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Abstract
Coronavirus disease 2019 in children presents with distinct phenotype in comparison to adults. Overall, the pediatric infection with 
a generally milder clinical course of the acute infection compared to adults still faces several unknown aspects. Specifically, the 
presence of a wide range of inflammatory manifestations, including multisystem inflammatory syndrome in children (MIS-C), 
myocarditis, and long COVID in the period after infection suggests a particular susceptibility of some children upon severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Albeit peculiar complications such as long covid are less frequent in 
children compared to adults, research on the relationship between inflammatory syndromes and SARS-CoV-2 is rapidly evolving. 

Conclusions: new studies and findings continue to emerge, providing further insights into the underlying mechanisms 
and potential therapeutic strategies. In the present work, we revised current knowledge of the main factors accounting for 
such variability upon SARS-CoV-2 infection over the pediatric age group.

What is Known:
• COVID19 in children overall showed a milder course compared to adults during the acute phase of the infection.
• Children showed to be susceptible to a wide range of post infectious complications including multisystem inflammatory syndrome in children 

(MIS-C), myocarditis, neuroinflammation, and long COVID.
What is New:
• Mechanisms underlying susceptibility to a severe course of the infection were recently shown to pertain to the host.
• A specific combination of HLA was recently shown to be associated to higher susceptibility to MIS-C in children.
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Introduction

Since the emergence of the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) in late 2019, our 
understanding of the virus and its associated clinical 
manifestations has rapidly evolved [1]. However, the pedi-
atric perspective with a generally milder clinical course 

of the acute infection compared to adults still faces sev-
eral unknown aspects. While the primary presentation of 
COVID-19 is characterized by respiratory symptoms, it has 
become increasingly evident that SARS-CoV-2 infection can 
also lead to a wide spectrum of inflammatory syndromes 
which appear even more problematic in childhood, both 
in terms of outcome and management, than the infection 
itself. Understanding factors contributing to these phenom-
ena is crucial to provide new biological insights into disease 
pathogenesis and to identify mechanistic targets for novel 
treatments. In this review, we will explore recent insights in 
relation to the different inflammatory conditions reported in 
children with/after SARS-CoV2 infection (Fig. 1).

The acute phase of COVID19 is milder 
in children compared to adults. Why?

Several uncertainties remain on reasons underlying the 
distinct and overall milder clinical course experienced by 
children in the acute phase of COVID19 when compared 
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to adults or elderly [2, 3] . Few hypotheses aiming at deci-
phering such differences were made and mainly pointing at 
distinct immune responses upon SARS-CoV2 infection in 
children. A more vigorous mucosal innate immunity engage-
ment from children was suggested by significantly higher 
levels of IFN-α2, IFN-γ, and L-1β protein in nasal fluid in 
children versus adults [4] overall suggesting a protection 
from the severe disease over the acute phase of the infection. 
Another hypothesis that emerged over the pandemic was that 
children may have benefited from a trained immunity due to 
closer and more frequent contacts with common cold viruses 
including other coronaviruses and childhood vaccinations 
[5]. Another possible distinctive feature of the childhood 
immune system which was hypothesized to underlie the dis-
tinctive course of the disease over the acute infection is the 
naive predominance of the immune response, coupled with 
a lower cytotoxic T cells in children [2].

Other researchers also aimed at dissecting virological and 
immunological characteristics in SARS-CoV2 presenting 
with distinct symptomatology in children. We previously 
showed how the severity of COVID19 was not related to the 
extent and persistence of SARS-COV2 specific immunity; 

however, symptomatic children presented with higher pro-
inflammatory cytokines (CXCL10 and CCL19) and longer 
time to SARS-COV2 clearance [6, 7]. Novel evidence now 
show that such differences in symptomatology pertain to the 
host. Indeed, the analysis of 5 distinct HLA loci replicated 
in two distinct cohort recently identified a strong associa-
tion between HLA-B*15:01 and asymptomatic infection [8]. 
Such evidence, investigated in adults, will need to be further 
confirmed in the pediatric cohort. Another host-related asso-
ciation with symptomatology was also found with micro-
biota. Although it is unknown whether the higher α diversity 
found in SARS-CoV2 infected children presenting with no 
symptoms is either a consequence or a pre-existing feature 
of this group of children [9], this distinct profile will need  
to be further explored on larger pediatric cohorts.

Multisystem inflammatory syndrome 
in children (MIS‑C)

MIS-C is uncommon but represents the most severe inflam-
matory syndrome observed in children and adolescents 
following SARS-CoV-2 infection. It typically manifests 

Fig. 1   Current knowledge on risk and protective factors for COVID-19 complications in children. The figure outlines the primary pathogenic 
mechanisms and hypotheses based on organ involvement
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as persistent fever, along with gastrointestinal symptoms, 
rash, conjunctivitis, and cardiac abnormalities. Recent evi-
dence suggests that MIS-C may result from an exaggerated 
immune response triggered by the virus, leading to systemic 
inflammation and endothelial dysfunction. Vanderbeck and 
colleagues highlighted the possible role of Notch signaling 
pathways which have emerged as important regulators of the 
immune system being at the crossroads of innate and adaptive 
immunity [10]. Benamar et al. recently showed that MIS-C 
patients displayed robust T cell activation in association 
with increased Notch signaling in Tregs. In particular, while 
Notch4 was also upregulated on circulating Tregs in children 
with acute COVID-19 as a function of disease severity, the 
Tregs in those with MIS-C additionally showed upregula-
tion of Notch1 expression, a pathway previously implicated 
in Th1-skewed immune dysregulation, autoimmunity, graft-
versus-host disease, and solid organ rejection [11]. In addi-
tion, gastrointestinal-associated events have also been linked 
with a risk of developing MIC-C in children with previous 
SARS-CoV-2 infection. Yonker et al. demonstrated zonulin-
dependent loss of GI tight junctions in children with MIS-C. 
The authors hypothesized that in some patients, the presence 
of SARS-CoV-2 in the GI tract may lead to local mucosal 
inflammation, increased zonulin release, and a subsequent 
increase in gut permeability allowing SARS-CoV-2 antigens, 
including the superantigen-like motif of the spike protein, 
to traffic across mucosal barriers and into the bloodstream, 
driving hyperinflammatory immune activation [12]. As an 
indirect demonstration that uncontrolled inflammation plays 
a pivotal role in MIS-C, prompt recognition and treatment 
with anti-inflammatory agents, immunomodulatory thera-
pies, and supportive care have proven crucial in successfully 
managing this syndrome [13].

Thrombotic complications and inflammation

In addition to its respiratory and systemic effects, SARS-
CoV-2 has been shown to induce a pro-thrombotic state, 
leading to an increased risk of venous and arterial thrombotic 
events even in childhood. The incidence of thrombotic events 
in hospitalized children was much higher in children with sys-
temic inflammation in comparison with children with mild or 
asymptomatic SARS-CoV-2 infection [14, 15]. The impact 
on age of this complication was recently explored and per-
tains mainly to endothelial damage and changes in clotting 
function, experienced by adults with COVID-19 compared 
to children [16]. Furthermore, mounting evidence suggest 
that inflammation plays a crucial role in the pathogenesis 
of COVID-19-associated coagulopathy. Indeed, evidence of 
abnormal coagulation profile has also been found in children  
following the acute phase of infection [17] and at higher extent 
in children suffering from post-acute complications. Targeting 

both inflammation and thrombosis pathways holds promise for 
preventing and managing these complications [15].

Neuroinflammatory cases in pediatric 
COVID‑19

COVID-19-related neuroinflammation represents an area 
of growing concern and interest among healthcare profes-
sionals and researchers. Although pathogenic mechanisms 
of such complications have not been fully explored espe-
cially in the pediatric context, and SARS-CoV2 is not a 
classic neurotropic virus, recent findings show the impact 
of neurological disorders following COVID19 infection in 
adults [18, 19]. Although children generally experience 
milder symptoms when infected with COVID-19 com-
pared to adults, there have been reports of neurological 
complications, including encephalitis, acute disseminated 
encephalomyelitis (ADEM), acute transversal myelitis, and 
Guillain-Barré syndrome (GBS) which have been observed 
in children with COVID-19 [20]. These conditions involve 
inflammation of the brain or spinal cord and can lead to a 
range of neurological symptoms such as headache, altered 
mental status, seizures, weakness, and difficulty walking 
[21]. The exact mechanisms behind neuroinflammation 
in pediatric COVID-19 cases are still being investigated, 
and it is not yet fully understood why certain children are 
more susceptible to these complications. Further research 
is crucial to better comprehend the underlying factors con-
tributing to neuroinflammation in pediatric COVID-19 and 
develop effective strategies for diagnosis, treatment, and 
prevention of these conditions.

Long COVID and chronic  
inflammatory sequelae

A proportion of individuals recovering from acute COVID-
19 continue to experience persistent symptoms, known as 
long COVID. These symptoms often include fatigue, dysp-
nea, cognitive impairment, and musculoskeletal pain [22]. 
Emerging evidence suggests that long COVID may be driven 
by chronic immune dysregulation and a sustained inflam-
matory response. Understanding the underlying mecha-
nisms and developing targeted interventions are essential to 
alleviate the burden of long-term sequelae associated with 
SARS-CoV-2 infection. Long COVID, also addressed by 
Töpfner et al. in the present issue, is referred as a complex 
cohort of new-onset signs and symptoms that begins with the 
infection, or some weeks after, and persist for at least eight 
weeks and cannot be explained otherwise. The most com-
mon symptoms are extreme fatigue, headache, muscle and 
joint pain, post-exertional malaise, neurocognitive problems, 
and have a negative impact on the child’s daily functioning 
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(e.g., Attending school or other extra-scholastic activities, or 
going out with friends) (https://​www.​who.​int/​publi​catio​ns/ 
i/​item/​WHO-​2019-​nCoV-​Post-​COVID-​19-​condi​tion-​CA-​
Clini​cal-​case-​defin​ition-​2023-1).

So far, pediatric long COVID has been described glob-
ally by either researchers or family associations, although its 
incidence is still unclear since studies used different defini-
tions of long COVID (e.g., symptoms persistence of four, 
eight, or twelve weeks), designs (e.g., patients assessed in 
person or through self-filling of online surveys), or popula-
tions (admitted or non-hospitalized children) [22]. In fact, 
while initial studies suggested that 5–15% of children would 
develop long COVID, a recent and more precise nationwide 
study performed in Sweden suggested that 0.2% of children 
that have a known SARS-CoV-2 infection may develop long 
COVID [23], a much smaller risk compared with a 10%  
estimated risk in adults [24]. Several independent cohorts 
have shown that children older than 10 years of age, hospi-
talized, or with comorbidities bear a higher risk of develop-
ing long COVID after SARS-CoV-2 infection [21].

Nevertheless, as for other clinical problems related with 
SARS-CoV-2, the risk of developing long COVID in chil-
dren may have changed during the pandemic. For example, 
severity of acute infection has changed with the surge of new 
variants and availability of vaccines [25], and risk of MIS-C 
seems also reduce since the predominance of Omicron  
and sub-Omicron variants [26, 27]. Similarly, two pedi-
atric studies also found a significant reduction of the risk 
of developing Long COVID in children infected with the  
Omicron variant, compared with all previous ones [28, 29].

The change in the risk of developing long COVID with 
different VOCs is unknown, and current uncertainties about 
the etiology of this condition make even more difficult to 
speculate about these differences. So far, a number of events 
have been associated with risk of long COVID, including 
SARS-CoV-2 persistence in different tissues [30], altera-
tions in the gut microbiota, chronic immune activation [31], 
autonomic dysfunction, and chronic vasculitis with circulat-
ing micro clots impairing tissue microcirculation and oxy-
genation [32], vagus nerve inflammation with consequent 
dysautonomia. Some of these events have also been docu-
mented in the first cohorts of deeply investigated children 
with persisting symptoms after SARS-CoV-2 infection, such 
as perfusion defects [33, 34], brain hypometabolism [35], 
chronic immune activation [31], and SARS-CoV-2 persis-
tence [30]. As the pathogenicity of Omicron variants during 
acute infections has changed compared with the first VOCs, 
it is possible that also the ability of this VOC to persist in the 
body or induce chronic vasculitis has changed. In addition, 
previous immunity (from previous infection or vaccination, 
or both) may favor a better clearance of the infection, which 
in turn lead to less risk of developing post-acute sequelae. In 
adults, in fact, vaccination has been associated with a lower 

risk of developing long COVID [36]. In children, few studies 
are available, showing a possible trend toward a lower risk 
of developing long COVID in fully vaccinated children (at 
least two doses) [28, 37]. However, as vaccine coverage in 
children is still very low, most studies have not been able to 
assess on large enough cohorts if three doses of vaccination 
significantly protect against long COVID.

Gastrointestinal inflammation in pediatric COVID-19 
has been recognized as an important aspect of the disease. 
While respiratory symptoms are more commonly associated 
with COVID-19, gastrointestinal symptoms have also been 
reported, particularly in children. Studies have shown that 
a significant number of pediatric COVID-19 cases present 
with gastrointestinal manifestations such as diarrhea, vomit-
ing, and abdominal pain [38, 39].

A retrospective cohort study of 12,306 pediatric COVID-
19 patients in the United States [40]. Gastrointestinal inflam-
mation in pediatric COVID-19 is believed to result from 
the binding of the SARS-CoV-2 virus to ACE2 receptors 
present in the cells of the gastrointestinal tract. This binding 
can trigger an inflammatory response, leading to the release 
of cytokines and activation of immune cells in the gut. The 
resulting inflammation can cause damage to the intestinal 
lining and disrupt normal digestive processes. In some cases, 
pediatric patients with COVID-19 may develop more severe 
gastrointestinal complications, such as gastrointestinal 
bleeding, pancreatitis, or bowel perforation. These compli-
cations are relatively rare but require prompt medical atten-
tion. It is important to note that gastrointestinal symptoms 
can occur in the absence of respiratory symptoms, making 
it crucial for healthcare professionals to consider COVID-19 
as a possible diagnosis even in children presenting primarily 
with gastrointestinal complaints [41]. Of note, gastrointes-
tinal involvement in children with SARS-CoV-2 have also 
been linked with the development of post-acute sequelae, 
including MIS-C [12] and long COVID [30], and several 
studies have documented persistence of SARS-CoV-2 anti-
gens in the gut, even months after initial infection [30].

Further research is needed to understand the precise 
mechanisms and long-term implications of gastrointestinal 
inflammation in pediatric COVID-19. By gaining a better 
understanding of this aspect of the disease, healthcare pro-
viders can improve diagnostic accuracy, management strate-
gies, and patient outcomes in affected children.

Post vaccine inflammatory adverse events

COVID-19 vaccines are generally safe and although the 
benefits of COVID-19 vaccination largely outweigh the 
risks, rare serious Adverse Events Following Immuniza-
tions (AEFIs) have been reported [42, 43]. Apart from the 
anaphylactic shock following vaccine administration [44], 

https://www.who.int/publications/i/item/WHO-2019-nCoV-Post-COVID-19-condition-CA-Clinical-case-definition-2023-1
https://www.who.int/publications/i/item/WHO-2019-nCoV-Post-COVID-19-condition-CA-Clinical-case-definition-2023-1
https://www.who.int/publications/i/item/WHO-2019-nCoV-Post-COVID-19-condition-CA-Clinical-case-definition-2023-1
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common local and systemic reactions reported for many 
vaccines, it must be considered the possibility to develop 
some rare adverse events associated with COVID-19 vac-
cines. Myocarditis and pericarditis have been reported with 
a higher frequency in those receiving mRNA COVID-19 
vaccination. These cardiac AEFI have been reported espe-
cially in male adolescents and young adults [45–49]. Studies 
from the United States and Israel have indicated that the 
worldwide occurrence of myocarditis following COVID-19 
mRNA vaccination is relatively low, with estimates ranging 
from 0.3 to 5.0 cases per 100,000 vaccinated individuals 
[50–52]. Observational data indicates that there might be 
a higher risk of myocarditis associated with mRNA-1273 
compared to BNT162b2. Furthermore, the risk of myocar-
ditis seems to be elevated after the second dose of the vac-
cine and when the interval between doses is shorter [53–55]. 
These data highlight the immune-mediated response occur-
ring in myocarditis following vaccination where the immune 
system reacts to the viral protein fragments introduced by 
the vaccine, leading to inflammation in the heart muscle. In 
line with this hypothesis, Yonker et al. recently reported that 
individuals who developed c-AEFI uniquely exhibit elevated 
levels of free spike protein in circulation, which appear to 
correlate with cardiac troponin T levels and innate immune 
activation with cytokine release [56].

Although most cases have a favorable outcome with a 
self-limiting course, recent data demonstrate that relapsing 
myocarditis episodes are also possible [57]. We recently 
showed a distinct androgens profile and a well restricted 
inflammation profile on heart in patients developing c-AEFI 
following mRNA vaccination.

Genetic insights of inflammatory diseases 
associated to SARS‑CoV2 in childhood

Genetic variations among individuals may influence their 
susceptibility to developing severe inflammation in response 
to SARS-CoV-2 infection. Several studies in adults have 
identified genetic factors associated with an increased risk 
of severe COVID-19. Among these, the strongest and most 
robust finding for severity is represented by the 3p21.31 
locus. However, few genetic insights are evident for chil-
dren. Understanding these genetic predispositions can help 
identify individuals at higher risk and potentially inform 
targeted treatment strategies. Lee et al. [58] report that vari-
ants in genes encoding the 2′-5′-oligoadenylate synthetase 
(OAS)–ribonuclease L (RNase L) viral RNA sensing path-
way lead to exuberant inflammatory responses in myeloid 
cells in individuals with MIS-C [58]. Sacco et  al. have 
recently validated the association of MIS-C with the com-
bination of the HLA-A*02, B*35 and C*04 alleles arguing 
for a genetic basis of susceptibility to MIS-C [59]. However, 

data from Zambrano et al. provides proof of principle for 
these recent perspectives proposing that genetic risk fac-
tors for MIS-C may be incompletely penetrant [60]. Overall 
future studies with larger cohorts are needed to determine 
additional genetic risk factors for inflammatory conditions 
associated with SARS-CoV2 infection because the risk of 
MIS-C may vary among different genetic causes of autoin-
flammation. Similarly, a recent preprint from Lammi et al. 
identified the first genome-wide significant association for 
Long COVID at the FOXP4 locus. The authors performed 
a genome-wide association study for long COVID includ-
ing up to 6,450 long COVID cases and 1,093,995 popula-
tion controls from 24 studies across 16 countries [61]. They ​​
identified a genome-wide significant association within the 
FOXP4 locus (chr6:41,515,652G > C, GRCh38, rs9367106, 
as the lead variant), a gene involved in pulmonary func-
tion and immune responses. The C allele at rs9367106 
was associated with an increased risk of long COVID 
(OR = 1.63, 95% confidence interval (CI): 1.40–1.89, risk 
allele frequency = 4.2%).

Conclusions

Acute and post-acute Inflammatory syndromes associated 
with SARS-CoV-2 infection represent a significant clinical 
challenge. It is worth noting that research on the relationship 
between inflammatory syndromes and SARS-CoV-2 is rap-
idly evolving. New studies and findings continue to emerge, 
providing further insights into the underlying mechanisms 
and potential therapeutic strategies. Recent insights into 
the pathogenesis of these syndromes have initiated to shed 
light on the complex and long-lasting interplay between the 
virus, the immune system, and systemic inflammation, open-
ing new scenarios for a better characterization not only of 
SARS-CoV-2 associated conditions, but also other common 
pediatric pathologies like Kawasaki diseases and post-viral 
chronic fatigue syndromes. Understanding the underlying 
mechanisms and identifying therapeutic targets are crucial 
for developing effective preventive and management strate-
gies. Future research should focus on unraveling the patho-
genesis and the long-term consequences of these inflam-
matory syndromes and optimizing interventions to improve 
outcomes for affected individuals.

Authors' contributions  All authors wrote the manuscript and reviewed 
the final version.

Funding  Open access funding provided by Università degli Studi di 
Roma Tor Vergata within the CRUI-CARE Agreement. This study 
was possible also for funding received from DA from Ministero della 
Salute and from NC from Ministero dell’Università e della ricerca 
(PRIN 2022).



4856	 European Journal of Pediatrics (2023) 182:4851–4857

1 3

Availability of data and materials  Not applicable.

Declarations 

Ethics approval  Not applicable.

Competing interests  DB received funding from Roche and Pfizer to 
investigate long covid. No other conflict of interest to declare.

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

	 1.	 Merad M, Blish CA, Sallusto F, Iwasaki A (2022) The 
immunology and immunopathology of COVID-19. Science 
375(6585):1122–1127

	 2.	 Pierce CA, Preston-Hurlburt P, Dai Y, Aschner CB, Cheshenko 
N, Galen B et al (2020) Immune responses to SARS-CoV-2 infec-
tion in hospitalized pediatric and adult patients. Sci Transl Med 
12(564):eabd5487

	 3.	 Amodio D, Cotugno N, Palma P (2022) COVID-19 in children: 
from afterthought to unknown. Cell Rep Med 3(3):100558

	 4.	 Pierce CA, Sy S, Galen B, Goldstein DY, Orner E, Keller MJ et al 
(2021) Natural mucosal barriers and COVID-19 in children. JCI 
Insight 6(9):e148694, 148694

	 5.	 Brodin P (2021) Immune determinants of COVID-19 disease pres-
entation and severity. Nat Med 27(1):28–33

	 6.	 Cotugno N, Ruggiero A, Pascucci GR, Bonfante F, Petrara MR, 
Pighi C et al (2021) Virological and immunological features of 
SARS‐COV‐2 infected children with distinct symptomatology. 
Riggioni C, editor. Pediatr Allergy Immunol 32(8):1833–42

	 7.	 Cotugno N, Ruggiero A, Bonfante F, Petrara MR, Zicari S, Pascucci 
GR et al (2021) Virological and immunological features of SARS-
CoV-2-infected children who develop neutralizing antibodies. Cell 
Rep 34(11):108852

	 8.	 Augusto DG, Murdolo LD, Chatzileontiadou DSM, Sabatino JJ, Yusufali 
T, Peyser ND et al (2023) A common allele of HLA is associated with 
asymptomatic SARS-CoV-2 infection. Nature [cited 2023 Jul 21]. 
Available from: https://​www.​nature.​com/​artic​les/​s41586-​023-​06331-x

	 9.	 Romani L, Del Chierico F, Macari G, Pane S, Ristori MV, Guarrasi 
V et al (2022) The Relationship between pediatric gut microbiota 
and SARS-CoV-2 infection. Front Cell Infect Microbiol 12:908492

	10.	 Vanderbeck A, Maillard I (2021) Notch signaling at the crossroads 
of innate and adaptive immunity. J Leukoc Biol 109(3):535–548

	11.	 Benamar M, Chen Q, Chou J, Julé AM, Boudra R, Contini P et al 
(2023) The Notch1/CD22 signaling axis disrupts Treg function in 
SARS-CoV-2-associated multisystem inflammatory syndrome in 
children. J Clin Invest 133(1):e163235

	12.	 Yonker LM, Gilboa T, Ogata AF, Senussi Y, Lazarovits R, Boribong 
BP et al (2021) Multisystem inflammatory syndrome in children 

is driven by zonulin-dependent loss of gut mucosal barrier. J Clin 
Invest 131(14):e149633, 149633

	13.	 Channon-Wells S, Vito O, McArdle AJ, Seaby EG, Patel H, 
Shah P et al (2023) Immunoglobulin, glucocorticoid, or com-
bination therapy for multisystem inflammatory syndrome in 
children: a propensity-weighted cohort study. Lancet Rheumatol 
5(4):e184–e199

	14.	 Kumar R, Rivkin MJ, Raffini L (2023) Thrombotic complica-
tions in children with Coronavirus disease 2019 and Multisystem 
Inflammatory Syndrome of Childhood. J Thromb Haemost JTH 
S1538–7836(23):00434–00438

	15.	 Whitworth H, Sartain SE, Kumar R, Armstrong K, Ballester L, 
Betensky M et al (2021) Rate of thrombosis in children and adoles-
cents hospitalized with COVID-19 or MIS-C. Blood 138(2):190–198

	16.	 Zimmermann P, Curtis N (2021) Why is COVID-19 less severe 
in children? A review of the proposed mechanisms underlying the 
age-related difference in severity of SARS-CoV-2 infections. Arch 
Dis Child 106(5):429–439

	17.	 Di Gennaro L, Valentini P, Sorrentino S, Ferretti MA, De Candia 
E, Basso M et al (2022) Extended coagulation profile of children 
with long covid: a prospective study. Sci Rep 12(1):18392

	18.	 Vanderheiden A, Klein RS (2022) Neuroinflammation and 
COVID-19. Curr Opin Neurobiol 76:102608

	19.	 Brown RL, Benjamin L, Lunn MP, Bharucha T, Zandi MS, 
Hoskote C et al (2023) Pathophysiology, diagnosis, and manage-
ment of neuroinflammation in COVID-19. BMJ 18(382):e073923

	20.	 Hauptman AJ, Ferrafiat V (2023) Neuroinflammatory syndromes 
in children. Curr Opin Psychiatry 36(2):87–95

	21.	 Aubart M, Roux CJ, Durrleman C, Gins C, Hully M, Kossorotoff 
M et al (2022) Neuroinflammatory disease following severe acute 
respiratory syndrome coronavirus 2 infection in children. J Pediatr 
247:22-28.e2

	22.	 Lopez-Leon S, Wegman-Ostrosky T, Ayuzo Del Valle NC, Perelman 
C, Sepulveda R, Rebolledo PA et al (2022) Long-COVID in children 
and adolescents: a systematic review and meta-analyses. Sci Rep 
12(1):9950

	23.	 Bygdell M, Kindblom JM, Martikainen J, Li H, Nyberg F (2023) 
Incidence and characteristics in children with post–COVID-19 
condition in Sweden. JAMA Netw Open 6(7):e2324246

	24.	 Davis HE, McCorkell L, Vogel JM, Topol EJ (2023) Long 
COVID: major findings, mechanisms and recommendations. Nat 
Rev Microbiol 21(3):133–146

	25.	 Petrone D, Mateo-Urdiales A, Sacco C, Riccardo F, Bella A, Ambrosio 
L et al (2023) Reduction of the risk of severe COVID-19 due to Omi-
cron compared to Delta variant in Italy (November 2021 - February 
2022). Int J Infect Dis IJID Off Publ Int Soc Infect Dis 129:135–141

	26.	 Buonsenso D, Perramon A, Català M, Torres JP, Camacho-
Moreno G, Rojas-Solano M et al (2022) Multisystem inflam-
matory syndrome in children in Western countries? Decreasing 
incidence as the pandemic progresses?: An observational mul-
ticenter international cross-sectional study. Pediatr Infect Dis J 
41(12):989–993

	27.	 Buonsenso D, Morello R, Mariani F, De Rose C, Mastrantoni L, 
Zampino G et al (2023) Risk of long Covid in children infected 
with Omicron or pre-Omicron SARS-CoV-2 variants. Acta Pae-
diatr Oslo Nor 1992 112(6):1284–6

	28.	 Morello R, Mariani F, Mastrantoni L, De Rose C, Zampino G, 
Munblit D et al (2023) Risk factors for post-COVID-19 condition 
(Long Covid) in children: a prospective cohort study. eClinical-
Medicine 59:101961

	29.	 Lokanuwatsatien T, Satdhabudha A, Tangsathapornpong A, 
Bunjoungmanee P, Sinlapamongkolkul P, Chaiyakulsil C et al 
(2023) Prevalence and associating factors of long COVID in 
pediatric patients during the Delta and the Omicron variants. Front 
Pediatr 24(11):1127582

http://creativecommons.org/licenses/by/4.0/
https://www.nature.com/articles/s41586-023-06331-x


4857European Journal of Pediatrics (2023) 182:4851–4857	

1 3

	30.	 Buonsenso D, Martino L, Morello R, Mariani F, Fearnley K, Valentini 
P (2023) Viral persistence in children infected with SARS-CoV-2: 
current evidence and future research strategies. Lancet Microbe 
S2666–5247(23):00115–00125

	31.	 Buonsenso D, Valentini P, De Rose C, Tredicine M, PereyraBoza 
MDC, Camponeschi C et al (2022) Recovering or persisting: the 
immunopathological features of SARS-CoV-2 infection in children. 
J Clin Med 11(15):4363

	32.	 Buonsenso D, Di Gennaro L, De Rose C, Morello R, D’Ilario F, 
Zampino G et al (2022) Long-term outcomes of pediatric infections: 
from traditional infectious diseases to long Covid. Future Microbiol 
17:551–571

	33.	 Heiss R, Tan L, Schmidt S, Regensburger AP, Ewert F, Mammadova 
D et al (2023) Pulmonary dysfunction after pediatric COVID-19. 
Radiology 306(3):e221250

	34.	 Pizzuto DA, Buonsenso D, Morello R, De Rose C, Valentini P, Fragano 
A et al (2023) Lung perfusion assessment in children with long-COVID: 
a pilot study. Pediatr Pulmonol 58(7):2059–2067

	35.	 Cocciolillo F, Di Giuda D, Morello R, De Rose C, Valentini P, 
Buonsenso D (2022) Orbito-frontal cortex hypometabolism in 
children with post-COVID condition (long COVID): a preliminary 
experience. Pediatr Infect Dis J 41(8):663–665

	36.	 Gao P, Liu J, Liu M (2022) Effect of COVID-19 vaccines on reduc-
ing the risk of long COVID in the real world: a systematic review 
and meta-analysis. Int J Environ Res Public Health 19(19):12422

	37.	 Messiah SE, Hao T, DeSantis SM, Swartz MD, Talebi Y, Kohl HW 
et al (2022) Comparison of persistent symptoms following SARS-
CoV-2 infection by antibody status in nonhospitalized children and 
adolescents. Pediatr Infect Dis J 41(10):e409–e417

	38.	 Parcha V, Booker KS, Kalra R, Kuranz S, Berra L, Arora G et al 
(2021) A retrospective cohort study of 12,306 pediatric COVID-19 
patients in the United States. Sci Rep 11(1):10231

	39.	 Milani GP, Buonsenso D, Marchisio P, Agostoni C, Corso CM, Guarino 
A et al (2023) Gastroenteritis is less severe but is more often associated 
with systemic inflammation in SARS-CoV-2-positive than in SARS-
CoV-2-negative children. Pediatr Infect Dis J

	40.	 Puoti MG, Rybak A, Kiparissi F, Gaynor E, Borrelli O (2021) 
SARS-CoV-2 and the gastrointestinal tract in children. Front Pediatr 
9:617980

	41.	 Pegoraro F, Trapani S, Indolfi G (2022) Gastrointestinal, hepatic 
and pancreatic manifestations of COVID-19 in children. Clin Res 
Hepatol Gastroenterol 46(4):101818

	42.	 Abbasi J (2020) COVID-19 and mRNA vaccines-first large test for 
a new approach. JAMA 324(12):1125–1127

	43.	 Fiolet T, Kherabi Y, MacDonald CJ, Ghosn J, Peiffer-Smadja N 
(2022) Comparing COVID-19 vaccines for their characteristics, 
efficacy and effectiveness against SARS-CoV-2 and variants of 
concern: a narrative review. Clin Microbiol Infect Off Publ Eur Soc 
Clin Microbiol Infect Dis 28(2):202–221

	44.	 CDC COVID-19 Response Team, Food and Drug Administra-
tion (2021) Allergic reactions including anaphylaxis after receipt 
of the first dose of Pfizer-BioNTech COVID-19 vaccine - United 
States, December 14–23, 2020. MMWR Morb Mortal Wkly Rep 
70(2):46–51

	45.	 Patone M, Mei XW, Handunnetthi L, Dixon S, Zaccardi F, Shankar-
Hari M et al (2022) Risks of myocarditis, pericarditis, and cardiac 
arrhythmias associated with COVID-19 vaccination or SARS-
CoV-2 infection. Nat Med 28(2):410–422

	46.	 Kracalik I, Oster ME, Broder KR, Cortese MM, Glover M, Shields 
K et al (2022) Outcomes at least 90 days since onset of myocarditis 
after mRNA COVID-19 vaccination in adolescents and young adults 
in the USA: a follow-up surveillance study. Lancet Child Adolesc 
Health 6(11):788–798

	47.	 Isaak A, Bischoff LM, Faron A, Endler C, Mesropyan N, Sprinkart 
AM et  al (2021) Multiparametric cardiac magnetic resonance 

imaging in pediatric and adolescent patients with acute myocarditis. 
Pediatr Radiol 51(13):2470–2480

	48.	 Manno EC, Amodio D, Cotugno N, Rossetti C, Giancotta C, Santilli 
V et al (2023) Higher troponin levels on admission are associated with 
persistent cardiac magnetic resonance lesions in children developing 
myocarditis after mRNA-based COVID-19 vaccination. Pediatr Infect 
Dis J 42(2):166–171

	49.	 Amodio D, Pascucci GR, Cotugno N, Rossetti C, Manno EC, 
Pighi C, Morrocchi E, D'Alessandro A, Perrone MA, Valentini 
A, Franceschini A, Chinali M, Deodati A, Azzari C, Rossi P, 
Cianfarani S, Andreani M, Porzio O, Palma P (2023) Similari-
ties and differences between myocarditis following COVID-19 
mRNA vaccine and multiple inflammatory syndrome with car-
diac involvement in children. Clin Immunol 1:109751. https://​doi.​
org/​10.​1016/j.​clim.​2023.​109751. Online ahead of print. PMID: 
37660743

	50.	 Gubernot D, Jazwa A, Niu M, Baumblatt J, Gee J, Moro P et al 
(2021) U.S. Population-based background incidence rates of medi-
cal conditions for use in safety assessment of COVID-19 vaccines. 
Vaccine 39(28):3666–77

	51.	 Mevorach D, Anis E, Cedar N, Bromberg M, Haas EJ, Nadir E et al 
(2021) Myocarditis after BNT162b2 mRNA vaccine against Covid-
19 in Israel. N Engl J Med 385(23):2140–2149

	52.	 Witberg G, Barda N, Hoss S, Richter I, Wiessman M, Aviv Y et al 
(2021) Myocarditis after Covid-19 vaccination in a large health care 
organization. N Engl J Med 385(23):2132–2139

	53.	 Karlstad Ø, Hovi P, Husby A, Härkänen T, Selmer RM, Pihlström N 
et al (2022) SARS-CoV-2 vaccination and myocarditis in a Nordic 
cohort study of 23 million residents. JAMA Cardiol 7(6):600–612

	54.	 Le Vu S, Bertrand M, Jabagi MJ, Botton J, Drouin J, Baricault B 
et al (2022) Age and sex-specific risks of myocarditis and pericar-
ditis following Covid-19 messenger RNA vaccines. Nat Commun 
13(1):3633

	55.	 Buchan SA, Seo CY, Johnson C, Alley S, Kwong JC, Nasreen S 
et al (2022) Epidemiology of myocarditis and pericarditis follow-
ing mRNA vaccination by vaccine product, schedule, and interdose 
interval among adolescents and adults in Ontario, Canada. JAMA 
Netw Open 5(6):e2218505

	56.	 Yonker LM, Swank Z, Bartsch YC, Burns MD, Kane A, Boribong 
BP et al (2023) Circulating spike protein detected in post-COVID-19 
mRNA vaccine myocarditis. Circulation 147(11):867–876

	57.	 Amodio D, Manno EC, Cotugno N, Santilli V, Franceschini A, Perrone 
MA et al (2023) Relapsing myocarditis following initial recovery of 
post COVID-19 vaccination in two adolescent males – Case reports. 
Vaccine X 14:100318

	58.	 Lee D, Le Pen J, Yatim A, Dong B, Aquino Y, Ogishi M et al (2023) 
Inborn errors of OAS-RNase L in SARS-CoV-2-related multisystem 
inflammatory syndrome in children. Science 379(6632):eabo3627

	59.	 Sacco K, Castagnoli R, Vakkilainen S, Liu C, Delmonte OM, Oguz 
C et  al (2022) Immunopathological signatures in multisystem 
inflammatory syndrome in children and pediatric COVID-19. Nat 
Med 28(5):1050–1062

	60.	 Zambrano LD, Wu MJ, Martin L, Malloch L, Chen S, Newhams 
MM et al (2023) Risk factors for multisystem inflammatory syn-
drome in children: a case-control investigation. Pediatr Infect Dis J 
42(6):e190–e196

	61.	 Lammi V, Nakanishi T, Jones SE, Andrews SJ, Karjalainen J, Cortés  
B et al (2023) Genome-wide association study of long COVID [Inter-
net]. Genetic Genomic Med [cited 2023 Jul 22]. https://​doi.​org/​10.​
1101/​2023.​06.​29.​23292​056

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

https://doi.org/10.1016/j.clim.2023.109751
https://doi.org/10.1016/j.clim.2023.109751
https://doi.org/10.1101/2023.06.29.23292056
https://doi.org/10.1101/2023.06.29.23292056

	Susceptibility of SARS-CoV2 infection in children
	Abstract
	Introduction
	The acute phase of COVID19 is milder in children compared to adults. Why?
	Multisystem inflammatory syndrome in children (MIS-C)
	Thrombotic complications and inflammation
	Neuroinflammatory cases in pediatric COVID-19
	Long COVID and chronic inflammatory sequelae
	Post vaccine inflammatory adverse events
	Genetic insights of inflammatory diseases associated to SARS-CoV2 in childhood
	Conclusions
	References


