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Abstract 

Background:  Multisystem Inflammatory Syndrome in Children (MIS-C) is a life-threatening complication of severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, which manifests as a hyper inflammatory process 
with multiorgan involvement in predominantly healthy children in the weeks following mild or asymptomatic corona‑
virus disease 2019 (COVID-19). However, host monogenic predisposing factors to MIS-C remain elusive.

Methods:  Herein, we used whole exome sequencing (WES) on 16 MIS-C Brazilian patients to identify single nucleo‑
tide/InDels variants as predisposition factors associated with MIS-C.

Results:  We identified ten very rare variants in eight genes (FREM1, MPO, POLG, C6, C9, ABCA4, ABCC6, and BSCL2) as 
the most promising candidates to be related to a higher risk of MIS-C development. These variants may propitiate 
a less effective immune response to infection or trigger the inflammatory response or yet a delayed hyperimmune 
response to SARS-CoV-2. Protein–Protein Interactions (PPIs) among the products of the mutated genes revealed an 
integrated network, enriched for immune and inflammatory response mechanisms with some of the direct partners 
representing gene products previously associated with MIS-C and Kawasaki disease (KD). In addition, the PPIs direct 
partners are also enriched for COVID-19-related gene sets. HLA alleles prediction from WES data allowed the identifi‑
cation of at least one risk allele in 100% of the MIS-C patients.

Conclusions:  This study is the first to explore host MIS-C-associated variants in a Latin American admixed population. 
Besides expanding the spectrum of MIS-C-associated variants, our findings highlight the relevance of using WES for 
characterising the genetic interindividual variability associated with COVID-19 complications and ratify the presence 
of overlapping/convergent mechanisms among MIS-C, KD and COVID-19, crucial for future therapeutic management.

Keywords:  Multisystem Inflammatory Syndrome in Children, SARS-CoV-2, COVID-19 complications, Host genetics, 
Admixed population

Background
Coronavirus disease 2019 (COVID-19), caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), is generally milder in children than in adults 
(Stokes et  al. 2020; Götzinger et  al. 2020). Nonetheless, 
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in April 2020, a novel entity following SARS-CoV-2 pri-
mary infection has emerged in a small subset of children 
and adolescents and termed “Multisystem Inflammatory 
Syndrome in Children" (MIS-C) (Riphagen et  al. 2020; 
Verdoni et al. 2020). The Centers for Disease Control def-
inition for MIS-C includes an individual aged < 21 years 
with a minimum of 24-h of fever > 38.0 °C, severe illness 
requiring hospitalization with two or more organ systems 
affected (i.e., cardiac, renal, respiratory, hematologic, gas-
trointestinal, dermatological, neurological), laboratory 
evidence of inflammation, laboratory or epidemiological 
evidence of prior SARS-CoV-2 infection and no alterna-
tive diagnosis. The syndrome occurs about three to six 
weeks after mild or asymptomatic SARS-CoV-2 infec-
tion without detectable viral shedding in the respiratory 
tract (Consiglio et  al. 2020; Belot et  al. 2020), although 
SARS-CoV-2 mRNA is noticeable in more than 10% in 
faecal samples of MIS-C patients up to > 21  days from 
the presumed contact with the virus (Parodi et al. 2021). 
The main clinical features of MIS-C include persistent 
fever, gastrointestinal (GI) symptoms (diarrhea, emesis 
and abdominal pain), conjunctivitis, cardiac dysfunction, 
neurological symptoms (headache, confusion, lethargy), 
shock, rash, lymphopenia, neutrophilia, and hyperfer-
ritinemia (Syrimi et al. 2021; Jiang et al. 2022). Some of 
these features overlap to the symptoms present in the 
autoimmune Kawasaki disease, and other inflammatory 
paediatric conditions, such as toxic shock syndrome and 
hemophagocytic lymphohistiocytosis/macrophage acti-
vation syndrome, although the outcomes are distinct 
(Nakra et al. 2020; Sancho-Shimizu et al. 2021). The geo-
graphic distribution of MIS-C is not uniform worldwide, 
with higher numbers of cases reported in Europe, the 
Americas, Africa, South Asia, and the Middle East and an 
expressive scarcity of cases in countries of the East Asia, 
in which the number of COVID-19 cases was lower (San-
cho-Shimizu et al. 2021).

During the past 2 years, some immunopathogenic 
mechanisms subjacent to MIS-C have begun to be elu-
cidated, including a hyperinflammatory response with 
increased levels of serum cytokines and endothelial 
injury, immune dysfunction, a possible role for com-
plement/coagulation, myeloid cell activation and auto-
immune dysregulation (Sancho-Shimizu et  al. 2021; 
Ramaswamy et  al. 2021; Fraser et  al. 2021; Porritt et  al. 
2021b). Besides, MIS-C patients display uncontrolled 
neutrophil activation and neutrophil extracellular trap 
release in the vasculature (Boribong et al. 2021). MIS-C 
transcriptional signature in blood also partially shares the 
transcriptional response to SARS-CoV-2 and the Kawa-
saki disease signature, with enrichment for exhausted 
CD8* T-cells and CD56dimCD57* natural killer cells, 
suggesting downregulation of natural killer cells and 

cytotoxic T cell exhaustion response to SARS-CoV-2 
infection in MIS-C, with TBX21, TGFBR3, C1ORF21, 
S1PR5, PRF1, MYBL1, KLRD1, SH2D1B, and GZMA 
genes as the key drivers of MIS-C pathogenesis (Beck-
mann et al. 2021). Besides, immunosequencing of MIS-C 
blood samples revealed expansion of T cell receptor beta 
variable gene 11-2 (TRBBV11-2), which is correlated 
to severity and serum cytokine levels, consistent with 
superantigen triggered immune responses of SARS-
CoV-2 and autoimmune signatures (Porritt et  al. 2021a; 
2021b). Moreover, patients with TRBV11-2 expansion 
shared human leukocyte antigen class I (HLA-I) alleles 
A*02, B*35, and C*04, suggesting that MHC class I may 
mediate TRBV11-2 expansion in a specific HLA-I allele 
combination (Porritt et  al. 2021a). Recently, a multi-
omics approach to assess changes of innate and adaptive 
immune responses between paediatric COVID-19 and 
MIS-C revealed distinct immunopathological signatures, 
with MIS-C patients exhibiting elevated levels of solu-
ble biomarkers related to recruitment and activation of 
monocytes and neutrophils, matrisome activation, vascu-
lar endothelium injury, and increased levels of circulating 
spike protein with no correlation with SARS-CoV-2 PCR 
status (Sacco et al. 2022). Besides, structure-based com-
putational models demonstrated that the SARS-CoV-2 
spike (S) glycoprotein exhibits a high-affinity motif for 
binding T-cell receptors and may form a ternary complex 
with major histocompatibility complex class II (MHCII) 
molecules. Finally, the interaction between SARS-
CoV-2 and T cells could be strengthened by the SARS-
CoV-2 variant D839Y/N/E (Cheng et  al. 2020), which 
could point to a viral genetics’ contribution to MIS-C 
development.

It remains elusive, however, why some children pre-
viously infected with different SARS-CoV-2 strains 
develop MIS-C and most do not, suggesting that rare 
single-gene host genetic variants may have an essential 
role in increasing the susceptibility to MIS-C. Few stud-
ies exploring potential monogenic causes of MIS-C were 
conducted so far and, although Latino individuals appear 
to be overrepresented in epidemiological data of MIS-C 
in the United States studies, in which ancestry was 
reported (reviewed in Sancho-Shimizu et  al. 2021), no 
whole exome sequencing (WES) study in patients with 
MIS-C from admixed populations of Latin America has 
been already conducted.

Herein, we searched for very rare (< 1%) or unique 
monogenic variants (single nucleotide variants—SNVs 
or InDels) that could predispose to SARS-CoV-2-trig-
gered hyperinflammation or post-infectious immune/
autoimmune dysregulation in a cohort of healthy Bra-
zilian patients with MIS-C. Elucidating the risk factors 
for MIS-C following SARS-CoV-2 infection is crucial 
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for possible preventive measures and patients’ manage-
ment and prognosis concerning SARS-CoV-2 and other 
emergent viruses.

Methods
Study participants
A series of 16 children with MIS-C, diagnosed accord-
ing to the World Health Organization criteria (WHO 
2020), was referred to the Paediatric Intensive care 
unit from Pedro Ernesto University Hospital at State 
University of Rio de Janeiro and to the Pediatric Rheu-
matology Service from Instituto de Puericultura e 
Pediatria Martagão Gesteira at Federal University of 
Rio de Janeiro, Brazil, from May 2020 to July 2021. All 
MIS-C patients tested positive for COVID-19 by anti-
SARS-CoV-2 antibodies (rapid test or serology) or RT-
PCR, with exception of patients EXOC3 and EXOC11, 
who were non-reagent on serology tests and EXOC17, 
who was not individually tested. However, the three 
patients had direct contact with their parents infected 
by SARS-CoV-2, contemplating the MIS-C WHO cri-
teria (WHO 2020). Two additional patients with MIS-C 
(EXOC8 and EXOC9) were ruled out from the study, 
due to insufficient DNA quality. The Institutional Ethics 
Committees approved the research protocols (CAAE 
0135320.0.0000.5259 and 33040420.3.0000.5264) and 
written informed consent was obtained from the par-
ticipants and their parents.

DNA extraction and whole exome sequencing
Peripheral blood samples from MIS-C children were col-
lected after recovery using Tempus™ Blood RNA Tube 
(Thermo Fisher Inc.) and DNA samples were extracted 
using Flexigene Kit or QIAamp DNA Blood mini kit 
(QIAGEN). Sequencing libraries were prepared using 
the QIAseq Human Exome Kit (Qiagen), according to 
the manufacturer’s protocol. Sequencing was performed 
using Illumina NextSeq® 500/550 High Output Kit v2 
(300 cycles), generating 2 × 149  bp paired-end reads 
with depth coverage of at least ×100. The short reads 
were mapped to the human reference genome (GRCh38/
hg38) using Bowtie2 version 2.3.4.1 (Langmead and Salz-
berg 2012). SAM files were converted into BAM files, 
sorted and filtered by MAPping Quality (MAPQ > 30) 
using SAMtools version 1.3 (Li et al. 2009; Langmead and 
Salzberg 2012). MarkDuplicates from Picard tools ver-
sion 2.18 (http://​picard.​sourc​eforge.​net/) was applied to 
mark duplicate reads. SNVs/InDels variants calling was 
performed using the HaplotypeCaller tool from Genome 
Analysis Toolkit (GATK) version 4.1 (DePristo et  al. 
2011).

Variants prioritization
The prioritization of potentially pathogenic variants 
related to a high MIS-C risk was performed according to 
Vianna et al. (2020) with modifications. The filtered vari-
ants’ features included (a) sequencing and mapping qual-
ity over 30 and read depth over 10; (b) non-synonymous 
or splice sites variants with moderate or high predicted 
functional impact according to Variant Effect Predictor 
(Ensembl) (McLaren et  al. 2016); (c) SIFT and/or Poly-
phen values between 0–0.15 and 0.85–1.0, respectively 
for coding non-synonymous single nucleotide variants; 
(d) global minor allele frequency less than 0.01 in at least 
one populational database (1000 Genomes; ESP6500; 
Exome Aggregation Consortium—ExAC; The Genome 
Aggregation Database—GnomAD; and the Brazilian 
genomic variants database ABraOM).

For better exploring the pathogenic and conserva-
tion context of the filtered variants, Varsome (Kopa-
nos et  al. 2019) and Variant Effect Predictor (Ensembl) 
(McLaren et al. 2016) were used for accessing additional 
computational predictors, including Mutation Taster, 
Mutation Assessor, M-CAP, Revel, PROVEAN, Met-
aLR, MetaSVM, MetaRNN, CADD, LRP, GERP++, 
FATHMM, PhastCons, PhyloP, and Splice Al. OMIM 
(https://​omim.​org/), ClinVar (https://​www.​ncbi.​nlm.​nih.​
gov/​clinv​ar/), and Orphanet (https://​www.​orpha.​net/​
consor/​cgi-​bin/​index.​php) were used to search for asso-
ciation with known diseases and inheritance patterns. 
Only variants with zygosity profiles consistent with the 
reported inheritance pattern of the related genes were 
selected. Gene Ontology and KEGG were used to provide 
functional or pathway annotation for the selected genes. 
Finally, filtered variants were classified according to the 
guidelines of the American College of Medical Genetics 
(ACMG) (Richards et al. 2015). Then, the filtered variants 
were validated by Sanger sequencing.

HLA prediction
The HLA alleles were predicted from WES samples 
with the HLAminer tool (Warren et al. 2012), using the 
genomic sequences of classes I and II HLA retrieved 
from the IMGT/HLA database in FASTA format. WES 
sequences in FASTQ format were mapped against chro-
mosome 6 (GRCh38) using bowtie2 (Langmead and Salz-
berg 2012) to direct analysis to the chromosome of the 
HLA loci. The sequences recovered were assembled into 
200  bp contigs using the TASR tool (Warren and Holt 
2011) and aligned to HLA reference sequences using 
BLAST (Basic Local Alignment Tool). Aligned sequences 
were then used to predict HLA alleles, including HLA 
class I (HLA-A, HLA-B, HLA-C, HLA-G, HLA-E, HLA-
F) and HLA class II [HLA-DP (DPA1, DPB1, DPB2), 

http://picard.sourceforge.net/
https://omim.org/
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https://www.orpha.net/consor/cgi-bin/index.php
https://www.orpha.net/consor/cgi-bin/index.php
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HLA-DQ (DQA1, DQA2, DQB1), HLA-DR (DRA, 
DRB1, 3, 4, 5)].

Integrative bioinformatic analysis
The context of the filtered variants was analyzed at the 
functional domain level. The annotation of functional 
domains was retrieved through the Pfam 32.0 platform 
(El-Gebali et  al. 2019) and the protein architecture was 
represented with IBS (Liu et  al. 2015). The STRING 
v.11.5 database was used to recover the Protein–Protein 
Interactions (PPIs) of each mutated gene, and Cytoscape 
software 3.7.1 (Shannon et al. 2003) was applied to plot 
the network. Next, the retrieved genes were cross-ref-
erenced with those in a dataset of 19 genes, in which 
variants or abnormal mRNA expression were previously 
associated with MIS-C (Lee et al. 2020; Chou et al. 2021; 
Beckmann et al. 2021; Abolhassani et al. 2022; Vagrecha 
et  al. 2022) and 14 genes for which genome-wide stud-
ies found an association with Kawasaki disease (Sancho-
Shimizu et al. 2021) (Additional file 1: Table S1). Direct 
interactions with a confidence score > 0.4 were consid-
ered for further enrichment analysis by the web server 
EnrichR (https://​maaya​nlab.​cloud/​Enric​hr/). The gene-
set libraries used for enrichment analysis were KEGG 
2021 Human, GO Biological Process 2021, GO Molecu-
lar Function 2021, GO cellular Component 2021, Jensen 
Tissues, the scRNA-seq database PanglaoDB Augmented 
2021, and COVID-19-related gene sets 2021. Only 
the top ten terms with an adjusted p-value < 0.05 were 
retrieved. Additional file 7: Fig. S1 illustrates a workflow 
of the methodology used in the study.

Results
The mean age of the MIS-C patients was 7.82 ± 3.94 years 
(range: 1  year and 3  months–14  years old) with a male 
predominance (68.7%). Obesity was the most preva-
lent comorbidity (18.7%) and one patient (EXOC1) had 
a diagnosis of Kawasaki disease in 2017. None of the 
patients had been vaccinated for SARS-CoV-2 prior to 
MIS-C onset. Hospitalisation was not required for two 
cases (EXOC1 and EXOC5), while five cases were hos-
pitalised out of intensive care units (ICU). For those 
admitted to ICU, the period of stay ranged between 2 
and 19  days. The main onset symptoms included fever 
(100%), cutaneous rash (81.2%), abdominal pain (75%), 
conjunctivitis (56.2%), hypotension (43.7%), and shock 
(43.7%). The most common clinical laboratory findings 
at the acute MIS-C stage included elevated C-reactive 
protein (100%) and d-dimer (93.7%), anaemia (87.5%), 
thrombocytosis (56.2%), hyperferritinemia (50%), ele-
vated fibrinogen (50%), and neutrophilia (50%) (Table 1).

All patients recovered from MIS-C after different treat-
ment strategies, such as intravenous immunoglobulin, 

AAS, immune-modulatory agents and systemic ster-
oids. Supportive care (vasoactive medication, invasive 
mechanical ventilation) was also applied when neces-
sary. Patients EXOC14, EXOC15, EXOC16 and EXOC18 
developed hypothyroidism, attention deficit hyperactiv-
ity disorder (ADHD), migraine and Reentrant Supraven-
tricular Tachycardias (RST), respectively during the 
follow-up.

WES revealed 10 potentially causative variants (5 
missense, 2 nonsense, 1 splice acceptor, 1 frameshift 
deletion and 1 frameshift duplication) that could be 
associated with a higher susceptibility risk of MIS-C 
in 9 patients (Table  2; Additional file  2: Tables S2 and 
Additional file 3: Table S3, Additional file 7: Fig. S2). All 
these potentially causative variants are very rare (Minor 
Allele Frequency < 0.01), were predicted to be damag-
ing by the different algorithms used and were classified 
as pathogenic, likely pathogenic or variants of unknown 
significance (VUS), according to the ACMG parameters 
(Table  2). These variants have been submitted to the 
National Center for Biotechnology Information (NCBI, 
BioProject ID: PRJNA848757). Other filtered variants 
with no clear relation with MIS-C and/or incompatible 
inheritance patterns are reported in Additional file  4: 
Table  S4. No very rare relevant variant was found in 
patient EXOC17.

The variants p.Ser982* (FREM1), p.Gln380fs (C6), 
p.Val2050Leu (ABCA4), p.Cys54* (C9), p.Arg1314Trp 
(ABCC6), and p.Thr173fs (BSCL2) are contained in 
regions annotated as functional domains in the canonical 
proteins (Additional file  7: Fig. S3). Such variants occur 
in the Cadherin_3 domain (PF16184; FREM1 gene), 
MACPF domain (PF01823; C6 gene), TSP_1 domain 
(PF00090; C9 gene), in the ABC_tran domain (PF00005; 
ABCA4 and ABCC6 genes), and Seipin domain (PF06775; 
BSCL2 gene). The changes observed in FREM1 and C9 
resulted in premature stop codons, leading to proteins 
with 45% and 9% of the original size, respectively. In the 
FREM1 protein, the premature stop occurs before six 
regions of Cadherin_3, one Calx-beta domain (PF03160) 
and Lectin_C domain (PF00059). Premature stop at C9 
occurs in the initial portions of the domain harbour-
ing the variant (TSP_1), resulting in its loss, in addi-
tion to Ldl_recept_a (PF00057) and MACPF (PF01823). 
Three other variants are outside functional domains: 
p.Phe749Ser (POLG), p.Arg226Leu and p.Ile1562Thr 
(ABCA4). Considering all the missense changes, only 
p.Val2050Leu (ABCA4) concerns a change by an amino 
acid with similar properties, while the others (POLG 
p.Phe749Ser; ABCA4 p.Arg226Leu and p.Ile1562Thr; 
ABCC6 p.Arg1314Trp) modify some properties. The 
p.Phe749Ser variant (POLG) corresponds to a non-polar 
aromatic amino acid change by another hydroxylic and 

https://maayanlab.cloud/Enrichr/
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polar one. The two changes involving Arginine (ABCA4 
p.Arg226Leu and ABCC6 p.Arg1314Trp) result in a 
change of a polar and positive amino acid by a non-polar 
one. Besides, the p.Ile1562Thr (ABCA4) variant replaces 
a non-polar aliphatic amino acid with a polar, hydrox-
ylic one. Due to its longer chain, p.Val2050Leu (ABCA4) 
can alter the hydrophobicity, even involving two similar 
amino acids.

Regarding the unique and shared interactions retrieved 
by STRING, the analysis highlighted 891 proteins in the 
network (FREM1: 53, MPO: 274, POLG: 156, C6: 91, C9: 
106, ABCA4: 131, ABCC6: 39, and BSCL2: 124). MPO 
showed association with the products of three Kawa-
saki disease genes (FCGR2A, CASP3, and LTA) and one 
related to MIS-C (CYBB). The C9 gene product showed 
interactions with the product of two MIS-C-related genes 
(PRF1 and GZMA) and interaction with C6. In addition, 

we observed interactions between ABCA4 and ABCC6 
(Additional file 7: Fig. S4).

The enrichment analysis through KEGG revealed com-
plement/coagulation cascades, hematopoietic cell lineage 
and coronavirus disease among the most ten prevalent 
terms. GO enrichment demonstrated neutrophil-medi-
ated immunity, neutrophil degranulation, neutrophil 
activation, regulation of complement activation, regula-
tion of immune effector process, regulation of humoral 
immune response, cytokine-mediated signalling pathway, 
inflammatory response and cellular response to cytokine 
stimulus as the main enriched biological processes. GO 
enrichment for Molecular Function evidenced DNA 
polymerase activity, serine type endopeptidase/pepti-
dase activity, and cytokine activity, while GO enrichment 
for Cellular Component found secretory granule lumen 
and intracellular organelle lumen as the most enriched 

Table 1  Summary features seen in the Brazilian MIS-C cohort

(+): presence; (−): absence; M: male; F: female; NA: not available; CRP: C-Reactive Protein; KD: previous Kawasaki disease (2017); Obs: obesity; WI: Wheezing infant; LI: 
lactose intolerance; ICU: intensive care unit. APTT: activated partial thromboplastin time. *Time of ICU stay for patients 2 and 7 was equal to 4 and 2 days, respectively

Feature (patient code) 1 2 3 4 5 6 7 10 11 12 13 14 15 16 17 18

Age (years) 7 9 3 1 11 1 1 1 9 8 12 10 6 11 9 7

Gender M M M M F F M M F F M F M M M M

Comorbidities KD Obs WI, LI − Obs − − − Obs − − − − − − −
Time after COVID-19 (weeks) 3 4 2 4 4 3 3 3 4 9 6 6 7 6 5 2

Length of hospital stay (days) 0 11 6 6 0 6 12 9 11 19 9 8 12 9 9 18

Admission to ICU* − + − − − − + − − + + + + + + +
Fever + + + + + + + + + + + + + + + +
Rash + − + + + + + + + + + − − + + +
Conjunctivitis + − + + + − + − − + − + − + + −
Cardiovascular dysfunction − + − − − − + − − + + − + − − +
Abdominal pain − + − + + − + − + + + + + + +  + 

Headache − − − − − − − − − + + − − − − −
Confusion − − − − − − − − − + − − − + − −
Lethargy − − − − − − − − − + − − − + − −
Hypotension − + − − − − − − − + + − + + + +
Allucinations − − − − − − − − − + − − − − − −
Renal impairment − − − − − − − − − − − − − − − −
Respiratory dysfunction − + − − − − + − − + + − − + − −
Shock − + − − − − + − − + + − + + + −
Elevated CRP + + + + + + + + + + + + + + + +
Hyperferritinemia NA + − NA NA + − − − + + − + + + +
Elevated d-dimer + + + + + + − + + + + + + + + +
Lymphopenia − + − − − − − − − + − − − − − NA

Neutrophilia − + − + − − − − − + + − + + + +
Anaemia + + − + − + + + + + + + + + + +
Thrombocytosis + − − + − − − − − + + + + + + +
Increased APTT − + + + + − + − − + − − − − − +
High fibrinogen NA + + + NA + − + + + − − − − − +
Coronary dilatation − − − − − − − − − − − + + + + +



Page 6 of 13Santos‑Rebouças et al. Molecular Medicine          (2022) 28:153 

terms. Jensen tissues enrichment pointed to the immune 
system as the most enriched tissue, whereas PanglaoDB 
Augmented 2021 revealed neutrophils and monocytes 
as the most enriched cell types. Finally, analysis based 
on COVID-19-related gene sets highlighted different 
enriched terms for human (PBMC, lung, organoids) or 
murine (liver, lung) cells (Additional file 7: Fig. S5).

In addition to rare variant analyses, classic HLA 
alleles (HLA-A, HLA-B, HLA-C, HLA-DP, HLA-DQ 
and HLA-DR) and non-classic HLA-F, HLA-G, and 
HLA-H alleles were predicted from WES data at four-
digit resolution. All patients were carriers of at least 
one potential risk allele (grey highlights) (Additional 
file 5: Table S5).

Table 2  Potentially causative variants identified by WES in children with MIS-C

VUS: variant of unknown significance; NA: not available; *According to OMIM—Online Mendelian Inheritance in Man®; **According to ACMG guidelines (Richards 
et al, 2015) and Varsome

Patient Gene 
(Location)

Mutation 
type

Mutation description
(GRCh38/hg38)

Status MAF 
(GnomAD 
genomes/
ABraOM)

Gene 
function

Inheritance 
pattern 
(OMIM)
*

Conclusion 
(ACMG 
parameters)
**

EXOC1 FREM1
(9p22.3)

Nonsense Chr9:14808083G > T
NM_001379081.2
c.2945C > A:p.Ser982*
r377212852

Heterozygous 0.003%/NA FRAS1 related 
extracellular 
matrix 1

AR/AD Pathogenic
(PVS1, PM2)

EXOC3 MPO
(17q22)

Splice accep‑
tor

Chr17:58270865 T > G 
NM_000250.2
c.2031-2A > C
rs35897051

Heterozygous 0.5%/0.2% Myeloperoxi‑
dase

AR/AD Pathogenic
(PVS1, PM2, PP5, 
PS3)

POLG
(15q26.1)

Missense Chr15:89323423A > G 
NM_002693.3 
c.2246 T > C:p.Phe‑
749Ser
rs202037973

Heterozygous 0.02%/NA DNA polymer‑
ase gamma, 
catalytic 
subunit

AR/AD VUS
(PM2, PP3)

EXOC5 C6
(5p13.1)

Frameshift Chr5:41176504G > T 
NM_000065.5
c.1138delC:p.Gln380fs
rs375762365

Heterozygous 0.2%/0.04% Complement 
C6

AR with 
reported cases 
of heterozy‑
gous case with 
reduced C6 
levels

Pathogenic
(PVS1, PM2, PP5)

EXOC6 ABCA4
(1p22.1)

Missense Chr1:94021934A > G 
NM_000350.3 
c.4685 T > C:p.
Ile1562Thr
rs1762111

Heterozygous 0.01%/0.04% ATP bind‑
ing cassette 
subfamily A 
member 4

AR/AD VUS
(PM2, PP2, PP3)

EXOC13 ABCA4
(1p22.1)

Missense Chr1:94001992C > G 
NM_000350.3 
c.6149G > C:p.Val‑
2050Leu
rs41292677

Heterozygous 0.4%/0.3% ATP bind‑
ing cassette 
subfamily A 
member 4

AR/AD Pathogenic
(PM1, PM2, PP3, 
PP2, PP5)

EXOC14 ABCA4
(1p22.1)

Missense Chr1:94098885C > A 
NM_000350.3
c.677G > T:p.Arg226Leu
rs144310835

Heterozygous 0.2%/0.08% ATP bind‑
ing cassette 
subfamily A 
member 4

AR/AD VUS
(PM2, PP2)

EXOC15 C9
(5p13.1)

Nonsense Chr5:39342112G > T 
NM_001737.5 
c.162C > A:p.Cys54*
rs34000044

Heterozygous 0.06%/0.04% Complement 
C9

UN Pathogenic
(PVS1, PM2, PP5)

EXOC16 ABCC6
(16p13.11)

Missense Chr16:16154974G > A 
NM_001171.6 
c.3940C > T:p.
Arg1314Trp
rs63750759

Heterozygous 0.08%/0.1% ATP bind‑
ing cassette 
subfamily C 
member 6

AR/AD Pathogenic
(PP5, PM1, PM2, 
PM5, PP2, PP3)

EXOC18 BSCL2
(11q12.3)

Frameshift Chr11:62694680G > GT 
NM_001122955.4 
c.517dupA:p.Thr173fs
rs786205071

Heterozygous NA/NA BSCL2 lipid 
droplet bio‑
genesis associ‑
ated, seipin

AR/AD Pathogenic
(PVS1, PM2, PP5)
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Discussion
The host genetic background of an individual under-
writes the susceptibility and response to viral infection 
and its outcomes. However, host monogenic predispos-
ing factors to MIS-C remain elusive. In this study, we 
evaluated 16 Brazilian individuals who had MIS-C for 
monogenic very rare variants that could predispose them 
to this clinical condition. The median age of children 
affected by MIS-C, clinical features and prevalence of 
comorbidities are in accordance with those of previously 
published cohorts (Ahmed et  al. 2020; Feldstein et  al. 
2020, Lee et al. 2020; Chou et al. 2021; Sancho-Shimizu 
et al. 2021). However, similar to Vagrecha et al. (2022), we 
found a clear male preponderance (68.7%) in our MIS-C 
cohort. The male sex bias is also evident for COVID-19 
hospitalization and death, compared to females (The Sex, 
Gender and COVID-19 Project, 2022). Besides the role 
of the X-linked ACE2 gene, coding for the SARS-CoV-2 
receptor, Takahashi et  al. (2020) reported that female 
patients have more robust T cell activation during SARS-
CoV-2 infection, and male patients have higher plasma 
levels of innate immune cytokines (Takahashi et al. 2020). 
Although the SARS-CoV-2 strains were not discrimi-
nated in MIS-C patients during COVID-19, we suppose 
that almost all patients were infected by the B.1.1.33 
lineage, the most prevalent established strain circulat-
ing during the first 8 months (March to October 2020) 
of pandemics in our state, according to genomic surveil-
lance data (Francisco Junior et al. 2021). Patient EXOC18, 
however, is most likely to have been infected by the P.1 
strain, since his hospital admission occurred in March 
2021, when this lineage was assumed as the predominant 
(Francisco Junior et al. 2021).

Few studies focusing on monogenic causes for MIS-C 
development have been conducted (Additional file  6: 
Table S6). Lee et al. (2020) reported one adolescent with 
immune thrombocytopenia and autoimmune haemo-
lytic anaemia who recovered from SARS-CoV-2 infec-
tion and developed MIS-C. WES in this patient revealed 
a heterozygous loss-of-function variant in the suppres-
sor of cytokine signalling 1 (SOCS1) gene, an essential 
regulator of type I and type II IFN signalling (Lee et  al. 
2020). Subsequently, the group expanded the analysis 
to more 17 patients with MIS-C, from which two boys 
were described as having hemizygous deleterious vari-
ants in the X-linked inhibitor of apoptosis (XIAP) and 
cytochrome b-245 beta chain (CYBB) genes. XIAP plays 
roles in cell survival, activation, and negative regula-
tion of the NLRP3 inflammasome (Jost et al. 2020), in a 
manner that patients with XIAP loss-of-function vari-
ants are at risk for virally triggered hemophagocytic 
lymphohistiocytosis (Marsh et  al. 2010). CYBB encodes 
the p91phox subunit of the NADPH oxidase, essential 

for the phagocytic oxidative burst. Loss of NADPH oxi-
dase impairs the generation of reactive oxygen species, 
which inhibit type I interferon signalling, promoting 
proinflammatory macrophage phenotype (Chou et  al. 
2021). Furthermore, rare inborn errors of immunity 
(IEIs) perturbing the immune response to SARS-CoV-2 
and dysregulation of type I interferons (IFN)s immunity 
were proposed to underlie the MIS-C pathogenesis in 
some children (Sancho-Shimizu et al. 2021; Abolhassani 
et  al. 2022). In this sense, a 3-year-old boy with critical 
COVID-19 pneumonia and MIS-C harbouring a large, 
homozygous frameshift deletion in the IFNAR1 gene 
was reported, confirming the role of impaired type I IFN 
immunity in MIS-C in concomitance to critical COVID-
19 pneumonia (Abolhassani et  al. 2022). Finally, Vagre-
cha et al. (2022) used a monogenic autoimmunity panel 
to investigate genetic variations in 109 genes crucial to 
immune regulation amongst children with MIS-C, from 
whom 25.4% exhibited rare heterozygous variants of 
unknown significance in primary hemophagocytic lym-
phohistiocytosis genes (LYST, STXBP2, PRF1, UNC13D, 
AP3B1) or the hemophagocytic lymphohistiocytosis-
associated DOCK8 gene (Vagrecha et al. 2022).

We consider that very rare monogenic variants, which 
were clinically silent previous to COVID-19, could pro-
pitiate a less effective immune response to infection or 
trigger the inflammatory response or a delayed hyperim-
mune response to SARS-CoV-2, leading to a higher sus-
ceptibility to manifest MIS-C. Indeed, both MIS-C and 
severe COVID-19 have been classified as hyperinflam-
matory cytokine storm syndromes (Mehta et  al. 2021; 
Noval Rivas et al. 2021).

Patient EXOC1 has a heterozygous nonsense variant 
in the Fras-relate extracellular matrix 1 (FREM1) gene 
(NM_001379081.2; c.2945C > A:p.Ser982*), classified 
as pathogenic, according to ACMG guidelines with no 
submissions to ClinVar. Host defense against infection 
is induced by Toll-like and interleukin (IL)-1 receptors 
and is controlled by the transcription factor NF-kappaB 
(Zhang et  al. 2010). The FREM1 gene encodes a full-
length isoform that acts as an extracellular matrix pro-
tein in epidermal differentiation. Besides, it produces a 
shorter splice variant isoform named Toll-like/interleu-
kin-1 receptor regulator (TILRR) that is a co-repressor 
of the interleukin 1 receptor family and acts as a major 
modulator of many genes in the NF-kappaB signal trans-
duction pathway, promoting the production of multiple 
pro-inflammatory cytokines/chemokines and modulat-
ing inflammatory process (Kashem et al. 2021a, b). So, we 
believe that the FREM1 variant may predispose to MIS-C 
due to a less effective immune response.

Patient EXOC3 has a heterozygous pathogenic vari-
ant in the myeloperoxidase (MPO) gene (NM_000250.2; 
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c.2031-2A > C) affecting a splice acceptor site. MPO is a 
heme-containing peroxidase predominantly expressed 
in neutrophils that is part of the innate immune system. 
Neutrophils play a crucial role in host defense against 
pathogens through the generation of reactive oxygen spe-
cies. Upon activation of neutrophils in peripheral blood 
and tissues, MPO is released into the phagolysosomal 
compartment and catalyses the formation of reactive oxy-
gen intermediates, including hypochlorous acid. MPO 
release happens concomitantly with the assembly of an 
NADPH oxidase (NOX) complex on the inner phagolys-
osomal membrane, producing superoxide radicals (O2•-) 
from molecular O2, called the oxidative burst. Dismu-
tation of O2•- generates the H2O2 required for MPO 
activity and pathogen killing (Hawkins and Davies 2021). 
Individuals with MPO deficiency are less efficient to kill 
intracellular pathogens and also experience higher rates 
of infections and chronic inflammatory conditions (Odo-
basic et al. 2016; Strzepa et al. 2017). However, increased 
susceptibility to severe infection in patients with MPO 
deficiency is documented so far in bacterial infection. It 
should be possible that the relation between MPO defi-
ciency and susceptibility to develop MIS-C is related 
to the effect of oxidative stress as a potent controller of 
the inflammatory response through the induction of 
oxidant-mediated elimination of activated T cells and 
macrophages. Furthermore, a significant positive correla-
tion between increased neutrophil and cardiac dysfunc-
tion, inflammation, and disease severity was reported in 
MIS-C (Syrimi et al. 2021).

Besides the MPO variant, patient EXOC3 has also a 
heterozygous missense variant in the DNA polymerase 
gamma catalytic subunit (POLG) gene (NM_002693.3 
c.2246T > C:p.Phe749Ser), classified as a VUS, accord-
ing to ACMG guidelines. Mitochondrial dysfunction 
is considered an important driver of the mammalian 
innate immune response, having a dual opposite role 
in facilitating antibacterial immunity by generating 
reactive oxygen species (ROS), and contrariwise pro-
moting inflammation following cellular damage and 
stress. Mitochondrial DNA is an agonist of Toll-like 
receptor 9 (TLR9), NOD-like receptor family pyrin 
domain containing 3 (NLRP3), and cyclic GMP-AMP 
synthase (cGAS). The cGAS-stimulator of interferon 
genes (STING) axis is recognized as a major driver of 
type I interferon (IFN-I) and inflammatory responses 
to nuclear and mitochondrial genome instability, and 
Polg mutator homozygous mice exhibit a hyperinflam-
matory innate immune status that is driven by chronic 
engagement of the cGAS-STING–IFN-I axis (Lei et al. 
2021). Heterozygous Polg (D257A) knock-in mice dem-
onstrated tissue-specific, age-dependent accumulation 
of multiple mtDNA deletions in the brain and muscles 

which was likely to result in neuromuscular symptoms 
(Fuke et  al. 2014). In humans, POLG pathogenic vari-
ants in both recessive (homozygous  mutation  or com-
pound heterozygous mutation) and dominant models 
can lead to different clinical spectrums (OMIM, 2022; 
Tang et  al. 2011). The rs202037973 T > C variant has 
conflicting interpretations of pathogenicity in ClinVar 
[pathogenic (2); likely pathogenic (5); uncertain signifi-
cance (2)]. So, we cannot discard a synergistic involve-
ment of both MPO and POLG variants in patient 
EXOC3 concerning the MIS-C development risk.

EXOC5 and EXOC15 patients have a frameshift 
(NM_000065.5; c.1138delC:p.Gln380fs) and a nonsense 
(NM_001737.5; c.162C > A:p.Cys54*) heterozygous vari-
ants in the complement C6 and C9 genes, respectively. 
For both genes, the variants found were classified as path-
ogenic according to ACMG guidelines. The complement 
system is considered a vital part of the innate immune 
system and modulates adaptive immunity. The recogni-
tion of pathogens or associated molecular patterns by 
complement proteins triggers a cascade of events that 
culminate in the engagement of complement receptors 
on the surface of immune cells. The signalling pathways 
shotted by the receptors regulate the type and extent of 
immune responses. Moreover, complement receptor-
mediated signalling is related to homeostatic and patho-
logic T-cell responses, having a role in adaptive immunity 
(Reis et  al. 2019). Systemic complement activation of 
C9 and C5b-9 was reported to be a common feature in 
MIS-C patients, which could explain the endothelial 
damage and shock seen in such syndrome. After treat-
ment, a decrease in their levels is noted (Syrimi et  al. 
2021). Complement dysregulation has been also observed 
in severe COVID-19 (Holter et al. 2020). Generally, com-
plement deficiencies are inherited as autosomal recessive 
traits (homozygous or compound heterozygous), except 
for properdin (X-linked recessive pattern), C1 inhibitor 
(autosomal dominant pattern) and C9, whose inheritance 
pattern is undetermined, according to OMIM. How-
ever, for the C6 gene, heterozygous carriers have already 
been described in the literature as having C6 deficiency 
(Würzner et al. 1995). Recently, a heterozygous nonsense 
variant (c.1062C > G/p.Y354*) was reported in a pae-
diatric patient with meningococcal disease, leading to 
low levels of serum C6, far below the mean normal level 
(Zhang et al. 2021). To date, 15 pathogenic variants in the 
C6 gene have been identified in patients with C6 defi-
ciency, including the frameshift c.1138delC in exon 8/18 
(reviewed in Zhang et al. 2021). In the same way, individ-
uals heterozygous for a C9 nonsense pathogenic variant 
have already been described (Horiuchi et  al. 1998). So, 
given the importance of complement genes to innate and 
adaptive immunity, we considered that C6/C9 variants 
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have a role in the MIS-C development due to a deficient 
immune response.

Curiously, 4/16 (25%) patients have very rare variants 
in ATP-binding cassette (ABC) superfamily genes (Dean 
et  al. 2022). Patient EXOC 16 exhibited a heterozygous 
pathogenic missense variant in the ATP-binding cassette 
subfamily A member 6 (ABCC6) gene and three other 
patients (EXOC6, EXOC13, and EXOC14) in our cohort 
exhibit heterozygous missense variants (one pathogenic 
and two VUS) in the ATP-binding cassette subfamily A 
member 4 (ABCA4) gene. The ABC superfamily con-
sists of membrane proteins that transport a wide vari-
ety of substrates across membranes and are divided into 
seven distinct subfamilies (ABC1, MDR/TAP, MRP, ALD, 
OABP, GCN20, White). For the ABCA6 gene, a member 
of the MRP subfamily, the major expression tissues at 
mRNA level are liver and gallbladder, kidney and urinary 
bladder, pancreas, and gastrointestinal tract, with enrich-
ment for classical monocytes and neutrophils in immune 
cells (The Human Protein Atlas 2022). At the mRNA 
level, ABCA4, a member of the ABC1 subfamily, is pre-
dominantly expressed in the brain and eyes, whereas at 
the protein level, the major expression occurs in the eyes, 
kidneys and urinary bladder (The Human Protein Atlas 
2022). ABCA4 gene is amongst the 500 genes down-
regulated by SARS-CoV-2 in human Organoids from 
GSE154613 (COVID-19-related gene sets 2021, EnrichR). 
Besides, the global network for human proteins interact-
ing with ACE2 recovered from the Human Base COVID-
19 database (https://​hb.​flati​ronin​stitu​te.​org/​covid​
19) clustered into 10 functional modules, from which 
ABCC6 protein is present in the co-expression module 6, 
enriched in urate metabolic process, organic anion trans-
port, and small molecule biosynthetic process.

Patient EXOC18 has a heterozygous frameshift variant 
(c.517dupA:p.Thr173fs) in the BSCL2 lipid droplet bio-
genesis associated, seipin (BSCL2) gene. Lipid droplets 
are specialized organelles, in which eukaryotic cells store 
large amounts of esterified neutral lipids (triacylglycer-
ols/TAGs and sterol esters/SEs). Phagocytosis of invading 
pathogens by specialized cells, such as macrophages and 
neutrophils, and progression/maturation of pathogen-
containing phagosomes, a key component of the innate 
immune response, occurs in parallel with the accentuated 
formation of lipid-rich organelles. Seipin plays crucial 
roles in lipid droplets biogenesis and dynamics in various 
cell types, including immune cells, in which lipid droplets 
synthetize and store inflammatory mediators, consid-
ered structural markers of inflammation. The interaction 
of lipid droplets with phagosomes containing pathogens 
occurs in response to infections, influencing the outcome 
or survival of the pathogen within host cells (Melo and 
Dvorak 2012). Thus, seipin could interfere in the capacity 

of macrophages to respond to pathogens through the 
lipid droplet metabolism and one-third of patients with 
congenital generalised lipodystrophy, a recessive condi-
tion caused by BSCL2 variants, died of infectious disease 
(Zhou et  al. 2022).  Although patient EXOC18 had no 
noticed lipodystrophy previous to MIS-C, BSCL2 vari-
ants are also described in dominant clinical conditions 
(OMIM), which could explain the higher susceptibility 
to MIS-C. Furthermore, global lipodystrophic Bscl2−/−
mice exhibit hypertrophic cardiomyopathy with reduced 
cardiac steatosis, and mice with cardiac-specific dele-
tion of Bscl2 developed systolic dysfunction with dila-
tion, through excessive lipid catabolism (Zhou et  al. 
2022). Curiously, patient EXOC18 presented Reentrant 
Supraventricular Tachycardias (RST) phenotype during 
the follow- up.

To better elucidate the functional context, in which 
the variants in FREM1, MPO, POLG, C6, C9, ABCA4, 
ABCC6, and BSCL2 genes, we used a global network of 
PPIs. Further analysis of the direct partners evidenced 
proteins that were previously linked to MIS-C or Kawa-
saki disease. Besides, enrichment analysis highlighted 
significant immune and inflammatory response terms 
in multiple datasets concerning pathways, biological 
processes, molecular function, cellular components, 
tissues, and cell types. Furthermore, enrichment for 
COVID-19-related gene sets revealed proteins enriched 
in different experiments from both human and murine 
cells. Taken together, these findings reinforce the role of 
the mutated genes in MIS-C and ratify the existence of 
overlapping or convergent immune and inflammatory 
mechanisms underlying MIS-C, Kawasaki disease, and 
COVID-19.

Besides the MIS-C-related variants described, we 
found a heterozygous likely pathogenic variant in aldehy-
drogenase 7 family member A1 (ALDH7A1; c.34delG:p.
Ala12fs) in patient EXOC10 that is noteworthy. The 
aldehyde dehydrogenases (ALDHs) are a superfamily of 
NADP+‐dependent enzymes that metabolize endoge-
nous and exogenous aldehydes to corresponding carbox-
ylic acids. Recent evidence suggests that ALDH has a role 
in regulatory T (Treg) cells induction and function. Treg 
cells are components of the immune system that pro-
mote immune tolerance and prevent aberrant immune 
responses to beneficial or non-harmful pathogens (Baze-
wicz et al. 2019). Particularly, ALDH7A1 was reported to 
attenuate reactive aldehyde and oxidative stress-induced 
cytotoxicity (Brocker et al. 2011). So, as oxidative stress is 
present in MIS-C patients, we cannot completely discard 
the involvement of a subclinical less effective ALDH7A1 
enzyme over MIS-C risk, even that ALDH7A1 variants 
were only related to a clinical trait (OMIM 107323) in a 
homozygous or compound heterozygous status.

https://hb.flatironinstitute.org/covid19
https://hb.flatironinstitute.org/covid19
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The variants identified in previous MIS-C studies were 
not detected in our cohort and there are no overlapping 
variants among previous studies. The absence of com-
mon variants in different studies could be mainly due 
to the rarity of the variants, the small number of stud-
ies focusing on host genetic susceptibility to MIS-C and 
discrepancies concerning patients’ selection and experi-
mental design. However, in our study, there is clear a 
recurrence of variants in genes within the same family, 
such as ABCA4/ABCC6 and C6/C9.

We also examined the MIS-C samples for class I and 
II HLA alleles. Regarding class I alleles, three major 
genotypes A*02, B*35, and C*04, previously described 
to increase the risk of MIS-C (Kouo et  al. 2021; Mazer 
et al. 2022; Sacco et al. 2022), were found in ten (62.5%) of 
our patients (Additional file 5: Table S5). Concerning the 
HLA class II, risk alleles DRB1*15:01 and DQB1*06:02, 
observed in children with SARS-CoV-2 infection (Valen-
tini et al. 2021), were predicted in five (31.2%) and eight 
(50%) of our patients, respectively (Additional file  5: 
Table  S5). So, altogether HLA alleles prediction from 
WES data of the MIS-C patients allowed the identifica-
tion of at least one risk allele in 100% of the patients.

The frequencies of some clinical or laboratory find-
ings in our cohort are quite different from what was 
reported in large non-genetic studies (Feldstein et  al. 
2020), including a higher proportion of coronary dilata-
tions and thrombocytosis, as well as a lower prevalence 
of lymphocytopenia. We consider that these discrepan-
cies could be a result of the small sample size or, alterna-
tively, a feature of the Brazilian population. Indeed, the 
higher proportion of coronary dilatations is in accord-
ance with a multicenter, prospective cohort study, con-
ducted in 17 pediatric intensive care units in five states 
in Brazil, which revealed that 27% of 56 patients with 
MIS-C had signs of coronary dilatation (Lima-Setta et al. 
2021). Besides, the patients with coronary alterations (all 
of them hospitalised in ICU) had thrombocytosis, which 
could be associated with the inflammatory involvement 
of the vascular endothelium. So, the inclusion of ICU 
children with a great severity may have caused an overes-
timation of thrombocytosis.

Conclusions
Host genetic predisposition knowledge on MIS-C risk 
remains limited and no study had been conducted in 
admixed populations of Latin America. We used WES to 
investigate very rare SNVs/InDels in MIS-C patients and 
identified ten very rare/unique variants in eight genes as 
the most promising candidates. Our findings highlight 
the relevance of using WES for identifying host genetic 
interindividual variability associated with COVID-19 
complications and emphasize the need for COVID-19 

prevention, even in children. Besides, characterization 
of host genetic factors predisposing to MIS-C may reveal 
biological mechanisms crucial for therapeutic manage-
ment aiming to modify the worst outcomes.
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