. Npj Genom Med 6:55. https://​doi.​org/​10.​
1038/​s41525-​021-​00220-w

Schulert GS, Blum SA, Cron RQ (2021) Host genetics of pediatric 
SARS-CoV-2 COVID-19 and multisystem inflammatory syn-
drome in children. Curr Opin Pediatr 33:549–555. https://​doi.​
org/​10.​1097/​mop.​00000​00000​001061

Sefik E, Qu R, Junqueira C et al (2022) Inflammasome activation 
in infected macrophages drives COVID-19 pathology. Nature 
606:585–593. https://​doi.​org/​10.​1038/​s41586-​022-​04802-1

Shane AL, Sato AI, Kao C et al (2020) A pediatric infectious dis-
ease perspective of SARS-CoV-2 and COVID-19 in Children. J 
Pediatric Infect Dis Soc. https://​doi.​org/​10.​1093/​jpids/​piaa0​99

Shaw ER, Rosen LB, Cheng A et al (2021) Temporal dynamics of 
anti-type 1 interferon autoantibodies in patients with corona-
virus disease 2019. Clin Infect Dis Official Publ Infect Dis 
Soc Am 75:e1192–e1194. https://​doi.​org/​10.​1093/​cid/​ciab1​002

Shi D, Whitaker M, Marks KJ et al (2022) Hospitalizations of chil-
dren aged 5–11 years with laboratory-confirmed COVID-19—
COVID-NET, 14 States, March 2020–February 2022. Mor-
bidity Mortal Wkly Rep 71:574–581. https://​doi.​org/​10.​1585/​
mmwr.​mm711​6e1

Shingleton J, Williams H, Oligbu G et al (2022) The changing epi-
demiology of PIMS-TS across COVID-19 waves: prospective 
national surveillance, January 2021 to July 2022, England. J 
Infection 85:702–769. https://​doi.​org/​10.​1016/j.​jinf.​2022.​10.​
017

Son K, Jamil R, Chowdhury A et al (2022) Circulating anti-nuclear 
autoantibodies in COVID-19 survivors predict long COVID 
symptoms. European Respir J 61:2200970. https://​doi.​org/​10.​
1183/​13993​003.​00970-​2022

Sorg A-L, Hufnagel M, Doenhardt M et al (2022a) Risk for severe 
outcomes of COVID-19 and PIMS-TS in children with SARS-
CoV-2 infection in Germany. Eur J Pediatr 181:3635–3643. 
https://​doi.​org/​10.​1007/​s00431-​022-​04587-5

Sorg AL, Schönfeld V, Siedler A et al (2022) SARS-CoV-2 variants 
and the risk of pediatric inflammatory multisystem syndrome 
temporally associated with SARS-CoV-2 among children in 
Germany. Infection. https://​doi.​org/​10.​1007/​s15010-​022-​01908-6

Soriano JB, Murthy S, Marshall JC et al (2022) A clinical case defi-
nition of post-COVID-19 condition by a Delphi consensus. 
Lancet Infect Dis 22:e102–e107. https://​doi.​org/​10.​1016/​s1473-​
3099(21)​00703-9

Stierman B, Abrams JY, Godfred-Cato SE et al (2021) Racial and eth-
nic disparities in multisystem inflammatory syndrome in children 
in the United States, March 2020 to February 2021. Pediatric 
Infect Dis J 40:e400–e406. https://​doi.​org/​10.​1097/​inf.​00000​
00000​003294

Su Y, Yuan D, Chen DG et al (2022) Multiple early factors anticipate 
post-acute COVID-19 sequelae. Cell 185:881-895.e20. https://​
doi.​org/​10.​1016/j.​cell.​2022.​01.​014

Swadling L, Diniz MO, Schmidt NM et al (2021) Pre-existing pol-
ymerase-specific T cells expand in abortive seronegative 
SARS-CoV-2. Nature 601:110–117. https://​doi.​org/​10.​1038/​
s41586-​021-​04186-8

Szekanecz Z, Balog A, Constantin T et al (2022) COVID-19: autoim-
munity, multisystemic inflammation and autoimmune rheumatic 
patients. Expert Rev Mol Med 24:e13. https://​doi.​org/​10.​1017/​
erm.​2022.​10

Tan SHX, Cook AR, Heng D et al (2022) Effectiveness of BNT162b2 
vaccine against omicron in children 5 to 11 years of age. New 
Engl J Med 387:525–532. https://​doi.​org/​10.​1056/​nejmo​a2203​
209

Tang J, Novak T, Hecker J et al (2022) Cross-reactive immunity against 
the SARS-CoV-2 Omicron variant is low in pediatric patients 

https://doi.org/10.1371/journal.pone.0145486
https://doi.org/10.1016/j.lanepe.2022.100393
https://doi.org/10.1016/j.lanepe.2022.100393
https://doi.org/10.1098/rsif.2020.0982
https://doi.org/10.1098/rsif.2020.0982
https://doi.org/10.1172/jci.insight.148694
https://doi.org/10.1172/jci.insight.148694
https://doi.org/10.3201/eid2802.211727
https://doi.org/10.1172/jci151520
https://doi.org/10.1172/jci146614
https://doi.org/10.1172/jci146614
https://doi.org/10.1016/j.immuni.2021.04.003
https://doi.org/10.1016/j.immuni.2021.04.003
https://doi.org/10.1016/j.jaci.2020.10.008
https://doi.org/10.1016/j.jaci.2020.10.008
https://doi.org/10.1016/s2665-9913(21)00139-9
https://doi.org/10.3389/fimmu.2021.718744
https://doi.org/10.3389/fimmu.2021.718744
https://doi.org/10.7326/0003-4819-96-6-865
https://doi.org/10.1038/s41591-022-01724-3
https://doi.org/10.1016/j.jped.2021.08.006
https://doi.org/10.3390/cells11050847
https://doi.org/10.3390/cells11050847
https://doi.org/10.1038/s41525-021-00220-w
https://doi.org/10.1038/s41525-021-00220-w
https://doi.org/10.1097/mop.0000000000001061
https://doi.org/10.1097/mop.0000000000001061
https://doi.org/10.1038/s41586-022-04802-1
https://doi.org/10.1093/jpids/piaa099
https://doi.org/10.1093/cid/ciab1002
https://doi.org/10.1585/mmwr.mm7116e1
https://doi.org/10.1585/mmwr.mm7116e1
https://doi.org/10.1016/j.jinf.2022.10.017
https://doi.org/10.1016/j.jinf.2022.10.017
https://doi.org/10.1183/13993003.00970-2022
https://doi.org/10.1183/13993003.00970-2022
https://doi.org/10.1007/s00431-022-04587-5
https://doi.org/10.1007/s15010-022-01908-6
https://doi.org/10.1016/s1473-3099(21)00703-9
https://doi.org/10.1016/s1473-3099(21)00703-9
https://doi.org/10.1097/inf.0000000000003294
https://doi.org/10.1097/inf.0000000000003294
https://doi.org/10.1016/j.cell.2022.01.014
https://doi.org/10.1016/j.cell.2022.01.014
https://doi.org/10.1038/s41586-021-04186-8
https://doi.org/10.1038/s41586-021-04186-8
https://doi.org/10.1017/erm.2022.10
https://doi.org/10.1017/erm.2022.10
https://doi.org/10.1056/nejmoa2203209
https://doi.org/10.1056/nejmoa2203209


2236	 T. Constantin et al.

1 3

with prior COVID-19 or MIS-C. Nat Commun 13:2979. https://​
doi.​org/​10.​1038/​s41467-​022-​30649-1

Vagrecha A, Zhang M, Acharya S et al (2022) Hemophagocytic lym-
phohistiocytosis gene variants in multisystem inflammatory 
syndrome in children. Biology 11:417. https://​doi.​org/​10.​3390/​
biolo​gy110​30417

van der Wijst MGP, Vazquez SE, Hartoularos GC et  al (2021) 
Type I interferon autoantibodies are associated with systemic 
immune alterations in patients with COVID-19. Sci Transl Med 
13:eabh2624. https://​doi.​org/​10.​1126/​scitr​anslm​ed.​abh26​24

Wang F, Nie J, Wang H et al (2020) Characteristics of peripheral lym-
phocyte subset alteration in COVID-19 pneumonia. J Infect Dis 
221:150. https://​doi.​org/​10.​1093/​infdis/​jiaa1​50

Wang EY, Mao T, Klein J et al (2021) Diverse functional autoantibod-
ies in patients with COVID-19. Nature 595:283–288. https://​doi.​
org/​10.​1038/​s41586-​021-​03631-y

Wang L, Berger NA, Kaelber DC et al (2022) Incidence rates and 
clinical outcomes of SARS-CoV-2 infection with the omicron 
and delta variants in children younger than 5 Years in the US. 
Jama Pediatr 176:811–813. https://​doi.​org/​10.​1001/​jamap​ediat​
rics.​2022.​0945

Whittaker E, Bamford A, Kenny J et al (2020) Clinical characteris-
tics of 58 children with a pediatric inflammatory multisystem 
syndrome temporally associated with SARS-CoV-2. JAMA 
324:259–269. https://​doi.​org/​10.​1001/​jama.​2020.​10369

Whittaker R, Greve-Isdahl M, Bøås H, et al (2022) COVID-19 Hospi-
talization Among Children <18 Years by Variant Wave in Nor-
way. Pediatrics 150:. https://​doi.​org/​10.​1542/​peds.​2022-​057564

Xie X, Shi X, Liu M (2018) The roles of genetic factors in kawasaki 
disease: a systematic review and meta-analysis of genetic asso-
ciation studies. Pediatr Cardiol 39:207–225. https://​doi.​org/​10.​
1007/​s00246-​017-​1760-0

Xu Y, Li X, Zhu B et al (2020) Characteristics of pediatric SARS-
CoV-2 infection and potential evidence for persistent fecal 
viral shedding. Nat Med 26:502–505. https://​doi.​org/​10.​1038/​
s41591-​020-​0817-4

Yang M (2020) Cell pyroptosis, a potential pathogenic mechanism of 
2019-nCoV infection. Ssrn Electron J. https://​doi.​org/​10.​2139/​
ssrn.​35274​20

Yonker LM, Gilboa T, Ogata AF et al (2021) Multisystem inflamma-
tory syndrome in children is driven by zonulin-dependent loss of 

gut mucosal barrier. J Clin Invest. https://​doi.​org/​10.​1172/​jci14​
9633

Yoshida M, Worlock KB, Huang N et  al (2021) Local and sys-
temic responses to SARS-CoV-2 infection in children 
and adults. Nature 602:321–327. https://​doi.​org/​10.​1038/​
s41586-​021-​04345-x

Yousaf AR, Cortese MM, Taylor AW et al (2022) Reported cases of 
multisystem inflammatory syndrome in children aged 12–20 
years in the USA who received a COVID-19 vaccine, December 
2020, through August, 2021: a surveillance investigation. Lancet 
Child Adolesc Heal 6:303–312. https://​doi.​org/​10.​1016/​s2352-​
4642(22)​00028-1

Zambrano LD, Newhams MM, Olson SM et al (2022) Effectiveness 
of BNT162b2 (Pfizer-BioNTech) mRNA vaccination against 
multisystem inflammatory syndrome in children among persons 
aged 12–18 years—United States july–december 2021. Morbid-
ity Mortal Wkly Rep 71:52–58. https://​doi.​org/​10.​15585/​mmwr.​
mm710​2e1

Zhang Q, Bastard P, Bolze A et al (2020) Life-threatening COVID-
19: defective interferons unleash excessive inflammation. Med 
1:14–20. https://​doi.​org/​10.​1016/j.​medj.​2020.​12.​001

Zhang Q, Bastard P, Effort CHG et al (2022a) Human genetic and 
immunological determinants of critical COVID-19 pneu-
monia. Nature 603:587–598. https://​doi.​org/​10.​1038/​
s41586-​022-​04447-0

Zhang Q, Matuozzo D, Pen JL et al (2022) Recessive inborn errors of 
type I IFN immunity in children with COVID-19 pneumonia. J 
Exp Med 219:e20220131. https://​doi.​org/​10.​1084/​jem.​20220​131

Zhang H-P, Sun Y-L, Wang Y-F et al (2023) Recent developments 
in the immunopathology of COVID-19. Allergy 78:369–388. 
https://​doi.​org/​10.​1111/​all.​15593

Zheng X, Chen W, Gong F et al (2021) The role and mechanism of 
pyroptosis and potential therapeutic targets in sepsis: a review. 
Front Immunol 12:711939. https://​doi.​org/​10.​3389/​fimmu.​2021.​
711939

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41467-022-30649-1
https://doi.org/10.1038/s41467-022-30649-1
https://doi.org/10.3390/biology11030417
https://doi.org/10.3390/biology11030417
https://doi.org/10.1126/scitranslmed.abh2624
https://doi.org/10.1093/infdis/jiaa150
https://doi.org/10.1038/s41586-021-03631-y
https://doi.org/10.1038/s41586-021-03631-y
https://doi.org/10.1001/jamapediatrics.2022.0945
https://doi.org/10.1001/jamapediatrics.2022.0945
https://doi.org/10.1001/jama.2020.10369
https://doi.org/10.1542/peds.2022-057564
https://doi.org/10.1007/s00246-017-1760-0
https://doi.org/10.1007/s00246-017-1760-0
https://doi.org/10.1038/s41591-020-0817-4
https://doi.org/10.1038/s41591-020-0817-4
https://doi.org/10.2139/ssrn.3527420
https://doi.org/10.2139/ssrn.3527420
https://doi.org/10.1172/jci149633
https://doi.org/10.1172/jci149633
https://doi.org/10.1038/s41586-021-04345-x
https://doi.org/10.1038/s41586-021-04345-x
https://doi.org/10.1016/s2352-4642(22)00028-1
https://doi.org/10.1016/s2352-4642(22)00028-1
https://doi.org/10.15585/mmwr.mm7102e1
https://doi.org/10.15585/mmwr.mm7102e1
https://doi.org/10.1016/j.medj.2020.12.001
https://doi.org/10.1038/s41586-022-04447-0
https://doi.org/10.1038/s41586-022-04447-0
https://doi.org/10.1084/jem.20220131
https://doi.org/10.1111/all.15593
https://doi.org/10.3389/fimmu.2021.711939
https://doi.org/10.3389/fimmu.2021.711939

	Multisystem inflammatory syndrome in children (MIS-C): Implications for long COVID
	Abstract
	Introduction
	Epidemiology of SARS-CoV-2 infection in children
	Cytokine storm and beyond
	Why is COVID-19 rare and mild in children?
	Are the dangers of severe childhood COVID-19 still on the decline?

	MIS-C is a distinct disease
	Immunopathology of MIS-C
	The superantigen hypothesis
	Why is MIS-C delayed?
	Why is MIS-C rare?
	How effective are SARS-CoV-2 vaccines against MIS-C?

	Should children receive the SARS-CoV-2 vaccination after MIS-C?
	Immunopathology of COVID-19
	Genetics of COVID-19 and MIS-C in children
	Primary immunodeficiencies (PIDs)
	HLA Association
	Interferon deficiency and severe COVID-19 pneumonia
	Genetics of Kawasaki disease
	Cytokine storm genes in COVID-19 and MIS-C
	The probability of MIS-C occurring in siblings is very low
	Certain ethnic groups are disproportionately affected by MIS-C

	Conclusion, immunopharmacological implications
	Antibodies
	Genetics
	MIS-C
	Implications for Long COVID


	References




