UAB

Universitat Autonoma de Barcelona

IMMUNE CHARACTERIZATION OF MULTISYSTEM INFLAMMATORY
SYNDROME IN CHILDREN (MIS-C)

Tetyana Pidkova

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’us
establertes per la seglent llicencia Creative Commons: @ @G| https://creativecommons.org/licenses/?lang=ca

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacién de las condiciones de

uso establecidas por la siguiente licencia Creative Commons: @@@@ https://creativecommons.org/licenses/?

lang=es

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: @@@@ https://creativecommons.org/licenses/?lang=en




UAB

Universitat Autonoma
de Barcelona

IMMUNE CHARACTERIZATION OF
MULTISYSTEM INFLAMMATORY SYNDROME IN
CHILDREN (MIS-C)

Tetyana Pidkova






IrSicana UniveyitzﬁEnoma

de Barcelona

PhD programme in Advanced Immunology
Department of Cellular Biology, Physiology, and Immunology
Universitat Autonoma de Barcelona

IMMUNE CHARACTERIZATION OF
MULTISYSTEM INFLAMMATORY SYNDROME IN
CHILDREN (MIS-C)

Thesis presented by Tetyana Pidkova to qualify for the PhD degree in Advanced
Immunology by the Universitat Autbonoma de Barcelona.

The presented work has been performed in the Cell Virology and Immunology (VIC)
group, at IrsiCaixa, directed by Dr Julia Blanco Arbués and Dr Benjamin Trinité, and
tutored by Dr Julia Blanco Arbués.

Tetyana Pidkova Julia Blanco Arbués, PhD Benjamin Trinité, PhD
PhD candidate Thesis director & tutor Thesis director

Badalona, June 2026






The author of this thesis has been supported by a predoctoral grant from the Fundacio
Autonoma Solidaria, Programa Acollida (Universitat Autdnoma de Barcelona).

Unrelated to this work, Dr. Julia Blanco Arbués is founder and shareholder of the spin-
off AlbaJuna Therapeutics S.L and reports institutional grants from HIPRA and MSD.
The author of this thesis declares no conflicts of interest.

The printing of this thesis was fully funded by Fundacié Privada Institut de Recerca
sobre Immunopatologies-Caixa IrsiCaixa.

Images and graphs were created using Biorender, R or GraphPad Prism.






- ¢ UAB
IrsiCaixa Universiat Autonoma

El Dr. Julia Blanco Arbués, investigador d’lrsiCaixa, de la Fundacié Institut
d’Investigacio en Ciéncies de la Salut Germans Trias i Pujol (IGTP), del CIBERINFEC i
professor de la Universitat de Vi-Universitat Central de Catalunya, i el Dr. Benjamin
Trinité, investigador d’IrsiCaixa,

fan constar

que el treball experimental i la redaccié de la memoria de la Tesi Doctoral titulada
“IMMUNE CHARACTERIZATION OF MULTISYSTEM INFLAMMATORY SYNDROME IN
CHILDREN (MIS-C)” han estat realitzats per la Tetyana Pidkova sota llur direccid, i que

consideren

que és apte per a ser presentat i optar al grau de Doctora en Immunologia Avancada
per la Universitat Autbnoma de Barcelona.

| per que quedi constancia, signen aquest document a

Badalona, el 30 de juny de 2026

Dr. Julia Blanco Arbués Dr. Benjamin Trinité






«CMinuBi 3aB>X4u Maromp w,acms».

— IBaH barpa+ul, «TurposoBu»






Acknowledgments

First,  would like to express my deepest gratitude to my thesis directors, Ben and Julia.
Throughout this journey, you have been an enormous source of support and guidance,
helping me believe in myself as a scientist. | could not have dreamed of better mentors,
and | truly believe that all of us in the VIC team are very lucky to have you both. Julia,
although my arrival was like “unexpected child”, you welcomed me into the VIC family
with huge kindness and made me feel part of the team from the very beginning. Your
unconditional support, kindness, and trust on me have meant so much to me, as has
your unforgettable fig jam. Ben, thanks a lot for your patience in explaining things
repeatedly when needed. Thank you for all the knowledge you shared with me, for your
unfailing dedication, and for always being there whenever | needed help or advice,
whether it was related to work or personal. Also, for teaching me that good results
come with patience, and, of course, for always being my coffee supporter.

També voldria agrair a Ventura Uoportunitat de formar part d’IrsiCaixa i el fet d’haver
estat sempre disponible quan he necessitat ajuda. Un agraiment especialala Lidiaila
Lourdes, que em van cuidar des del principi i em van fer sentir acompanyada durant
tot aquest procés. També a UAlejandro i la Judith, per gestionar tots els meus
problemes burocratics.

A huge thanks goes to all the VIC people who made my PhD and laboratory experience
warm and full of good memories: Francesc, Carmen, Carla, Edwards, Ferran T., Anna
B., Raquel, and Esther, whose positive energy can motivate everyone around her. To
Victor, whom | probably made very tired with all my analyses, but without whom my
work would not look nearly as amazing. Un agradecimiento muy especial a Silvia, quien
siempre estuvo ahi para cuidarme en esos pequefnos detalles que, en realidad, son
muy importantes. To Julia, my desk companion, with whom | could talk about
everything and nothing. Huge thanks to my Annas for guiding me through the
“catalanization” and for becoming such great and reliable friends. To Amaya, my
soulmate, who, despite coming from faraway origins, shares so much in common with
me. Ferran deserves a special line here for the valuable contribution he made to this
thesis, for his help, patience, and support, even while writing his own.

Special thanks to Sara for our morning routines and for making every day at IrsiCaixa
brighter. | also do not want to forget Gooya and Maria, who were also part of this
important chapter. And to all the PhD students with whom | shared this meaningful
path.

A huge thank you also goes to Itziar and Nuria, who helped me overcome my doubts
and made me believe that | truly belong as a scientist. An additional thank you to Itziar
for turning on Spice Girls during my P3 work just to make me happier, and to everyone
who supported me throughout my laboratory adventures.



And finally, thanks to all the IrsiCaixa people from whom | ever asked for milk for my
coffee. There were many of you, and | am very grateful.

| would also like to thank the ISGlobal team, Ruth, Marta, Carlota, Gemma, and Diana,
fortheirvaluable contribution to our research. A special thank you to Marta, who taught
me so much and with whom | share much in common.

| would also like to thank the SJD team, Rosa and Claudia, without whom this project
would not have been possible. Thank you for your help and dedication throughout
these four years, and for being an important part of this work. | am also very grateful to
Jordi and his team for providing the samples and for always being available whenever
questions arose.

3BicHO, 6e3 Mo€i MamMu 1 6 He 6yna Tieto, KM € cborogHi. A 6e3amexxHo BgAYHa To6i 3a
KO>XXKHE pilleHHsA,AKe T npuiMana, wob a Bupocna caMe Takoro AKo A. [1AKyro 3a TBOLO
niaTpnmky, nto6oB i Bipy B MeHe, a TakoX 3a Te, Lo TV 3aBXAW NiaTpuMyBana MeHe y
BCiX MOIiX pilLEHHAX, HaBiTb ToAi, konu wnax 6ys HenpocTtM. OKpeMa noaska Ainosi
Baci. be3 Hboro s 6 He 3Morna gocartTn 6araTbox CBOIX 3BEPLUEHb, aA>e caMe BiH
KazaB, WO Tpeba nparHyTM Kpawioro, He 3YNMUHATUCA Ha OOCATrHYTOMY i cTaBaTu
KpaLuoto Bepcieto cebe. Takox a xo4vy nogAakyeaTu AHApPiKO 3a MOro caMoBignaHICTb,
[o6poTy | MOCTINHY MPUCYTHICTb | TypbOTYy NPOTAroM ycCix pokKiB MOiXx 6e3KiHeYHMX
HaB4YaHb. A Bac ay>xe nobnto i BAAYHa BaM BinbLue, Hi>K MOXXYTb BUCTOBUTHK CI0OBa.

Finalment, voldria donar les gracies a la meva familia catalana — Ferran, Elena,
Miquel, Mar i Mel — amb qui aquest capitol temporal, anomenat “doctorat a
Barcelona”, es va convertir en una segona llar permanent. Gracies per acollir-me,
donar-me suport i fer-me sentir estimada aqui. Us estimo molt i us agraeixo més del
que les paraules poden expressar.

Moim apy3am — Cnasi, Hasapy, BikTopii, Miui, MaprTi, J/leBy 1 AHHUULi — oAaKyto 3a Te,
LLLO MOMpPU BiACTaHb BU 3aBXXAW 3anuiiannca nopyd. Bawa gpy>x6a gonomaranu MeHi
Big4YyBaTU AiM HaBIiTb A4aneKo Big HbOro. 3BiCHO, A TAKOXX XO4Uy NoAAKYBaTM MOIM KyMaMm
— lani ta Bitaniky — i ManeHbkoMy Mapkycuky, AKi cTanu Ana MeHe BaXX/IMBOH
YacTMHKO YKpaiHM ganeko Big ooMmy.

Als meus amics catalans, gracies per haver esdevingut una part tan important del meu
sentiment de confort, pertinenca i certesa que era exactament on havia de ser: a la
Judith i el Ferran; al Jordiila Julia; CAinoa i el Miquel; i a UEstella, la Laia.

Us ho agraeixo molt! Una abracgada.



Abbreviations

ACE2
ADCC
ALC
ALT
AST

C-GAS / cGAS

CcC

CCL

CD
CD40L
CD8a
CDC
CDCP1
COVID-19
CRP
CX3CL
CX3CR
CXCL
DCs
DNA
DNER
EBV
ECMO
EN-RAGE

ENE-COVID

ESR
EULAR/ACR

PRINTO
Fc
FlexMAP
g/dL
GISAID
hACE2
Hb

HC
HCoV
HEK293T
HGF
HIV-1
HLH
IC50

Angiotensin-converting enzyme 2

Antibody-dependent cellular cytotoxicity

Absolute lymphocyte count

Alanine aminotransferase

Aspartate aminotransferase

Cyclic GMP-AMP synthase

Convalescent COVID-19

C-C motif chemokine ligand

Cluster of differentiation

CD40 ligand

CDS8 alpha chain

Centers for Disease Control and Prevention

CUB domain-containing protein 1

Coronavirus disease 2019

C-reactive protein

C-X3-C motif chemokine ligand; fractalkine

C-X3-C motif chemokine receptor

C-X-C motif chemokine ligand

Dendritic cells

Deoxyribonucleic acid

Delta/Notch-like epidermal growth factor-related receptor
Epstein-Barr virus

Extracorporeal membrane oxygenation

Extracellular newly identified RAGE-binding protein;
S100A12

Spanish National Seroepidemiological Study of SARS-CoV-2
Infection

Erythrocyte sedimentation rate

European League Against Rheumatism/American College of
Rheumatology

Paediatric Rheumatology International Trials Organisation
Fragment crystallizable region

Luminex/FlexMAP multiplex assay platform

Grams per deciliter

Global Initiative on Sharing All Influenza Data

Human angiotensin-converting enzyme 2

Hemoglobin

Healthy children

Human coronavirus

Human embryonic kidney 293T cell line

Hepatocyte growth factor

Human immunodeficiency virus type 1

Hemophagocytic lymphohistiocytosis

Half-maximal inhibitory concentration



ICU

ID50
IDSA

IFN

Ig

IL
IL22RA2
IQR
ISCIII
ISGlobal
IVIG

JIA

KD

LAP TGF-B1

LDG

LDH
LLOQ
LVEF
LYST
MAS
MCP-1,-2,-3
MERS-CoV
MFI
mg/dL
mg/kg
MHC
microg/L
MIS
MIS-A
MIS-C
MIS-N
MIS-V
MMP
mRNA
NAAT
NETs
NF-kB

ng/L
ng/mL
NIBSC

NK

NPX

NSP

NT-3
NT-proBNP

Intensive care unit

50% inhibitory dilution

Infectious Diseases Society of America
Interferon

Immunoglobulin

Interleukin

Interleukin 22 receptor subunit alpha 2
Interquartile range

Instituto de Salud Carlos Il

Barcelona Institute for Global Health
Intravenous immunoglobulin

Juvenile idiopathic arthritis

Kawasaki disease

Latency-associated peptide of transforming growth factor

beta 1

Lactate dehydrogenase; likely document variant/typo of LDH

Lactate dehydrogenase

Lower limit of quantification

Left ventricular ejection fraction
Lysosomal trafficking regulator
Macrophage activation syndrome

Monocyte chemoattractant protein 1, 2, 3
Middle East respiratory syndrome coronavirus

Median fluorescence intensity
Milligrams per deciliter
Milligrams per kilogram

Major histocompatibility complex
Micrograms per liter

Multisystem inflammatory syndrome
MIS in adults

MIS syndrome in children

MIS in neonates

MIS after vaccination

Matrix metalloproteinase
Messenger ribonucleic acid
Nucleic acid amplification test
Neutrophil extracellular traps

Nuclear factor kappa-light-chain-enhancer of activated B

cells
Nanograms per liter
Nanograms per milliliter

National Institute for Biological Standards and Control

Natural killer

Normalized Protein eXpression
Non-structural protein
Neurotrophin 3

N-terminal prohormone of brain natriuretic peptide



NTD N-terminal domain

OOB Out-of-bag

ORF Open reading frame

osl Organ system involvement

OSM Oncostatin M

p-value Probability value

PBS Phosphate-buffered saline

PCA Principal component analysis

PCC Post-COVID-19 condition

PCR Polymerase chain reaction

PCT Procalcitonin

PD-L1 Programmed death-ligand 1

PE Phycoerythrin

PEA Proximity extension assay

pH Potential of hydrogen

PICU Pediatric intensive care unit

PIMS-TS Pediatric inflammatory multisystem syndrome temporally
associated with SARS-CoV-2

ppla, b Polyprotein 1a, b

PRR Pattern-recognition receptor

PT Prothrombin time

PTT Partial thromboplastin time

qPCR Quantitative PCR

RBD Receptor-binding domain

RCPCH Royal College of Paediatrics and Child Health

RENAVE Red Nacional de Vigilancia Epidemioldgica

RNA Ribonucleic acid

RNase L Ribonuclease L

rpm Revolutions per minute

RT-gPCR Reverse transcription quantitative PCR

S Spike protein

S$1/S82 Spike protein subunits 1 and 2

SARS-CoV Severe acute respiratory syndrome coronavirus

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2

SCF Stem cell factor

SctA19 SARS-CoV-2 spike construct with  19-amino-acid
cytoplasmic tail deletion

SD Still disease

slJIA Systemic juvenile idiopathic arthritis

STING Stimulator of interferon genes

STRING Search Tool for the Retrieval of Interacting Genes/Proteins
database

TCID50 50% tissue culture infectious dose

TCR T-cell receptor

TGF-B Transforming growth factor beta

Th1, 2 T helper 1, 2

TLR Toll-like receptor



TMEM154
TMPRSS2
TNF
TNFRSF9
TRANCE
TRBV11-2
TWEAK
U/L
ULoQ
VB21.3
VCAp18
VEGF

ViC

vVoC
VSV-G
WHO
xMAP
XPONENT
ZEBRA
pg/mL

Transmembrane protein 154
Transmembrane serine protease 2

Tumor necrosis factor

TNF receptor superfamily member 9
TNF-related activation-induced cytokine
T-cell receptor beta variable 11-2
TNF-related weak inducer of apoptosis
Units per liter

Upper limit of quantification

T-cell receptor beta variable 21.3
Epstein-Barr virus viral capsid antigen p18
Vascular endothelial growth factor

Cell Virology and Immunology group
Variant of concern

Vesicular stomatitis virus glycoprotein
World Health Organization

Multi-analyte profiling technology
Luminex data acquisition/analysis software
BamHI Z Epstein-Barr replication activator
Micrograms per milliliter



TABLE OF CONTENTS

Table of contents

ST | Y S 21
INTRODUGCTION ... cuituiiiiiiiiitiititiieitiieiieiitiieietetetetesestesessessessassessessassenses 29
Overview of COVID-19 PanNdemiC...cccceereeiereeiereeeoreeeecancocareocaseocescocescacascncanens 31
T.  SARS-COV-2 VIrOLOZY . ..euiuiuiniiiieieieieete et ee ettt e eeeeeaetaenseeeneaetenseaeneenans 32
1.1 TR VIFION. ittt eae e e 32
L VA = 1 =T o) 4 Y PP 34

2. Immune Response (Adults vS Children) ......ceeuveiiiiiiiiiiiiieieee e eeanes 36
2.7, INNAte IMMUNE FESPONSE c.iuivitiiieieieeteteieeeneenenreraraereeeeareenenenensnsnsasnnnns 36
2.2. Adaptive iMMUNE FESPONSE .eueniniiiniireieeeetteeeueteenreeeneaetenseaenenaensannn 38

3. Genetic evolution and variants of SARS-COV-2 .......ccciiiiiiiiiiiiiiiiiiiiiienenne. 43
F O |1 011 1T (ST To1=] o 1 PP 45
5. Immune imprinting and hybrid immunity......ccoviiiniiiiirrr e 46
6. Epidemiology in SPain ... e e 47
7. Acute disease in adults and children .........ccccceviiiiiiiiiiiiiniinni, 49
8. Clinical management and long-term consequences of COVID-19.................. 51
ST I B 1T = o Lo 1< - PP PP P PP PP PPN 51
8.2, Treatment.....cciiiuiiiiiiiiiiiiiii e 52
8.3. VACCINES ettt e 54
8.4. Post COVID-19 condition (Long COVID) ....ivuiniiiiniiiiiiiiiiiieieeirieeeaeeeanes 55
Multisystem inflammatory syndrome after SARS-CoV-2 ......cccceveivinincncncecenens 57
9. Multisystem inflammatory syndrome in Neonates......cccveviveviiiiiiiiiiiiiininenenn.. 57
10. Multisystem inflammatory syndrome in adultS ......ccceveiiiiiiiiiiiiiiiiieeeeeeenen, 59
11. Multisystem inflammatory syndrome after SARS-CoV-2 vaccination.............. 60
12. Multisystem inflammatory syndrome in children ......ccoeiiiiiiiiiiiiiienenenenen, 61
12.1.Case definition ....c.cvuieiiiiiiiiiiii e 61
T12.2. RiSKTACTOIS iuuiiiiiiiiiiiiii e 64

1Z2RC B =) o1 1o [=10 g1 To] Uo ] = A PSPPI 65



13.

Elements of Pathogenesis of MIS-C ..o e 67
13T, INNATE FESPONSE .ttt ettt et e e e eaetenseeeneananennenenns 67
LRI 1= ([0 F= ] g €= T o Yo o F- 1= T 68
ECRC AN o 1810 (o] ¢- | N (=] oo ] 4 1= Pt 69
13.4. The main current hypotheses for the origine of MIS-C pathogenesis....... 69

13.5. The Role of the Immune System in the Change in MIS-C Epidemiology... 72

14. Diagnostic comparison with the pediatric inflammatory conditions................ 74
14.1. Other inflammatory CONditioNS ....c.iviniiiiii e 74

14.2. Challenges of diagnostiC CHteria ..ccivviuieiiiiiii e e 76

15. CliNical ManagEMENT .. cuiniei ettt e e e et e s e e e e eaeraenaanens 78
LT B e TLe = | R g T=T =1 o ) PO PP P PP PRP PPNt 78

15.2. AdVanCed therapy c.o.cuieieieiiiiiiiii e e s e e et e e e enens 80
HYPOTHESES AND OBJECTIVES ....ccuiiiiiiititiniiiiieiesesececesessssssesssscesesessssssassssses 81
METHONDS ....cuiiiiiiiiiiiieieiitiiresetetetersssssasesesesesessssssasssssssessssssasasssssesessssssasasnses 87
LIPS (B o |V o101 1o o (P 89
1.1, STUAY APPIOVAL. ee i r et et e eae it e saeeneaeaneanananns 89

1.2. Sample processing and STOrage .....cueeuieiiiiiiiiiiiiiiieireieeeereeeeaeeneneeenns 89

G T 0] o [o] g fe [T Tl g1 o) 4] o [FSR 89

2. Totalantibody qUantification ... e 91
3. Neutralization aCtiVity ....viiiiee et 92
4. Measurement of antigen-specific antibodies......c.ccoiviiiiiiiiiiiiiiiiiininreens 94
5. Proteomic analysis of inflammatory biomarkers ......ccccooeviiiiiiiiiiiiiiiiceneenen, 96
6. Statistical @nalySiS c.iueiuieiiiiiiiiiec e e e e e 97
RESULTS ..oitiiiiiiiiiiiitieteieieccersssasasesssecesessssssssesssssessssssssasssssssessssssssasasssssnsasans 101
R ©70] g Yo) a fo [=Y-To1 410 ] 1 o] o ISP 103
1.1, ConvalesCent COVID-TO ... i e e e e e aas 103

1.2. Participants COVID-19 onset distribution.........cccveviiiiiiiiiiiiiiiiiiiinanns 104

1.3. Healthy children partiCipantS....ccceciieiiiiiiii e eeeeeaees 105

T.4. MIS-C PartiCiPantS couiuiiiiiiee e e e e e e e e e aaaaaas 105

1.5. Kawasaki disease partiCipants ....cuceeeeeiiiiiiiiiiiiiieeee e eaans 109

1.6. Still disease partiCiPants ....c.vuiiiiiiiiiiiiiiii e e eaeaeans 110

1.7. Totalimmunoglobulin LeVELS ....c.iiiiii e eas 113



TABLE OF CONTENTS

2. Humoralresponse in MIS-C and CC ......cceiiniiiiieeeieeeeeeeeeerer e eae e eeeens 114
2.1. SARS-CoV-2-specific humoralimmune reSponSes ......ccccveeevereneneenennnns 114
2.2. Neutralizing anti-SARS-CoV-2 humoralimmune responses.................. 115
2.3. SARS-CoV-2-specific IgA and IgG subclasses......ccveveeiiiiiiiiineininennnns 118
2.4. Antibody isotype/Subclass ratios .....ceveiiiiiiiiiiiiiiireie e 120
2.5. Correlation analysis of SARS-CoV-2-specific markers.......cccceevevenennnnen.. 122
2.6. Biomarker selection and participants classification.............ccceieinn.n.. 124

3. Characterization of the antibody reactivity against common cold coronaviruses

and EBV in MIS-C, KD, and control roUpPS. ..c.veeiveeiiiiieiiiieieeieiei e e eeenens 127
3.1. Humoral responses against common cold coronaviruses.................... 127
3.2. Humoralresponses against Epstein—-Barr ViruS.......ccccveeevveiiiinenennnnennnns 132
3.3. Biomarker selection and participants classification.........cccccceeveveennn. 133

4. Inflammatory response associated With MIS-C........ccooiiiiiiiiiiiiiiiiireeeene, 138
4.1. Inflammatory biomarkers associated with acute MIS-C ....................... 138
4.2. Severity-associated inflammatory biomarkers in MIS-C ....................... 143

4.3. Co-associations between inflammatory biomarkers and clinical
Parameters iINMIS-C. ..ttt e e e e e e e ens 146
4.4. Longitudinal Stabilization of Biomarker Profiles Post-MIS-C Treatment .148

5. Comparative inflammatory profiling of MIS-C, Kawasaki disease, and childhood-

ONSEL Still’S iSBASE e iuiniiiiiiiee e ettt et ee et e eneeaeneneneeaaes 150
5.1. Inflammatory biomarkers of the acute phase of MIS-C, SD, and KD....... 150
5.2. Inflammatory biomarkers differentiating MIS-C, SD, and KD................. 154

5.3. Pairwise associations within top inflammatory biomarkers and clinical
o1 £=] 0 4 11 (=] £ T PP PPN 158
(0] Y04 1515 [0 ] S 161
CONCLUSIONS . ... citiietieietieteteeceteecetescesescesescessssessssesessssessessssesessssensesensasanne 177
2] [=1 M [0 1e] 2 7.\ o] o | PN 181






SUMMARY

SUMMARY

Although acute COVID-19 is usually milder in children than in adults, a small
proportion of pediatric patients develop Multisystem Inflammatory Syndrome in
Children (MIS-C), a severe post-infectious hyperinflammatory condition that appears
several weeks after infection. So far, the immune mechanisms underlying MIS-C

remain incompletely understood.

We hypothesized that MIS-C results from an altered immune response after SARS-
CoV-2 infection, characterized by changes in antibody responses and a specific
inflammatory biomarker profile. This work aimed to characterize humoral and
inflammatory immune responses in untreated acute MIS-C, using convalescent
COVID-19 (CC) children as a matched control group. MIS-C was also compared with
Kawasaki disease (KD) and Still’s disease (SD) to identify shared and disease-specific

inflammatory signatures. MIS-C patients were followed at 2 and 18 months.

We analyzed immunoglobulin isotypes, and IgG and IgA subclass usage of antigen-
specific SARS-CoV-2 responses using Luminex, along with their neutralizing activity.
Antibody reactivity against common cold coronaviruses and EBV was also assessed.
Olink-based profiling was used to characterize inflammatory signatures, severity-

associated biomarkers, and longitudinal changes.

MIS-C patients showed antibody levels and neutralizing activity largely comparable to
CC children, but with clear differences in antibody isotype and subclass distribution.
MIS-C was characterized by increased SARS-CoV-2-specific IgG2 responses, generally
lower IgG3 responses except against S2, and increased S2-specific IgA, IgA1, and IgA2
responses. These findings suggest selective dysregulation of class-switching in
humoral immunity. Differences in the contribution of IgA responses to the neutralizing

antibody profile were also observed compared with CC.

Common cold coronavirus antibody responses were increased in both MIS-C and CC
children, suggesting cross-reactivity. MIS-C patients also showed increased EBV
ZEBRA-specific1gG2, 1gG3, and IgG4 responses, suggesting possible EBV reactivation-

associated humoral responses.
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Inflammatory analysis showed that MIS-C has a distinct soluble biomarker profile
compared with CC children, characterized by IFN-y-related chemokines, endothelial
activation, immune-cell recruitment, and systemic inflammation. Several biomarkers,
including soluble TNFRSF9, soluble CD8a, IL-33, IL-2, CD244, and SCF, were
associated with ICU admission or more severe presentation. Longitudinal follow-up
showed that this profile normalized after recovery, with biomarker levels comparable

to CC children at 2 and 18 months.

Comparison of MIS-C with KD and SD showed shared inflammatory and vascular
pathways but also distinct immune signatures. MIS-C is characterized by an IFNy
signature, while KD was characterized by markers linked to vascular inflammation and

remodeling, and SD showed a strong IL-18/IL-6-associated autoinflammatory pattern.

In conclusion, data suggests that MIS-C is a distinct post-infectious immune syndrome
characterized by altered humoral immunity and a transient but intense inflammatory
response. The findings highlight selective antibody subclass dysregulation, increased
responses to EBV reactivation-associated antigens, IFN-y-driven endothelial
inflammation, and severity-associated soluble biomarkers as features of MIS-C

immunopathology.



SUMMARY

RESUM

Tot i que la COVID-19 és més lleu en infants que en adults, una petita proporcié de
pacients pediatrics desenvolupa la Sindrome Inflamatoria Multisistemica en Infants
(MIS-C), una condicid hiperinflamatoria postinfecciosa greu que apareix setmanes
després de la infeccidé. Fins ara, els mecanismes immmunologics del MIS-C no han

estat completament definits.

Hipotetizant que el MIS-C deriva d’una resposta immunitaria alterada després de la
infeccid per SARS-CoV-2, amb canvis en les respostes d’anticossos i un perfil
inflamatori especific; en aquest treball hem caracteritzat les respostes humorals i
inflamatories en MIS-C, utilitzant infants recuperats de COVID-19 (CC) com a control.
També es compra el MIS-C amb la malaltia de Kawasaki (KD) i la malaltia de Still (SD),

i es va seguir un subgrup de pacients amb MIS-C als 2i 18 mesos.

Mitjancant Luminex, es van analitzar diferents isotips d’immunoglobulines i llurs
subclases contra antigens de SARS-CoV-2, incloent-hi lanalisi de la capacitat de
neutralitzacié. També es va estudiar la reactivitat contra coronavirus del refredat comu
i EBV. Miltjancant Olink es caracteritzaren les signatures inflamatories, els

biomarcadors associats a la gravetat i els canvis longitudinals.

Els pacients amb MIS-C van mostrar nivells d’anticossos i activitat neutralitzant
comparables als infants CC, perd amb diferencies clares en la distribucié d’isotips i
subclasses. El grup MIS-C es caracteritza per elevades respostes 1gG2 especifiques
contra SARS-CoV-2, respostes IgG3 generalment més baixes excepte contra S2, i un
augment de respostes IgA, IgA1 i IgA2 especifiques contra S2. Aquests resultats
suggereixen una desregulacioé del canvi de classe de laimmunitat humoral, observant-
se també diferencies en la contribucié de les respostes IgA al perfil neutralitzant

respecte als controls.

Les respostes contra coronavirus del refredat comu van ser més elevades en MIS-C i
en CC, suggerint reactivitat creuada dels anticossos. Els grup MIS-C també mostra un
augment de respostes 1gG2, IgG3 i IgG4 especifiques contra EBV ZEBRA, compatible

anb una reactivacio d’EBV.
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L’analisi de marcadors inflamatoris mostra que el MIS-C presenta un perfil de
biomarcadors diferent als infants CC, caracteritzat per quimiocines relacionades amb
IFN-y, activacié endotelial, reclutament immunitari i inflamacié sistemica. Amés,
TNFRSF9 soluble, CD8a soluble, IL-33, IL-2, CD244 i SCF es van associar amb l'ingrés
alaUCloambunapresentacio més greu. El seguiment longitudinal mostra que aquest
perfil es normalitzava amb la recuperacid, amb nivells comparables als infants CC als

2i18 mesos.

La comparacié dels pacients MIS-C amb KD i SD va mostrar vies inflamatories i
vasculars compartides, per0 diferents signatures immunitaries. MIS-C es
caracterizava per l'activacié d’IFNy, mentre que KD es caracterizava per inflamacié i

remodelacié vascular, i SD mostravaun patré autoinflamatori associat amb IL-18/IL-6.

En conclusid, les dades suggereixen que MIS-C és una sindrome postinfecciosa
distintiva, caracteritzada per una immunitat humoral alterada i una resposta
inflamatoria transitdria perd intensa. Els resultats destaquen una desregulacié
selectiva de subclasses d’anticossos, una resposta elevada contra antigens associats
a la reactivaci6 d’EBV, una inflamacié mediada per IFN-y i la existencia de
biomarcadors de gravetat, com a elements definitoris de la immunopatologia del MIS-

C.



SUMMARY

RESUMEN

Aunque la COVID-19 es mas leve en nifios que en adultos, una pequena proporcion de
pacientes pediatricos desarrolla el Sindrome Inflamatorio Multisistémico en Nifos
(MIS-C), una condicion hiperinflamatoria postinfecciosa grave que aparece semanas
después de la infeccidon. Hasta ahora, los mecanismos inmunolégicos del MIS-C no

han sido completamente definidos.

Hipotetizando que el MIS-C deriva de una respuesta inmunitaria alterada tras la
infeccidon por SARS-CoV-2, con cambios en las respuestas de anticuerpos y un perfil
inflamatorio especifico; en este trabajo hemos caracterizado las respuestas
humorales e inflamatorias en MIS-C, utilizando nifios recuperados de COVID-19 (CC)
como control. También se comparé el MIS-C con la enfermedad de Kawasaki (KD) y la
enfermedad de Still (SD), y se siguid a un subgrupo de pacientes con MIS-C alos2y 18

meses.

Mediante Luminex, se analizaron diferentes isotipos de inmunoglobulinas y sus
subclases contra antigenos de SARS-CoV-2, incluyendo el anaélisis de la capacidad
neutralizante. También se estudid la reactividad contra coronavirus del resfriado
comun y EBV. Mediante Olink se caracterizaron las firmas inflamatorias, los

biomarcadores asociados a la gravedad y los cambios longitudinales.

Los pacientes con MIS-C mostraron niveles de anticuerpos y actividad neutralizante
comparables al grupo CC, pero con diferencias claras en la distribucién de isotipos y
subclases. El MIS-C se caracterizé por elevadas respuestas I1gG2 especificas contra
SARS-CoV-2, respuestas IgG3 generalmente mas bajas excepto contra S2, y un
aumento de respuestas IgA, IgA1 e IgA2 especificas contra S2. Estos resultados
sugieren una desregulaciéon del cambio de clase de la inmunidad humoral,
observandose también diferencias en la contribucion de las IgA al perfil neutralizante
respecto a los controles. Las respuestas contra coronavirus del resfriado comun
fueron mas elevadas en MIS-C y en CC, sugiriendo reactividad cruzada de los
anticuerpos. El grupo MIS-C también mostré un aumento de respuestas 1gG2, IgG3 e

IgG4 especificas contra EBV ZEBRA, compatible con una reactivaciéon de EBV.
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El analisis de marcadores inflamatorios mostré que MIS-C presenta un perfil de
biomarcadores diferente al grupo control, caracterizado por quimiocinas relacionadas
con IFN-y, activacion endotelial, reclutamiento inmunitario e inflamacién sistémica.
Ademas, TNFRSF9 soluble, CD8a soluble, IL-33, IL-2, CD244 y SCF se asociaron con
el ingreso en la UCI o con una presentacién mas grave. El seguimiento longitudinal
mostro que este perfil se normalizaba con la recuperacién, con niveles comparables

alos ninos CC alos 2y 18 meses.

La comparacion los grupos MIS-C con KD y SD mostré vias inflamatorias y vasculares
compartidas, pero diferentes firmas inmunitarias. MIS-C se caracteriza por activacion
de IFNy, mientras que KD se caracteriza por inflamacién y remodelacién vascular,y SD

muestra un patron autoinflamatorio asociado con IL-18/IL-6.

En conclusién, los datos sugieren gue MIS-C es un sindrome postinfeccioso distintivo,
caracterizado por una inmunidad humoral alterada y una respuesta inflamatoria
transitoria pero intensa. Los resultados destacan una desregulacion selectiva de
subclases de anticuerpos, una respuesta elevada contra antigenos asociados a la
reactivacion de EBV, una inflamacién mediada por IFN-y y la existencia de
biomarcadores de gravedad, como elementos definitorios de la inmunopatologia del

MIS-C.



SUMMARY

PE3IOME

Mangemia COVID-19 nokasana, wo iHpekuia SARS-CoV-2 MoxXe MaTu Pi3Hi KNiHiYHI
Hacnigakn y gopocnux i giter. Xo4ya roctpmun COVID-19 y giten 3a3Bmuan nepebirae
neruwie, y HeBenmKoi YaCcTKM rneaiaTpUUHMX naLieHTiB pO3BMBAETLCA MY/IbTUCUCTEMHUN
3ananbHUn cuHapoM y aiten (MIS-C) — TaxXKkun nocTiHGeKUinHUKW rinep3ananbHUin
CTaH, AKUW 3a3BMYalN BUHMKAE Yepes KifibKa TUXKHIB nicna iHdekLii. IMyHHIi MexaHi3Mu,

Lo nexkaTb B ocHoBi MIS-C, goci 3annLuatoTbca HE NOBHICTIO 3’ ACOBaHNMM.

Mwu npunyctunm, wo MIS-C Moxe 6yTn HacnigkoM 3MiHEHOI iIMyHHOI BignoBiagi nicna
iHpekuii SARS-CoV-2, aka xapakTepn3yeTbCa NOPYLLUEHHAMM Y BiANOBIAAX aHTUTIN Ta
cneundiyHMM 3ananbHUM npoodineM. Metoto uiei poboTn Byno oxapakrepmsyBaTu
rymopanbHy Ta 3anasbHy iMyHHY BiANOBiAb NPV rocTtpoMmy HenikoBaHoMy MIS-C,
BMKOPUCTOBYHOUM fiTen, AKi ogy>kanun nicna COVID-19 (CC), Ak kKoHTponbHYy rpyny. Kpim
Toro, MIS-C nopiBHioBann 3 xeopoboro Kaeacaki (KD) ta xBopoboto Crinna (SD), a

niarpyny nauieHTtie i3 MIS-C cnocTtepirann uepes 2 1a 18 Micauis.

Byno npoaHanizoBaHo SARS-CoV-2-cneumodidHi BignoBigi aHTUTIN, BK/AKOYaO4n
HenTpanisauito, izotnnu iMyHornobyniHie ta nigknacu 1gG i IgA. TakoxXX ouiHtoBanu
peaKkTMBHICTb aHTUTIN NPOTM KOPOHAaBipyciB 3BUYanHoOI 3acTyam Ta EBV 3a gonomorotro
TexHonorii Luminex. lMpodintoeaHHA Olink BUKOpUCTOBYBanu ANA XapakTepUCTUKK
3ananbHUX CcuUrHaTyp, OioMapKepiB TAXKOCTI Ta 3MiH nig 4ac mnoganbLioro

CrnocCTepe>XXeHHA.

Y nauieHtiB 3 MIS-C 3aranbHi piBHI aHTUTIN | HeWTpaniayBanbHa akTUBHICTb Bynun
noaibHMMK Oo noka3HWKIB y giten i3 rpynu CC, ane npodinb aHTUTIN BiApPiI3HABCA 3a
poanoginoM izotunis i nigknacie. MIS-C xapaktepunayBaBca nigsuiieHmmn 1IgG2 npotu
SARS-CoV-2, 3aranoM Hmkummun 1gG3, 3a BUHATKOM S2, a TakoXX nigBuLLEHUMN IgA,
IgA1 1a IgA2 npotm S2. Lli pesynbratm cBigyaTtb Npo BMOIpKOBE MNOpPYLUEHHA
rnepeMuKaHHa KnaciB rymopanbHoro imyHitety. Kpim Ttoro, y nauieHTiB 3 MIS-C
cnocTtepiraBca 6inbwinn BHecok IgA-BignoBigen y HewWTpanisyBasnbHUW nNpodinb

NMOPIBHAHO 3 KOHTPO/IbHOO FPYMOHO.

BignoBigi aHTMTIN NpOTM KOPOHAaBIpyCiB 3BMYaMHOI 3acTyau 6ynu nigBuLLEHI AK Yy

nauieHTiB i3 MIS-C, Tak i B gitem CC, WO CBiAYMUTb MPO MOX/UBY MEPEXPECHY
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peakTuBHicTb. lMauieHTn 3 MIS-C Takoxx Manu nigeuileHi Bignosigi 1gG2, 1IgG3 T1a 1gG4
npotn EBV ZEBRA, wo MoxXe BKasyBaTM Ha ryMopanbHi Bignosigi, noe’A3aHi 3

peaktuBauieto EBV.

AHani3 3ananbHOro Npoginto A03BONMUB BUABUTU BiAMIHHMIK Habip 6ioMapkepiB y
nauieHTis 3 MIS-C nopisHAHO 3 aitbMu CC. BiH xapakTepu3yBaBCA XeMOKiHaMMu,
nos’azaHnmm 3 IFN-y, akTuBaLUieo eHOoTeNito, PEKPYTYBAHHAM IMYHHUX KNITUH Ta
cucteMHMM 3ananeHHAaM. TNFRSF9, CD8aq, IL-33, IL-2, CD244 i SCF 6ynn noB’a3aHi 3
rocniTanisauiero y BigaineHHA iHTEHCMBHOI Tepanii abo TAXYMM KJTiHIYHKUM nepebirom.
Nopanblwe cnocTepeXeHHA Mokasano, LWo nicna oay)XaHHa uen npoodinb
HOpMani3yBaBcsH, a piBHiI 6ioMmapKkepiB cTanu nogibHMMK oo Takux y giten i3 rpynn CC

yepes 2 1a 18 MicAauis.

MopisHAHHA 3 KD i SD nokazano, Wo Ui neaiatpuyHi rinep3ananbHi 3axBoproBaHHA
MaroTb 4acTKoBO noAibHi npodini ekcnpecii 3ananbHUX | cyanHHUX 6Giomapkepis,
O HaK BOAHOYAC XapaKTepm3yrTbCA BTACHUMU BigMiHHUMK IMYHHUMU npodinamu. KD
XapaktepuayBanaca nepeBaxHo CyguMHHUM 3ananeHHAM i peMoaentoBaHHAM, ToAi AK

SD mana BupaykeHur ayto3ananbHum npoodinb, nos’asaHnmn 3 IL-18/IL-6.

OTxe, UAa gncepTauia 4eMoHcTpye, Wwo MIS-C € okpeMnM NocTiHGEKLIMHUM iIMyHHUM
CUHAPOMOM, AKUIN XapakKTepu3yeTbCa 3MIHEHOK r'yMopasibHOK iIMyHHOI BianoBiaato

Ta TPaH3UTOPHOLO, alne iHTEHCMBHOO 3amnanbHO peaKu,iero.
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INTRODUCTION

Overview of COVID-19 pandemic

Despite substantial advances in healthcare, medical treatments, and overall quality of
life worldwide, infectious disease outbreaks remain among the most difficult public-
health threats to predict, prevent, contain, and control. The coronavirus disease 2019
(COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), was a major reminder of this challenge. The disease was first recognized in
December 2019 in a cluster of patients with atypical pneumonia of unknown cause in
Wuhan, China’2. The World Health Organization (WHQO) declared a Public Health
Emergency of International Concern on January 30th, 2020, and characterized COVID-
19 as a global pandemic on March 11th 20203. The acute global emergency phase
ended on 5 May 2023* after 3 years, 4 months, and 5 days. SARS-CoV-2 has continued
to circulate globally, but the epidemiological situation is more stable, with generally
lower severity than during the earlier pandemic waves, mainly because of high
acquired immunity and vaccination at the population level, better clinical
management, and the fact that currently circulating variants have not shown higher
pathogenicity than earlier Omicron lineages. As of March 27th, 2026, there are no

SARS-CoV-2 variants currently meeting the criteria for a Variant of Concern®.

By the end of December 2025, more than 779 million confirmed cases and over 7
million confirmed deaths had been reported globally®. In addition, the WHO
documented more than 28.1 million COVID-19-associated hospitalizations across 172
countries until November 2024, confirming the enormous burden of severe disease
presentations on the healthcare systems worldwide’. Individuals younger than 25
years accounted for 22.6% of global reported cases, but only around 0.6% of reported
deaths, underscoring low fatality associated with COVID-19 in this age group®.
Although acute SARS-CoV-2 infection in children and adolescents is generally less
severe than in adults, pediatric COVID-19 cannot be evaluated only through mortality
rates®'?. A small but clinically important proportion of children develop severe acute
disease or delayed immune-mediated complications after infection’ 2. Among these,
Multisystem Inflammatory Syndrome in Children (MIS-C) became one of the most

important pediatric complications of the pandemic characterizing as a serious
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hyperinflammatory condition that usually appears several weeks after SARS-CoV-2
infection’®. The emergence of MIS-C showed that, despite the relatively low fatality of
acute COVID-19 in children, SARS-CoV-2 could trigger severe post-infectious immune

dysregulation in the pediatric population™'s.

According to WHO'’s February 2026 Global Risk Assessment, the global public health
risk at the end of 2025 remained moderate'. COVID-19 can also be regarded as one of
the most intensively documented and globally coordinated infectious disease
emergencies in modern medicine. The WHO together with clinicians and scientists
rapidly issued strategic preparedness and response plans, hospital readiness
checklists covering leadership, triage, diagnosis, surge capacity, and infection
prevention and control, and continuously updated living guidelines for clinical
management and therapeutics. In parallel, COVID-19 vaccines were developed with
unprecedented pace, while the WHO controlled that safety and efficacy standards

were not compromised.

1. SARS-CoV-2 virology

The infectious agent causing COVID-19 is the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). SARS-CoV-2 belongs to the family Coronaviridae which
comprises enveloped, positive-sense, single-stranded RNA viruses that infect a wide
range of animal species as well as humans. Within this family, human coronaviruses
are mainly classified into the genera Alphacoronavirus and Betacoronavirus.
Alphacoronaviruses include HCoV-229E and HCoV-NL63, whereas betacoronaviruses
also include HCoV-OC43, HCoV-HKU1''8, MERS-CoV, and the subgenus
Sarbecovirus, which comprises SARS-CoV and SARS-CoV-2. HCoV-229E, HCoV-NL63,
HCoV-0OC43, and HCoV-HKU1 are endemic common cold coronaviruses which
circulate widely in the population. Infection occurs frequently in early childhood,

although multiple reinfections can occur over the course of life'2°,

1.1. The virion

SARS-CoV-2 genome is approximately 29.9 kb in length, making it one of the largest

known RNA virus genomes?'. The RNA genome contains 14 open reading frames
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(ORFs) and encodes for a total of 31 proteins: 16 non-structural proteins (NSP1-
NSP16), 4 structural proteins (nucleocapsid N, membrane M, envelope E, and spike S),
and 9 accessory proteins (Figure 1A). The first open reading frame ORF1a/b is about
two-thirds of the whole genome, which encodes polyprotein1a, b (pp1a, pp1b). These

polyproteins correspond to 16 NSPs required for viral replication??23,

SARS-CoV-2 virions have a spherical to pleomorphic shape (Figure 1B). The viral RNA
is bound by the N proteins and enclosed within a host-derived lipid bilayer. Embedded
in this lipid membrane are the M, E, and S proteins?*2®. The four structural proteins.
They are essential for the viral life cycle and represent major targets for immune

recognition, diagnostic testing, and therapeutic development.

The S-protein, located on the viral surface, mediates viral attachment, membrane
fusion, and subsequent viral entry into the host target cell. In addition, the S protein,
when expressed on the surface of infected cells, can promote fusion with other target
cells leading to the formation of syncytia which helps the virus spread directly between
cells and may reduce the effect of neutralizing antibodies. The S protein has two
functional subunits (Figure 1C): S1 which contains the receptor-binding domain (RBD)
and binds to the angiotensin-converting enzyme 2 (ACE2) receptor, and S2, which
mediates the fusion of the viral and host cell membranes?*2%. Importantly, the most
critical mutations associated with SARS-CoV-2 evolution occur in the spike protein,
particularly in S1, where they can influence receptor binding, transmissibility, and
immune evasion?®. Because it is exposed on the viral surface and is the main target of
neutralizing antibody responses, the spike protein has been the main focus of vaccines

and antibody-based therapies.

The M protein is the most abundant structural protein of SARS-CoV-2 and plays a

central role in viral assembly and budding?2.

The envelope (E) protein is the smallest structural protein of SARS-CoV-2 and is
important for viral assembly, budding, and maturation. Its absence markedly reduces

viral production and impairs virion formation?2.
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Figure 1. The genome, proteome, and structural components of SARS-CoV-2. (A) Genomic
organization of SARS-CoV-2, illustrating the viral RNA genome. (B) SARS-CoV-2 virion and
localization of structural proteins with the viral RNA genome. (C) Structural organization of the
spike (S) protein. Adapted from Ravi at al.?? and Ke at al>* .Created using BioRender.

The N protein binds and packages the viral RNA genome and forms the nucleocapsid
core?. Italsoinduces a strongimmune response and is widely used in diagnostic tests.
Interaction between the N and M proteins stabilizes the internal core of the virion, while

the M and E proteins form the viral envelope and support assembly and release of new

viral particles®.

Accessory proteins play an important role in immune evasion and pathogenesis,
although they are not essential for viral RNA replication (Figure 1A). For example, some
are involved in inhibiting cytokine secretion, and by counteracting the type | interferon
response. In addition, some of them influence autophagy and apoptosis,

mitochondrial function, and inflammasome activation?%%’,

1.2. Viralentry

SARS-CoV-2 is mainly transmitted through respiratory droplets and enters the body via
the nasal, oral, or conjunctival mucosa. The first infection step is the binding of the
virus to target cells expressing ACE2. Importantly the distribution of ACE2 expression

across tissues helps explain the sites of infection and clinical manifestations. ACE2 is
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found especially in nasal and airway epithelial cells, alveolar epithelial cells, intestinal
enterocytes, and proximal renal tubular cells, with additional expressions reported in

cardiomyocytes and vascular cells?*%28,

The virus initially infects cells of the upper and lower respiratory tract, where it

replicates and spreads locally (Figure 2).
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Figure 2. SARS-CoV-2 entry pathways. Two principal routes of SARS-CoV-2 entry into host
cells: cell-surface fusion and endosomal entry. Depending on the route of entry, the S2'
cleavage site of the spike protein is processed by distinct host proteases. Omicron subvariants
preferentially utilize the endosomal pathway. Adapted from Jackson et al?®. Created with
BioRender.com.

SARS-CoV-2 enters host cells through interaction of RBD of the S1 subunit with the

ACE2?°. Subsequent cleavage at the S2' site by host proteases activates the fusion

peptide, allowing the viral and host cell membranes to fuse.

Virus can enter cells by two main pathways (Figure 2). When present, the protease
TMPRSS2 can mediate the cleavage/processing of the spike and subsequent fusion at
the cell surface. If TMPRSS2 is absent or insufficient, the virus enters through
endocytosis, and the spike processing is performed by cathepsins (Figure 2) present
in the endosomal compartment and active at lower pH. Importantly, while early SARS-
CoV-2 lineages favored the TMPRSS2 dependent pathway, Omicron variants were

associated with an increased use of the endocytic pathway. This change paralleled a



shift of viral tropism for Omicron lineages, from the lower respiratory tract to the upper

respiratory tract and a decreased pathogenicity.

Once inside the cytoplasm, the viral RNA uses the host cell machinery to produce viral
proteins and replicate its genome. New viral particles are then assembled in

intracellular compartments and released from the cell by exocytosis?%.

While SARS-CoV-2 primarily infects the respiratory tract, reports have indicated the
presence of viral particles in the gastrointestinal tract and the cardiovascular and
urinary systems. In addition, COVID-19 is often associated with neurological

symptoms, and viral proteins can be found in the olfactory bulb®°.

2. Immune Response (Adults vs Children)

The immune response to SARS-CoV-2 differs between children and adults and may
partly explain the generally milder acute disease observed in pediatric patients.
Children may be less susceptible to severe acute SARS-CoV-2 infection partly because
viral entry into airway cells is reduced. Lower airway expression of ACE2 and TMPRSS2
have been described in children, although stronger early innate antiviral responses
probably also contribute to their milder disease course®'?2, Unlike earlier variants,
Omicron remains ACE2-dependent but relies less on TMPRSS2 and preferentially
enters cells through the endosomal pathway in the upperrespiratory tract, contributing

to the more efficient spread in children®.

2.1. Innate immune response

Innate immunity is the first line of defense against SARS-CoV-2 in both children and
adults. The initial immune response begins when SARS-CoV-2 infects epithelial cells
in the respiratory tract (Figure 3A). Intracellular viral RNA can be detected as a foreign
signal by pattern-recognition receptors (PRRs) such as endosomal toll-like receptors
(TLRs) 3, 7 and 8 and cytosolic RIG-I-like receptors. It was also shown that surface TLRs
2 and 4 can recognize structural components of SARS-CoV-2 3435, Finally, infected cells
which express S protein on their surface can fuse with neighboring cells and form
syncytia. It was shown that, in this context, intracellular detection of damaged

genomic DNA can activation the C-GAS STING pathway®. Signaling from this early viral
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sensing leads to the production of type | (mainly IFN-a and IFN-B), and type Il (IFN-A)

interferons, and other inflammatory mediators®’-%,
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Figure 3. Innate and adaptive immune responses to SARS-CoV-2 infection. (A) The host
immune response to SARS-CoV-2 begins with recognition of viral RNA by PRRs, which induces
type | and lll interferons and inflammatory cytokines. This activates first-line immune cells
(macrophages, neutrophils, and NK cells). Subsequently, dendritic cells initiate the adaptive
immune response (B) through activation of CD4+ and CD8+ T cells, while activated B cells
differentiate into plasma cells producing virus-specific antibodies (IgM, IgG, and IgA), together
with memory B cells and long-lived plasma cells that contribute to immune protection.
Adapted from Mohammed et al.** and from Kang et al*°. Created with BioRender.com.

The next step is the establishment of an antiviral state. Type 1 Interferons induce
interferon-stimulated genes in both infected and neighboring cells, which help
suppress viral replication and limit viral spread. Increased lung chemokines, including
CXCL1, CXCL2, CXCL8, CCL2/ MCP-1, and CCL7/MCP-3, promote recruitment of

neutrophils and monocytes which contribute to the clearance of viral particles and the

release of pro-inflammatory cytokines such as IL-6, TNF-a, and IL-1B3>4', Finally, type
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1 interferons promote the activation of natural killer (NK) cells, which contribute to
early antiviral defense by killing infected cells and by producing antiviral cytokines,
mainly IFN-y and TNF-a*. IFN-y, notably, plays a key role in activating resident
macrophages and dendritic cells that will contribute to the development of adaptive
responses. In addition, IFN-y willinduce chemokines such as CXCL9 and CXCL10 from
epithelial cells which help recruit cytotoxic CD8 T cells and NK cells and will increase
the expression of MHCI and Il molecules at the surface of epithelial cells, therefore

facilitating the elimination of infected cells by recruited lymphocytes*.

If the response is balanced, these mechanisms help contain the infection early.
However, if antiviral signaling is delayed or dysregulated, innate immune activation
may be unable to control viral spread. In this setting, increased production of pro-
inflammatory cytokines such as IL-6, TNF, and IL-1B, together with chemokine release,
can amplify tissue inflammation and damage, leading to more severe disease*'*3. In
severe COVID-19, excessive TNF and IFN-y signaling may also synergize to induce
PANoptosis, an inflammatory cell-death pathway that amplifies cytokine release and

tissue damage®’ .

Distinct Features of the Pediatric Inmune Response to SARS-CoV-2.

In children, innate immunity plays a key role in controlling viral dissemination, while
virus-specific lymphocytes help overcome SARS-CoV-2 strategies that suppress
interferon signaling. An enhanced innate antiviral capacity in children, together with
the high interferon sensitivity of SARS-CoV-2, may contribute to more effective early
viral control and a lower risk of severe COVID-19 compared with adults. These age-
related differences are also reflected in cytokine profiles: interferon responses are
relatively low during the first two years of life, increase during childhood with higher
levels of type | IFNs, IL-12, and IL-10 and lower levels of IL-6 and IL-23, and decline

again with advancing age, particularly in older adults 3344,

2.2. Adaptive immune response

Adaptive immunity develops after the initialinnate response and includes both cellular
immunity and humoral immunity. It usually becomes clearly detectable within about

5-10 days after symptoms onset.
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2.2.1. Cellular immunity

Cellular adaptive immunity is mediated by T cells (Figure 3B) whose initial activation
depends on professional antigen presenting cells and most notably dendritic cells
(DCs). DCs directly link the innate and adaptive immunity. They scavenge antigens in
peripheraltissues and upon PRR mediated pathogen detection, become activated and
migrate to secondary lymphoid organs where they present antigen derived peptides on
major histocompatibility complex (MHC) molecules to Naive and central memory T
cells. Cluster of differentiation (CD) 8+ T cells recognize viral peptides on MHC |
molecules and after activation, become cytotoxic CD8 T cells, which can directly
eliminate infected cells. CD4+ helper T cells recognize viral peptides on MHC Il
molecule, and in response to viral infection, preferentially differentiate into Th1 helper

cells and T follicular helper cells.

Th1 CD4 T cells play a central role in organizing the antiviral response, notably by
activating macrophages and supporting the CD8 T-cell response. They also play a more
direct effector function at the site of infection by releasing IFN-y in the surrounding of
infected epithelial cells which contribute to maintaining the local antiviral state.
Importantly, tissue resident memory CD4 T cells can rapidly reestablish the antiviral
state upon new infection and antigen presentation by local macrophages. CD4 T
follicular helper cells support B-cells maturation and antibody production (see

humoralimmunity).

SARS-CoV-2-specific T cells are essential for viral control and long-term immune
memory**, SARS-CoV-2-specific T-cell responses, notably IFN-y producing T cells,
can be detected early after infection and are associated with lower viral load, faster
clearance, and milder disease %%, especially in absence of an effective neutralizing
antibody responses®. These responses recognize multiple viral epitopes, including S,
M, N, and non-structural proteins, and generally remain more conserved across viral

variants than antibody responses?.

The high invasiveness of SARS-CoV-2 can overwhelm adaptive cellular immunity and
lead to depletion of circulating NK cells and T cells, resulting in lymphopenia, which is

a marker of severe disease*®®. These mechanisms include increased T-cells
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apoptosis, inflammatory cell death driven by excessive TNF-a and IFN-y signaling, and
syncytia-mediated loss of lymphocytes, particularly CD8+ cytotoxic T cells, thereby

impairing viral clearance and contributing to disease progression.
Distinct Features of the Pediatric Inmune Response to SARS-CoV-2.

Although T-cell lymphopenia in blood and airway fluid is associated with severe
disease in both age groups, children generally maintain higher absolute lymphocyte
counts, including naive CD4+ and CD8+ T cells. With increasing age, naive T cells
decline, memory T cells become more dominant, thymic output decreases, and T cells
progressively acquire features of chronic inflammation, cytotoxicity, and exhaustion,
which may impair antiviral control and increase susceptibility to severe disease*.
Overall, the immune response in children is less pro-inflammatory and more skewed
toward a Th2 profile, while severe and fatal COVID-19 in adults is more often
associated with increased inflammatory mediators such as IL-1, IL-6, IL-8/ CXCL8, and
CXCL10%. Spike-specific T-cell responses are higher in children and were also
detected in many seronegative children, suggesting pre-existing cross-reactive

immunity from seasonal common cold coronaviruses®'.

2.2.2. Humoral immunity

Humoral immunity to SARS-CoV-2 begins when viral antigens from the respiratory
mucosa reach the draining lymph nodes and activate antigen-specific B cells with help

from CD4+ T helper cells®.

B cells initially differentiate into plasmablasts and short-lived plasma cells, producing
early circulating antibody responses after SARS-CoV-2 infection (Figure 3)*”%3. In
acute-phase serum samples, SARS-CoV-2-specific IgM and IgA were detectable at a
median of 5 days after symptom onset (IQR, 3-6 days), whereas IgG appeared later, at
a median of 14 days after symptom onset (IQR, 10-18 days); IgG was detected in 77.9%
of serum samples in this cohort (Figure 4)°*%¢. IgM levels peaked around 20 days after
the first positive RT-qPCR result and then declined over the following month, while IgG
responses were maintained for longer®’. This pattern is consistent with the shorter
serum half-lives of IgM and IgA compared with IgG, although IgG3 has a shorter half-

life than other IgG subclasses®’.
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Figure 4. COVID-19 serological response. (A). lllustration of the dynamics of viral antibody
response following SARS-CoV-2 infection. Viral RNA and antigen are detectable early during
the incubation period and around symptom onset. IgM and IgA antibodies appear within the
first week, while IgG antibodies develop later and provide sustained systemic immunity. (B) The
table summarizes the timing of antibody appearance and median seroconversion for each
immunoglobulin class, together with their main functional roles in the immune response.
Adapted from Sethuraman et all®*, Guo et all*>°¢, and Yu et all. Created with BioRender.com.

The humoral response generates both binding and neutralizing antibodies. Binding
antibodies recognize many viral proteins (S, N, M) but do not necessarily block
infection. Neutralizing antibodies, by definition, directly interferes with viral entry.
SARS-CoV-2 neutralizing antibody all recognize the S protein, which mediates viral
entry, and the most potent bind to the RBD*2. On the other hand, binding antibodies
that recognize viral antigens at the surface of infected cells can promote their
clearance through Fc-mediated mechanisms, including antibody-dependent cellular

cytotoxicity (ADCC) by NK-cells®4,

In parallel, some activated B lymphocytes enter germinal centers, where, with support
from T follicular helper cells, they undergo clonal expansion, class switching, and
somatic hypermutation. This process leads to affinity maturation and the generation of
memory B lymphocytes and long-lived plasma cells, which are essential for sustained

humoralimmunity after viral clearance.

Class-switch recombination is a key mechanism that allows activated B lymphocytes

to change the antibody isotype they produce while preserving antigen specificity34°8.



Initially, naive B cells express mainly IgM and IgD; after activation, antigen-specific B
cells first produce IgM antibodies, including anti-RBD IgM, which can be detected as
early as day 3 after symptom onset®®. However, after activation, cytokine signals and
CD40-CD40L interactions can induce switching toward other isotypes, such as IgG,
IgA, or IgE®®. Cytokines further shape antibody subclass selection. IL-4 and IL-13 are
associated with type 2-related 1gG4 and IgE responses, IL-21 supports IgG and IgA
production, IL-10 can promote human IgG1 and IgG3 switching, TGF-B plays a central
role in IgA class switching, and IFN-y can influence Th1-associated I1gG subclass
responses, including 1gG2-associated responses in humans®-4 Therefore, class
switching is essential for adapting the humoral immune response to the type and
location of infection. IgG includes four subclasses, 1gG1, 1gG2, 1gG3, and 1gG4, which
differ in their ability to bind Fcy receptors and activate complement. IgG1 and IgG3 are
generally strong antiviral effector subclasses, whereas 1gG2 and 1gG4 have more
restricted or less inflammatory functions®. Human IgA is divided into IgA1 and IgA2;
IgA1 predominates in serum, while IgA2 is relatively enriched at mucosal

surfaces®362:6¢,

Pre-existing antibodies against common cold coronavirus, OC43, HKU1, 229E and
NL63, can cross-react with SARS-CoV-2, notably in conserved regions such as the N
protein and the Spike S2 protein®’. This is especially true for OC43 and HKU1 which
belongto the same Betacoronavirus family. However, these antibodies generally do not
neutralize the virus effectively®2. Although it has been shown that SARS-CoV-2 infection
can boost these pre-existing antibodies®®, but they do not provide protection. Worst,

they may delay SARS-CoV-2 antibody responses®® .
Distinct Features of the Pediatric Inmune Response to SARS-CoV-2.

Children have been reported to show higher median IgG levels and a more spike-
focused antibody response, with reduced breadth of recognition compared with
adults, including lower or absent anti-nucleocapsid responses in some studies®"”°.
These age-related differences may reflect developmental changes in B-cell
maturation, as the response to T-cell-independent antigens matures only after about 2
years of age; accordingly, infants produce relatively more IgG1 than IgG2, the latter

preferentially recognizing polysaccharide antigens, making early childhood humoral
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immunity distinct from that of adults. Similar age-related patterns are also observed
for common human coronaviruses, with children producing antibodies against spike
proteins and adults more frequently targeting non-structural proteins, likely reflecting
cumulative immune experience®44, Overall, school-age children and younger children
beyond infancy appear to show the most favorable humoral response to acute SARS-
CoV-2 infection, whereas infants have a relatively immature humoral compartment
and older adults show the least favorable response because of immune aging and
greater inflammatory dysregulation®*447°_ Moreover, infection is frequently restricted to
the upper airways, probably due to a strong innate interferon-driven response, which

may lead to lower seroconversion and milder clinical manifestations.

3. Genetic evolution and variants of SARS-CoV-2

SARS-CoV-2 evolves through the continuous accumulation of genetic changes during
replication (Figure 5A) °7"72, Early in the pandemic, viral evolution was driven mainly
by selection for increased transmissibility, whereas later stages were increasingly
influenced by immune evasion 7. Consistently, most major changes have occurred in
the S protein, particularly in the S1 subunit and RBD, with the acquisition of resistance
to neutralizing antibodies?%4%71:7374 Recurrent mutations have also been observed in
the nucleocapsid (N) protein and, less commonly, in accessory proteins such as

ORF8757%,

The naming of emerging variants of SARS-CoV-2 uses different systems: WHO Greek-
letter labels (e.g., Alpha, Omicron) for major public-health variants, Pango lineage
(e.g., BA.1, BA.5) for phylogenetic classification, and mutation notation (e.g., D614G)

to describe individual amino acid changes.

SARS-CoV-2 sequence data were generated and shared in almost real time through the
Global Initiative on Sharing All Influenza Data (GISAID). By April 2026, there were more

than 22 million genetic sequences”’.



A. Evolution of SARS-CoV-2variants over time
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Figure 5. Evolution and temporal dynamics of SARS-CoV-2 variants. (A) Time-resolved
phylogenetic tree illustrating SARS-CoV-2 evolution, where each point represents a viral
sequence and branches reflect evolutionary relationships. (B) The temporal distribution and
relative prevalence of SARS-CoV-2 variants. Pre-Omicron and Omicron-derived lineages are
separated by a red dashed line. Colors indicate SARS-CoV-2 variants and are consistently
applied across panels A and B. Adapted from Nextstrain”, under CC-BY-4.0 license
(https://creativecommons.org/licenses/by/4.0/).

Certain SARS-CoV-2 variants have been categorized by the World Health Organization
as Variants of Concern (VOC) because their mutations may influence viral spread,
clinical severity, immune escape, or vaccine performance’®®. Certain SARS-CoV-2

VOCs, including Alpha (B.1.1.7), Delta (B.1.617.2), and Omicron (BA.1 and BA.2), are

particularly notable because of changes in transmissibility and virulence (Figure 5B)°.
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For example, Alpha spike mutations improved ACE2 binding and increased S1/S2

cleavage and fusogenicity, thereby promoting more efficient viral spread’.

Delta combined high transmissibility with moderate antibody escape, as S mutations,
including changes in the RBD, enhanced viral fithess while reducing sensitivity to

neutralizing antibodies’.

Omicron BA.1 represented a major antigenic shift, carrying more than 30 amino acid
substitutions in the S protein, including about 15 in the RBD, which markedly reduced
neutralization by antibodies induced by previous infection or the original vaccines and
contributed to frequent breakthrough infections and reinfections. BA.2 remained
within the Omicron lineage but was antigenically distinct from BA.1, which likely
facilitated its global replacement. Subsequently, BA.4 and BA.5 showed even greater
immune-evasive properties, with higher resistance to neutralization than earlier
Omicron sublineages. The virus then continued to evolve within the Omicron family,
and lineages such as XBB and XBB.1.5 became notable for combining strong immune

escape with preserved receptor-binding fitness’.

As well, variant tropism changed during SARS-CoV-2 evolution. D614G, Alpha, and
Delta showed more efficient continued replication in lower-airway cells, whereas
Omicron showed a shift toward the upper respiratory tract. Omicron replicated faster
inthe bronchibutless efficiently in the lung parenchyma than wild-type, D614G, Alpha,

Beta, and Delta?'.

4. Immune escape

In early 2020, specific pre-existing immunity to SARS-CoV-2 was absent in the general
population. Nevertheless, cross-reactive memory T cells induced by previous
infections with human coronavirus may have contributed to a milder clinical course in
some cases. On the other hand, antibodies from previous SARS-CoV infection

demonstrated only limited protective cross-reactivity against SARS-CoV-274.

As strong immunity was generated by infection and vaccination, immune escape

became an important component of SARS-CoV-2 evolution, whereby mutations,



particularly in the S protein, alter viral antigenicity and reduce the effectiveness of pre-

existing immunity*.

Although some mutations affected individual T-cell epitopes, overall T-cell immunity
remained largely preserved across variants of concern because T cells target multiple
epitopes, many of whom relatively well conserved, from several viral proteins,
including S, N, M, and non-structural proteins such as ORF3a. As a result, most
variants, including Omicron, had only a limited impact on total T-cell immunity, which
likely contributed to the sustained efficacy of vaccines against hospitalization and

death*®.

While T cells response is critical for the clearance of infected cells and protection
against severe disease, neutralizing antibodies have a more direct impact on viral
replication and transmission, and are, therefore, a main driver of viral evolution.
Humoral immune escape refers to the ability of SARS-CoV-2 to evade antibody-
mediated immunity through antigenic changes. This process affects notably
antibodies directed against the S protein, thereby reducing antibody neutralizing
activity. Although humoral escape often lowers protection against infection and
promotes reinfections and breakthrough infections, it is usually incomplete, and
protection against severe disease is better preserved than protection against infection
alone**®2, This was especially evident with Omicron, which combined enhanced
transmissibility with substantial evasion of immunity induced by prior infection or
vaccination®. Following its emergence, immune escape became a major driver of
SARS-CoV-2 evolution, resulting in successive Omicron sublineages with increasing

antibody evasion and repeated updates to COVID-19 vaccine composition®384,

5. Immune imprinting and hybrid immunity

Immune imprinting, or “original antigenic sin” refers to the phenomenon whereby prior
exposure to an earlier viral strain or vaccine antigen shapes the subsequent recall of
memory B cells and antibody specificities, such that later exposures preferentially
boost responses against previously encountered epitopes; in this way, pre-existing

humoral immunity may contribute to convergent Omicron receptor-binding domain
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evolution by favoring the repeated emergence of mutations that escape the dominant

population antibody landscape?®-®.

Hybrid immunity refers to protection generated by the combination of SARS-CoV-2
infection and vaccination. Itis generally associated with stronger and broader antibody
responses than infection- or vaccine-induced immunity alone, partly due to repeated
antigen exposure and memory B-cell recall. This improves neutralizing responses
against variants such as Delta and Omicron, although Omicron neutralization remains
lower than against the ancestral strain®’. Hybrid immunity is also shaped by immune
imprinting, where the first exposure influences later IgG responses: infection tends to
imprint more S2/NTD-reactive antibodies, whereas vaccination more strongly induces
RBD-reactive antibodies®. Therefore, both the sequence and number of antigen
exposures may influence antibody durability, neutralization breadth, and reinfection

risk, which is relevant for vaccination strategies in the endemic phase of SARS-CoV-

288,89

6. Epidemiology in Spain

The first confirmed case of COVID-19 in Spain was reported on 31 January 2020 in the
Canary lIslands, involving a patient with a travel-related infection®. Spain officially
declared the end of the COVID-19 health crisis on 4 July 2023°'. By 30 June 2023, a
cumulative total of 13,914,811 confirmed COVID-19 cases and 121,760 deaths had
been reported nationwide®. From them, according to the Spanish Ministry of Health
and national surveillance data (RENAVE/ISCIII), approximately 1.3-1.5 million COVID-

19 hospitalizations.

Spain’s surveillance data, summarized in the ISCIIl COVID Atlas, describe seven

pandemic waves between 2020 and mid-2023 (Figure 6)%.

The first wave (March-June 2020) was marked by one of the highest incidences in

Europe®,

The second wave (June-December 2020), following the lifting of restrictions, the

B.1.177 (20E EU1) lineage emerged in Spain and spread across Europe®.



The third wave (December 2020-March 2021) was associated with a sharp increase
in cases, hospitalizations, and deaths, alongside the introduction of vaccination and

the co-dominance of the Alpha variant®’.

In the fourth (March-June 2021) and fifth waves (June-October 2021), incidence and
mortality declined due to increasing vaccination coverage, although the Delta variant

became predominant during the fifth wave®.

The sixth wave (October 2021-March 2022) represented the largest surge in case
numbers, driven initially by the Delta variant and subsequently by Omicron (BA.1); this
period also corresponded to the highest incidence of COVID-19 among pediatric

populations, while mortality remained lower compared to earlier waves®.

Finally, during the seventh period (from March 2022 onwards), Spain transitioned to
a new surveillance strategy focusing on older and hospitalized patients, coinciding
with the dominance of successive Omicron subvariants and a sustained reduction in

severe outcomes %190

14-day cumulative incidence rate of COVID-19 by age group, at national and regional level
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Figure 6. Evolution of 14-Day Cumulative COVID-19 Incidence in Spain by Age Group. The
evolution of 14-day cumulative COVID-19 incidence in Spain by age group, with epidemic
waves and the highest peak during the sixth wave, particularly among younger populations.
Adapted from ISCIlIl COVID-19 surveillance webpage™’.

Overall, the pediatric population in Spain showed a lower burden of acute COVID-19
and generally milder clinical manifestations, in line with reports from other countries.
In a multicenter prospective study involving 76 Spanish hospitals 1,200 children with

SARS-CoV-2 infection most cases were mild, severe disease requiring admission to the

PICU was primarily associated with post COVID-19 conditions, older age, and specific
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underlying conditions, especially cardiac disease, asthma or recurrent wheezing, and

liver disease®2,

Due to limited testing in early 2020, Spain established the Spanish National
Seroepidemiological Study of SARS-CoV-2 Infection (ENE-COVID) serosurvey to better
estimate SARS-CoV-2 exposure during the first wave. In June 2020, national
seroprevalence was 5.2%. Values were lower in children ranging from 2.9% in those
aged 5-9 years to 4.1% in those aged 10-14 years'®. Comparable national estimates
for later waves are unavailable, but regional studies showed increasing prior infection:
in mid-November 2020, seroprevalence in Cataloniawas 15.3% in adults and 11.5%in
adolescents aged 13-15 years, while anti-nucleocapsid seroprevalence reached
58.9% in Navarre by May 2022 and 71% in the Valencian Community by October
2022104-1086,

7. Acute disease in adults and children

SARS-CoV-2 is transmitted mainly through inhalation of respiratory particles and
through deposition of these particles onto the nasal, oral, or conjunctival mucosa.

Transmission can occur before symptom onset.

The incubation period shortened over the course of the pandemic: pooled estimates
from early 2020 were around 6.5 days, during Delta around 4.3 days, during Omicron

around 3-4 days, and in one BA.5 study around 2.6 days'7:1%8

Non-severe Moderate disease Severe disease > Critical >
—Asymptomatic - Clinical signs of —+Severe pneumonia —Acute respiratory distress
infection. pneumonia Sp02 < 90% syndrome (ARDS).

Signs of severe -Sepsis
-Mild disease respiratory distress -Septic shock
Symptomatic patients = Acute thrombosis

without evidence of
viral pneumonia or
hypoxia

-MIS-C (children and
' adolescents 0-19 years of age)

Confirmed COVID-19

Figure 7. Clinical classification of COVID-19 severity. The spectrum of COVID-19 severity in
confirmed cases, ranging from non-severe to critical disease. Adapted from COVID-19 Clinical
Management: Living Guidance (WHQ)'®. Created with BioRender.com.



Clinical manifestation of COVID-19 can vary widely (Figure 7) and differs between
adults and children. Children are more often asymptomatic; usually develop the same
types of COVID-19 symptoms as adults, but these are generally less frequent and
associated with lower rates of severe disease and death. Most often symptoms are
fever and cough, although sore throat, rhinorrhea, headache, fatigue, shortness of
breath, nausea, vomiting, and diarrhea are also described. Infants may present with

poor feeding and unexplained fever'®,

Severe disease, in adults as in children, is more common in those with underlying
conditions such as chronic lung disease, obesity, neurological disorders,

cardiovascular disease, orimmunosuppression'®.

Critical disease developed in about 5% of adult cases and included different

complications summarized in Figure 77°.

Severe to critical diseases and death were strongly associated with individual risk
factors, including male sex, Asian and Black ethnic backgrounds, higher body mass

index, and chronic disease™”1%,

Wave-to-wave symptom changes reflect both variant biology and changing population

immunity/vaccination (Figure 8).
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Figure 8. Changes in symptom profile and clinical outcomes across SARS-CoV-2 waves.
Over time, severity, adult hospital mortality, and oxygen requirement decreased, whereas
pediatric admissions increased during the Omicron period. Created with BioRender.com.

Early pandemic infections, including the D614G era and Alpha, were more often

associated with the classic COVID-19 profile (Figure 8). Delta was linked to a greater
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early symptom burden. The largest clinical shift occurred with Omicron, which was
more presented with cold-like symptoms. Later Omicron sublineages, including BA.2

and BA.4/BA.5, generally maintained this Omicron-like symptom profile'®"",

Studies showed that in-hospital mortality among adults hospitalized with COVID-19
declined with waves, particularly in older adults, likely owing to both increasing
acquired immunity and lower average virulence of later variants. Within the Omicron
period, BA.1 was also associated with higher mortality than later sublineages such as

BA.2 and BA.5""2.

Regarding the pediatric population, the Omicron wave was associated with the highest
number of pediatric admissions, but disease severity was lower than during the Alpha
and Delta waves. The proportion of hospitalized children meeting composite severe-
disease outcomes declined across waves, despite the higher number of admissions
during Omicron. In addition, infants accounted for a larger proportion of
hospitalizations during Omicron. The oxygen requirement was lowest during Omicron

and highest during Delta for both cohorts™3-""5,

The infectious period of SARS-CoV-2 is usually considered to last up to 10 days in
symptomatic individuals, whereas a shorter isolation period of 5 days may be

sufficient for asymptomatic infection™®.

8. Clinical management and long-term consequences of
COVID-19

Viral load is a key parameter in both the diagnosis and clinical management of SARS-
CoV-2 infection, as it reflects the amount of viral RNA present in a clinical specimen
and provides direct information about viral replication, infectiousness, and response

to antiviral treatment.

8.1. Diagnosis

Diagnosis of SARS-CoV-2 infection is based mainly on direct detection of the virus in
respiratory specimens. The principal methods are transcription polymerase chain

reaction (RT-qPCR) and rapid antigen tests.

51




RT-gPCR is the most sensitive test for the diagnostic of acute infection. The viral RNA
usually becomes detectable by RT-gPCR about 2 days before symptom onset (Figure
4A) and, in early pandemic studies, often peaked around symptom onset or within the
first few days after symptoms began. RT-qPCR positivity after the first 1-2 weeks often

reflects residual viral RNA rather than ongoing infectiousness™®'",

Diagnostic principles are largely the same in adults and children, with RT-gPCR
remaining the reference standard in both groups. Age-related differences appear to
affect mainly rapid antigen tests, whose sensitivity may be somewhat lower in pediatric

populations™811°

Diagnostic principles are largely the same in adults and children, with RT-qPCR
remaining the reference standard in both groups. Age-related differences appear to
affect mainly rapid antigen tests, whose sensitivity may be somewhat lower in pediatric

populations™%121,

The clinical use of antibody serology tests for SARS-CoV-2 has become limited.
Because most of the population has been infected and or vaccinated with S-based
vaccines, many individuals already have antibodies against the S, which reduces the
value of S-directed serology for identifying prior infection. Although serological tests
may still be useful in selected situations, such as evaluation of previous infection
through detection of anti- N antibodies or support for the diagnosis of post-infectious

conditions'6122,

8.2. Treatment

In general, the treatment of acute COVID-19 depends on disease severity and includes
comprehensive supportive care aimed at relieving symptoms and preventing
complications (Figure 9). The WHO and the Infectious Diseases Society of America
(IDSA) have developed management guidelines in which treatment choice depends on
several factors, including symptom duration, severity of illness, risk factors for

progression, and patient age'%%'%,
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Figure 9. Therapeutic targets and treatments for SARS-CoV-2 infection. The stages of the
SARS-CoV-2 life cycle and corresponding therapeutic interventions, including viral entry, RNA
replication, protein processing, and host inflammatory responses. Therapies highlighted in
orange are used in pediatric patients, whereas those in grey are not routinely used. Adapted
from Rotulo at all®®. Created with BioRender.com.

Antiviral therapy is mainly used to reduce viral replication and is most effective in the
first 5-7 days after symptom onset. Recommended antiviral options include
nirmatrelvir/ritonavir and remdesivir, while some patients later progress to severe

disease, in which case immunomodulatory treatment such as corticosteroids,

interleukin-6 inhibitors, or Janus kinase inhibitors may be indicated.

In children, acute COVID-19 management is most often supportive, although severe
cases may still require targeted therapy according to clinical severity and risk profile.
Nirmatrelvir/ritonavir (Paxlovid) can be used for children older than 12 years (weight
240 kg). Remdesivir is approved for children who are more than 28 days old with a

weigh superior to 3 kg.



8.3. Vaccines

COVID-19vaccines were developed rapidly through international collaboration, taking
advantage of prior coronavirus research, and accelerated but still regulated clinical
development pathways. Comirnaty, In December 2020, and Spikevax, in January 2021

were granted emergency use authorization by the European commission'.

The first authorized vaccines platforms were mainly mRNA vaccines (Pfizer-
BioNTech/Comirnaty and Moderna/Spikevax), adenoviral vector vaccines

(AstraZeneca and Janssen), and later protein-based vaccines (Novavax, Bimervax).

In children, mMRNA vaccines have been most widely used because they were the first to
receive pediatric authorization and have remained the main products recommended

in younger age groups.

In Europe, Comirnaty was first authorized for adolescents aged 12-15 years in May
2021. The vaccination of adolescents aged 12 years and older began in Spain in June
2021. Comirnaty was then authorized for children aged 5-11 years in November 2021,
and Spain started vaccinating this age group on 15 December 2021. Later, the
European Medicines Agency recommended extending Comirnaty to children aged 6
months to 4 years. Moderna (Spikevax) was later authorized for children; by March
2022, official Spanish documents listed Spikevax for individuals aged 6 years and
older, and by October 2022 its indication had expanded to children from 6 months of

age124,125

By 2026 there were 50 COVID-19 vaccines that have received some form of regulatory

authorization (full approval, license, or emergency use) in at least one country '%.

Ongoing genetic evolution of SARS-CoV-2 and the emergence of immune-escape
variants made periodic vaccine reformulation necessary, resulting in adapted EU
vaccines targeting BA.1 and BA.4/5 in 2022, XBB.1.5in 2023, JN.1 in 2024, and LP.8.1
for 2025-2026"%77"29,

In Spain, COVID-19 vaccine uptake was high during the primary vaccination campaign
(December 2020 - 2022), with 40.7 million people completing the full schedule,

corresponding to 86.0% of the total population and 92.6% of those older than 12
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years'®. By June 2023, 57.3% of children 5-12 years old got at least one dose and 47,6%

obtained full schedule?" 32,

From 2023 onwards, EU/EEA COVID-19 vaccination strategies transitioned to a
targeted, risk-based approach, prioritizing older adults, individuals with chronic or
immunocompromising conditions, pregnant women, healthcare workers, and
residents of long-term care facilities. In the pediatric population, vaccination is
currently primarily recommended for children older than 6 months with underlying

medical conditions, rather than for all healthy children'3134,

8.4. Post COVID-19 condition (long COVID)

One more condition that can occur after acute COVID-19 is post-COVID-19 condition
(PCC), also known as long COVID. PCC can affect both adults and children, although
itis more frequently reported in female adults™®. Approximately 4% of children and 10-
20% of patients with COVID-19 experience persistent symptoms lasting weeks to

months after apparently cleared acute SARS-CoV-2 infection%'’.

It is characterized by persistent or newly developed symptoms that usually appear
within three months of the acute illness, last for at least two months, and cannot be

explained by another diagnosis™®.

The pathogenesis of post-COVID-19 condition remains unclear and is likely
multifactorial, involving viral persistence, immune dysregulation, autoimmunity,
endothelial dysfunction, microthrombosis, and altered neuroimmune signaling'®.
Omicron infection appears to be associated with a lower risk than Delta and pre-Delta
variants, while vaccination before infection and antiviral treatment during acute
COVID-19 may reduce the risk. In contrast, reinfection increases the likelihood of long
COVID and may either trigger new symptoms or worsen existing ones, with risk rising

cumulatively after repeated infections™®.

In adults, the most reported symptoms are fatigue, dyspnea (shortness of breath),
cognitive dysfunction (“brain fog”), sleep disturbance, chest pain, palpitations, and
reduced exercise tolerance™®. Adults more often report persistent cardiopulmonary

and physical symptoms™®. In children and adolescents, fatigue is also common, but
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symptoms more frequently reported compared with controls include altered smell or
anosmia, headache, anxiety, and other neuropsychological or functional symptoms

affecting school performance, physical activity, behavior, and social interactions™"42,

There is currently no specific curative treatment for long COVID; management is
supportive, multidisciplinary, and symptom-based, focusing on rehabilitation,

symptom relief, and improvement of daily functioning™.
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Multisystem inflammatory syndrome after SARS-
CoV-2

As described previously, some individuals, depending on host factors such asimmune
response, age, and comorbidities, may develop severe or critical manifestations
following SARS-CoV-2 infection'®. However, after recovery of acute infection, in a
subset of patients, an exaggerated and dysregulated immune response can lead to
post-infectious complications, including multisystem inflammatory syndrome (MIS) in
the short term (around one month after acute infection)'4. In addition, still undefined

mechanism(s) can lead to post COVID-19 condition, which has long term effects.

Multisystem inflammatory syndrome can affect children (MIS-C), adults (MIS-A), and,
more rarely, neonates (MIS-N). Although all forms are uncommon, MIS-C is more
frequently reported than MIS-A, whereas MIS-N represents the rarest presentation.
MIS is characterized by a hyperinflammatory state with widespread involvement of
multiple organ systems, particularly cardiovascular, gastrointestinal, and immune
systems. MIS typically occurs weeks after the initial infection and is thought to result
from immune dysregulation rather than direct viralinjury, leading to excessive cytokine
release, endothelial dysfunction, and organ damage. Treated MIS patients generally
show favorable outcomes with resolution mainly cardiac dysfunction, although
monitoring is advised®. MIS-C was first recognized in May 2020, followed by MIS-A

later in October 2020, whereas the first cases of MIS-N were described in 20216147,

9. Multisystem inflammatory syndrome in neonates

Multisystem inflammatory syndrome in neonates (MIS-N) is a very rare complication
associated with maternal or perinatal SARS-CoV-2 exposure, currently described
mainly through case reports, case series, and systematic reviews rather than

population-based incident studies™?.

MIS-N is defined as an inflammatory syndrome occurring in neonates (up to 28 days of
life) with confirmed maternal SARS-CoV-2 infection or exposure during pregnancy, in
the absence of an alternative diagnosis’®. The most common manifestations (Figure

10) are respiratory distress and cardiovascular instability, with the cardiovascular
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system being the most frequently affected, including shock, cardiac dysfunction,
arrhythmia, and coronary abnormalities. Respiratory involvement commonly presents
distress and pulmonary complications. Neurological, gastrointestinal, hepatic, renal,
and hematological systems may also be involved'®'%°, Fever and rash are observed in

a proportion of cases. Mortality is estimated at approximately 9-11%"°,

Clinical criteria Clinical manifestation

Cardiovascular involvement:
Hypotension/shock

Cardiac dysfunction
Arrhythmia

Coronary dilatation

A neonate aged <28 days

Management:

Maternal SARS-CoV-2 . A .
exposure/infection during Respiratory distress intensive care;
pregnancy @ > Pulmonary edema respiratory and inotropic
(confirmed by RT-PCR, f 1l
serology, antigen testing, support frequently
symptoms, or exposure) needed.

Liver dysfunction

Hepatomegaly ; .
and/or neonatal serological Main therapleS:

evidence (IgG positive). IVIG + corticosteroids;

Feeding intolerance

Diarrhea

Enterocolitis |less often

Laboratory evidence of

h / Rectal bleeding
inflammation

anticoagulants/aspirin.

Hematological
Thrombocytopenia
No alternative diagnosis Leukopenia
(viral or bacterial sepsis; Anemia
birth asphyxia; maternal

lupus) Non-diagnostic features:

fever, rash, AKI, seizures

Figure 10. Overview of multisystem inflammatory syndrome in neonates (MIS-N).
Summary the clinical criteria, manifestations, and management of MIS-N. Adapted from
Lakshminrusimha et al.’*°, Muthiah et al’*., and Molloy et al’*®. Created using BioRender.com.

Laboratory findings in MIS-N commonly indicate systemic inflammation and
coagulation activation, with elevated CRP, ferritin, procalcitonin, lactate
dehydrogenase, D-dimer, and IL-6, as well as increased cardiac enzymes.
Hematological abnormalities such as thrombocytopenia and thrombocytosis have
also been described. Electrocardiographic findings may include sinus tachycardia,
supraventricular tachycardia, bradycardia with prolonged QTc interval, and

atrioventricular block™?.

Almost all neonates with MIS-N required admission to intensive care. Of those with
available data, 40% required inotropic support and 56.1% required respiratory
support, including intubation in over half of supported cases. Immunomodulatory

therapy, mainly IVIG and corticosteroids, was administered in the majority of patients,
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while anticoagulants and aspirin were used less frequently. No cases treated with

biologic agents or convalescent serum were reported’®%0,

The underlying mechanisms are thought to involve either transplacental transfer of
maternal antibodies or vertical transmission of infection leading to endogenous fetal
antibody production™®. Although maternal antibodies are generally protective,
transplacentally transferred 1gG may in rare cases trigger hyperinflammation and
multisystem injury. The immature neonatal immune response, including limited IgM

production, may further contribute to immune dysregulation and organ involvement',

10. Multisystem inflammatory syndrome in adults

MIS-A is a rare but severe hyperinflammatory complication of SARS-CoV-2 infection
occurring in adults, typically defined in individuals =221 years of age, with most reported
cases affecting young males to middle-aged adults'"'®2, The prevalence of MIS-A has
been reported to range from 0.2% to 11.7% among studied SARS-CoV-2 infection
cases'®*"* However, the true frequency may be underestimated, as some cases can

be misdiagnosed as a biphasic or recurrent course of acute COVID-19"%2

The pathophysiology of MIS-A remains incompletely understood. It is thought to occur
4-6 weeks after SARS-CoV-2 infection due to a dysregulated innate and adaptive
immune response, with macrophage activation, B- and T-cell involvement, cytokine
release, and antibody production leading to systemic hyperinflammation and
multiorgan involvement. Proposed triggers include persistent viral antigens,

autoantibodies, and viral superantigen-Llike activity's®.

Compared with MIS-N, MIS-A has a more clearly established case definition,
developed by the CDC, largely because a greater number of adult cases have been
reported and characterized?. The case definition and diagnostic criteria for MIS-A are

summarized in Figure 11.
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Entry criteria Clinical criteria
Severe cardiac illness
(myocarditis, pericarditis, coronary
Primary criteria

artery dilatation/aneurysm,

Adult 221 years AND

Hospitalization 224 h No alternative diagnosis ad ventricular dysfunction [LVEF<50%),
(or death) —»| (e.g, sepsis, chronic AV block, or ventricular tachycardia.)
Fever >38°C disease)

(224 h or within ﬂr.st 3 days)

Rash AND non-purulent

r conjunctivitis
. \—p | =3 criteria required
! (21 must be primary) Neurological symptoms

(encephalopathy, seizures,

meningeal signs, Guillain-
H Barré syndrome)
Laboratory criteria Secondary
criteria
—p —  Shock / hypotension
SARS-CoV-2 evidence

(PCR / antigen / serology

positive)
Figure 11. CDC case definition of multisystem inflammatory syndrome in adults (MIS-A).
The figure summarizes the diagnostic criteria, including entry criteria, exclusion of alternative
diagnoses, 23 clinical criteria (=1 primary), and laboratory evidence of SARS-CoV-2 infection
and systemic inflammation. Created using BioRender.com.

_ Gastrointestinal symptoms

— Systemic inflammation (22)
(CRP, Ferritin, L-6, ESR, .
Procalcitonin) Thrombocytopenia

\—3 (platelet count <150,000/uL)

Fever and rash are among the most common presenting symptoms. The
cardiovascular system is most frequently affected, followed by gastrointestinal and
mucocutaneous involvement. Cardiac manifestations commonly include shock at
presentation and left ventricular dysfunction, with many patients requiring intensive
care admission. Compared with MIS-C, MIS-A is associated with higher

m0|’tality.151’153’155

Currently, there are no standardized treatment guidelines for MIS-A; management is
largely extrapolated from MIS-C and severe COVID-19 and includes supportive care,
immunomodulatory therapy with corticosteroids and/or IVIG, and, in severe or
refractory cases, biologic agents such as IL-1 or IL-6 inhibitors. Anticoagulation is often

considered because of the prothrombotic state’"°57%¢,

11. Multisystem inflammatory syndrome after SARS-CoV-2
vaccination

Multisystem inflammatory syndrome after SARS-CoV-2 vaccination (MIS-V) has been
rarely reported in both children and adults. It presents systemic hyperinflammation
and multisystem involvement, resembling MIS-C or MIS-A. Only around 26 cases have

been reported worldwide'’.
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Reported MIS-V cases have mostly appeared as isolated case reports or small series
during the early vaccination period. They have been described after mRNA vaccines
(Pfizer-BioNTech BNT162b2 and Moderna mRNA-1273), adenoviral vector vaccines
(AstraZeneca ChAdOx1 nCoV-19 and Johnson & Johnson/Janssen Ad26.COV2.S), and

rarely after inactivated vaccines such as CoronaVac/Sinovac'’-'%°,

Overall, MIS-V appears to be extremely rare, and available evidence indicates that

vaccination reduces the risk of MIS-C following SARS-CoV-2 infection®°.

12. Multisystem inflammatory syndrome in children

Despite the mild or asymptomatic nature of acute COVID-19 in children, serious post-
infectious complications can develop, demonstrating that the pandemic affected the
pediatric population in a distinct and clinically important way. MIS-C accounted for a
substantial nhumber of pediatric hospitalizations during the pandemic and was
associated with significant disease severity, frequently requiring intensive care due to

multisystem involvement and cardiovascular complications.

MIS-C was first described in spring 2020, when Riphagen et al. reported clusters of
children and adolescents requiring intensive care admission for a multisystem
inflammatory condition with features overlapping KD and toxic shock syndrome™.
Following these initial reports, comparable cases were described in children from

various parts of the world™®'.

MIS-C is also known as pediatric multisystem inflammatory syndrome (PMIS),
pediatric inflammatory multisystem syndrome temporally associated with SARS-CoV-
2 (PIMS-TS), pediatric hyperinflammatory syndrome, or pediatric hyperinflammatory

shock.

12.1. Case definition

MIS-C usually occurs 2-6 weeks after SARS-CoV-2 infection, with rare cases reported
up to 16 weeks later'®2. By May 2020, the Royal College of Paediatrics and Child Health
(RCPCH) had developed early UK guidance for PIMS-TS/MIS-C to support rapid clinical
recognition and management of suspected cases during the first reports of the

syndrome (Table 1) '¢3.



RCPCH | Persistent fever >38.5°C

AND systemic inflammation (neutrophilia/elevated CRP/ lymphopenia)
PIMS-TS | AND single or multisystem organ dysfunction

(shock/ cardiac/ renal/ respiratory/ gastrointestinal/ neurological involvement).
AND exclusion of other microbial causes

(bacterial sepsis, staphylococcal or streptococcal shock syndrome,
enterovirus).

AND SARS-CoV-2 RT-gPCR may be positive or negative.

WHO Patients 0-19 years of age + fever > 3 days
AND 2 of the following:
Rash/conjunctivitis/mucocutaneous signs.
Hypotension/shock.
Cardiac involvement.
Evidence of coagulopathy (by PT, PTT, elevated d-Dimers).
5. Acute gastrointestinal problems.
AND Elevated ESR, CRP, or procalcitonin.
AND No other obvious microbial cause
(including bacterial sepsis or staphylococcal/streptococcal shock syndrome).
AND Positive RT-qPCR, antigen test, serology, or likely contact with COVID-19
case.

MIS-C

> @09 =

CDC <21 years of age that meets:
The clinical AND the laboratory criteria (Confirmed); OR
MIS-C The clinical criteria AND epidemiologic linkage criteria (Probable); OR
The vital records criteria (Suspect)
Clinical Criteria: fever 238.0°C + requiring hospitalization/death + CRP =3.0
mg/dL (30 mg/L)
AND =2 of the following:
1. Cardiac involvement.
Mucocutaneous involvement.
Shock.
Gastrointestinal symptoms.
Hematologic abnormalities (platelets <150,000/pL or ALC
<1,000/pL).
AND No more likely alternative diagnosis (including KD).
Laboratory Criteria: evidence of SARS-CoV-2 infection: positive RT-
qPCR/NAAT, antigen test, or serology up to 60 days before or during
hospitalization.
Epidemiologic Linkage Criteria: close contact with a confirmed or probable
COVID-19 case within 60 days before hospitalization.
Vital records criteria: MIS-C listed as an underlying or contributing cause of
death on the death certificate.

on >0

Table 1. Comparison of MIS-C/PIMS-TS case definitions. Summary of main diagnostic
criteria proposed by the RCPCH'%®, WHQO'3, and CDC'%,

Subsequently, clinical case definitions were established by the WHO and CDC to
standardize diagnosis and reporting (Table 1)''%4. The WHO definition provides a
broad clinical framework for identifying suspected MIS-C, whereas the CDC definition

is more specific and intended for surveillance. The CDC definition was updated in 2023
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to improve accuracy and reduce misclassification, particularly because respiratory
involvement is more typical of acute COVID-19 than MIS-C, while renal and

neurological findings may overlap between both conditions™®.

Children with MIS-C often present with severe inflammation, accompanied by
persistent fever, elevated C-reactive protein (CRP) levels, and the involvement of at
least 2 of 7 organ systems (Figure 12) 1657¢7,

Gastrointestinal
Cardiovascular  apdominal pain

. Vomiting
Hypotension Disfrhaa
Shock Mimi t diciti
Tachycardia imic acute appendicitis
Myocarditis i
Left ventricular NGUFO'Oglc
dysfunction Headache
Cprqnary artery : <, Confusion
Renal dilation/aneurysm = 6 ~' Irritability
— Organ
cute kidney injury
Reduced urine output .SyStIem PUImonary
Elevated creatinine involvement Shortness of breath
Tachypnea
Mucocutaneous Lypcasin
Rash
Conjunctivitis Musculoskeletal
Red/cracked lips . Mvalai
Strawberry tongue Hematologlc A,’{ﬁ,ﬂzia
Swollen hands or feet :
Lymphopenia

Thrombocytopenia
Elevated D-dimer
Hypercoagulability

Figure 12. Organ system involvement in MIS-C. The figure summarizes the multisystem
clinical presentation of MIS-C. Adapted from El Rassi at all’®®, Created using BioRender.com.

Multisystem involvement is a defining feature of MIS-C, with gastrointestinal and
mucocutaneous manifestations among the most frequently reported (Figure 12).
Gastrointestinal symptoms commonly include abdominal pain, vomiting, diarrhea,
and elevated liver enzymes, while mucocutaneous involvement is characterized by
rash, oral mucosal inflammation, conjunctival injection, and extremity changes
(Figure 13)'%%. Cardiac involvement is a particularly concerning feature of MIS-C and
represents a major determinant of disease severity and prognosis. Patients with
decreased ventricular ejection fraction (£55%), coronary artery abnormalities, or
elevated troponin levels showed evidence of myocardial damage''%°. Hematologic

abnormalities are also frequent, particularly lymphopenia, thrombocytopenia, and



anemia. Among the most typical laboratory abnormalities are elevated ESR or CRP,
neutrophilia, high ferritin, hypoalbuminemia, increased D-dimer, coagulation

abnormalities, and elevated fibrinogen&170.171,

Figure 13. Peripheral mucocutaneous changes in MIS-C. Representative mucocutaneous
manifestations observed in patients with MIS-C. (A). Non-exudative conjunctival injection with
malar erythema. (B). Lip hyperemia and cracking with “strawberry tongue.” (C). Palmar
erythema. D. Periorbital edema and erythema. Reproduced with permission from Young et
31172.

MIS-C is a severe life threatening condition and approximately half of affected children
require intensive care unit (ICU) admission because of more critical symptoms such
as cardiac involvement (elevated troponin or N-terminal prohormone of brain
natriuretic peptide/NT-proBNP), hemodynamic instability (shock or arrhythmia), or
respiratory distress, and key parameters such as elevated inflammatory markers (D-

dimer, C-reactive protein/CRP)'¢73777_Children in general inpatient care exhibit more

stable vitals and less multi-organ involvement.

12.2. Risk factors

The exact risk factors for MIS-C are not fully established; however, several

epidemiological, clinical, and immunological associations have been identified.

Proposed factors include lower pre-existing immunity to seasonal coronaviruses,
school age, male sex, and certain ethnic backgrounds, particularly Black,
Hispanic/Latino, and South Asian populations'®+78-18°  Children who develop MIS-C
also appear more likely to have underlying conditions such as obesity, asthma, cardiac

disease, and life-limiting conditions™’8187,

In addition, Lee et al. identified rare inborn errors in the OAS-RNase L antiviral pathway

in a small subset of children with MIS-C, suggesting that impaired viral RNA
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degradation and innate immune dysregulation may contribute to susceptibility.
However, these findings explain only a minority of cases, indicating that MIS-C
pathogenesis is likely heterogeneous'. Other genetic studies have also implicated
variants in genes involved in antiviral defense and immune regulation, including
DDX60, TMEM154, TLR3, TLR6, IL22RA2, and LYST, further supporting the role of innate
immune dysfunction and dysregulated inflammatory responses in the development of

MIS-C'&,

12.3. Epidemiology

Overall, MIS-C is an uncommon complication following SARS-CoV-2 infection and the
incidence varies between populations and study periods. The incidence of MIS-C has
varied substantially across countries and pandemic waves. Nationwide data from
Israel showed that the incidence of MIS-C per 100,000 individuals younger than 18
years was 54.5 during the Alpha wave, 49.2 during the Delta wave, and markedly lower
at 3.8 during the Omicron wave'* Similarly, international studies have reported
variable incidence rates: CDC surveillance data from the United States estimated
approximately 13 MIS-C cases per 100,000 children, with a mortality rate of around
0.8%'85, while an ltalian population-based study reported a cumulative incidence of
3.27 cases per 100,000 residents aged 0-18 years, and Spanish data reported

approximately 8 cases per 100,000 children'®187,

During the early stages of the pandemic, particularly in the pre-Alpha and Alpha waves,
MIS-C cases were more frequent and often more severe'®-'%°, However, with the rise of
the Omicron variant in late 2021 and early 2022, the incidence of MIS-C cases
significantly declined (Figure 14). During the Omicron wave, the BA.1 subvariant
became the dominant strain among patients admitted with MIS-C'*%'91, U.S. national
surveillance data showed that the proportion of MIS-C cases decreased over time with
successive SARS-CoV-2 variants, with 58.0% of cases occurring in the pre-Delta period
compared to only 16.1% during the Omicron-dominant phase'?. Similar trends were
reported in the United Kingdom and Asian countries, including South Korea and Japan,
demonstrating both reduced incidence and milder clinical presentations during the

Omicron wave'931%,
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Figure 14. Epidemiology of MIS-C across SARS-CoV-2 variant waves. Demonstration of
temporal lag between peaks in SARS-CoV-2 infection and MIS-C cases. Blue columns
represent weekly MIS-C case counts, while the orange line indicates weekly COVID-19 test
positivity. The background shading divides the timeline into SARS-CoV-2 variant waves.
Adapted from CDC data’®; created with BioRender.
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Furthermore, Omicron-associated MIS-C cases were characterized by less severe
organ involvement, with a decline in shock, cardiac, and respiratory complications,
and a predominance of milder clinical phenotypes'*'°41%_ |sraeli researchers,
including Levy et al., reported that during the Omicron wave, MIS-C cases were
associated with less severe cardiac involvement and a lower rate of intensive care unit
admissions'*. This decrease in cases is likely attributed to the lower pathogenicity of
Omicron, along with increased immunity from vaccinations and prior infections, which

helped to mitigate the severity and frequency of MIS-C during this period'’’-181.189.197,

12.3.1. Age, sex, and ethnic distribution

MIS-C C is most often reported in school-aged children, with a median age around 8-
10 years, and shows a slight male predominance'®77:181.183  Ethnic disparities have
also been reported. MIS-C incidence was higher among Black, Hispanic/Latino, and

Asian or Pacific Islander children compared with White children'¢81,

12.3.2. Epidemiology of MIS-C in Spain

In Spain, MIS-C has been reported as an uncommon but clinically important

complication of pediatric SARS-CoV-2 infection. In a multicenter prospective study
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including 1,200 Spanish children with SARS-CoV-2 infection, MIS-C represented 10.6%
of cases and was one of the major clinical phenotypes associated with PICU
admission, together with chronic cardiac disease, asthma or recurrent wheezing, and

elevated inflammatory markers™.

A Catalonia population-based study reported 152 MIS-C cases among 555,848
pediatric SARS-CoV-2 infections. The monthly MIS-C incidence was 4.1 per 1,000,000
people, and 273 per 1,000,000 SARS-CoV-2 infections, equivalent to approximately 1
MIS-C case per 3,700 infections. MIS-C incidence decreased markedly during the

Omicron period’@,

13. Elements of Pathogenesis of MIS-C

MIS-C pathogenesis is multifactorial and driven by immune dysregulation, resulting in
systemic hyperinflammation (Figure 15). Unlike acute COVID-19, MIS-C typically

occurs after viral clearance, supporting a post-infectious etiology.

MIS-C typically develops several weeks after the initial SARS-CoV-2 infection, often
when viral replication has already declined and patients are RT-qPCR-negative but
Henderson serology-positive'®. This timing suggests that the syndrome is not primarily
caused by direct viral injury, but rather by an abnormal post-infectious immune
reaction. In susceptible children, the initial immune response to SARS-CoV-2 may

progress into uncontrolled activation of both innate and adaptive immunity'®’.

13.1. Innate response

Innate immune dysregulation is central to MIS-C. Persistent antigen exposure leads to
neutrophil overactivation, characterized by increased counts, elevated neutrophil-to-
lymphocyte ratio, and upregulation of activation markers. Activated neutrophils
release NETs, contributing to endothelial injury and thrombosis™®. At the same time,
innate immune cells produce high levels of cytokines (IL-1B, IL-6, TNF-a, CXCL9/10),
sustaining inflammation (Figure 15;Error! No se encuentra el origen de la

referencia.) 2.



This occurs alongside activation of NF-kB and interferon pathways, with reduced

expression of NF-kB inhibitors and increased interferon-stimulated genes in

monocytes and dendritic cells?®'.
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Figure 15. Immunopathogenesis of MIS-C following SARS-CoV-2 infection. Summary of
progression from acute SARS-CoV-2 infection in children to delayed immune dysregulation and
MIS-C over 6-8 weeks. The hypotheses are written in italic. Adapted from Rotulo and all*®, and
Porrit and all?®. Created by BioRender.

13.2. Cellular response

MIS-C is characterized by lymphopenia due to apoptosis, redistribution, and impaired

hematopoiesis™®.

T-cell abnormalities include reduced CD4+, CD8+, yO T cells, and NK cells, along with
CD8+ T-cell exhaustion (Figure 15)%°. Despite this, abnormal activation is observed,
including TRBV11-2 expansion and increased CX3CR1+ CD8+ T cells, associated with
vascularinflammation™®. Apredominance of Th1 over Th2 responses further promotes

inflammation™”.
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Impaired cellular immunity, including reduced SARS-CoV-2-specific CD4+ and CD8+
T-cellresponses, may further limit viral clearance and prolong antigen exposure?®. This
may promote IFN-y-driven inflammation, macrophage activation, and tissue

damage'’.

MIS-C is characterized by a strong cytokine storm that drives systemic inflammation
and immune dysregulation. Previous reports identified elevated biomarkers
associated with type Il interferon (IFN) signaling (IFN-y, CXCL9/MIG, CXCL10/1P-10),
macrophage activation (IL-6, IL-10, tumor necrosis factor (TNF), CCL2/MCP1,
CCL3/MIP-1-a, CCL4/MIP-1B, ferritin), and endothelial injury (vascular endothelial
growth factor, VEGF)?05-27,

13.3. Humoral response

Most patients have detectable antibodies at onset despite low viral load. The response
is dominated by anti-spike IgG, with lower IgM levels due to delayed timing. IgA may
contribute to mucosal involvement, especially in patients with gastrointestinal

manifestations’7:2%8,

B-cell dysregulation includes plasmablast expansion, suggesting a delayed antibody-
mediated response after acute infection?®. In severe cases, clonal B-cell expansion,
somatic hypermutation, and IgG binding to activated cardiac endothelial cells have
been reported, supporting a possible role for autoreactive antibodies and antibody-

mediated endothelial injury?°3.

13.4. The main current hypotheses for the origine of MIS-C
pathogenesis

The underlying cause of MIS-C remains incompletely understood. However, current

literature suggests that its development is likely multifactorial and may involve several

overlapping mechanisms rather than a single cause.

Proposed triggers include persistent viral antigens, abnormal antibody responses,
genetic susceptibility, and superantigen-like immune activation and are summarized

in Figure 16.

1. Persistent viral antigen or viral reservoirs (antigenemia).




Some studies suggest that viral antigens, especially the spike protein, may persist in
the body and continue to stimulate the immune system. This persistent antigenemia
may act as an initial trigger for immune dysregulation in susceptible children. The
presence of circulating spike protein could maintain immune activation even when

viral RNA is no longer detectable in the blood™”.
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Figure 16. Proposed mechanisms involved in MIS-C pathogenesis after SARS-CoV-2
infection. Adapted from Yonker and all?®°, Boribong et all?’°, and Bartsch et all?'".Created by
BioRender.

Persistent viral antigens, particularly the spike protein, may sustain immune activation
despite the absence of detectable viremia. It has been proposed that the SARS-CoV-2
may persist as a reservoir in the gastrointestinal tract?*. Circulating antigens may bind
to antibodies and form immune complexes, which activate neutrophils through Fc
receptors. This process can trigger NETosis, a form of neutrophil activation in which
neutrophils release structures called neutrophil extracellular traps (NETs). While NETs
contribute to pathogen defense, excessive formation leads to endothelial injury,

thrombosis, and systemic inflammation.?'°.

2. Imbalance between innate and adaptive immune responses leading to

cytokine-driven hyperinflammation.
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In children, the initial innate immune response, mainly mediated by type | interferons,

usually limits viral replication and contributes to milder acute COVID-19%212,

IFN-y typically enhances antigen presentation in various cell types, including
monocytes, dendritic cells, and B cells®*'%’. Sustained IFN-y signaling, although
normally enhancing antigen presentation, may become dysregulated, contributing to

impaired immune regulation?®,

Concurrently, innate immune activation results in the release of pro-inflammatory
cytokines (IL-1B, IL-6, TNF-a), while Th1-driven responses further increase IFN-y
production™. These cytokines may amplify each other, creating a self-sustaining
inflammatory loop that leads to endothelial dysfunction, increased vascular

permeability, and multiorgan involvement characteristic of MIS-C2%°,

3. Abnormal humoral immunity

An altered balance between protective neutralizing antibodies and Fc-mediated
inflammatory antibody functions may contribute to MIS-C pathogenesis?''. SARS-CoV-
2-specific antibodies can form antigen-antibody immune complexes, which may
activate Fc receptor-expressing innate immune cells and promote inflammatory
pathways?™. In support of this, MIS-C patients have been shown to maintain highly
inflammatory, monocyte-activating SARS-CoV-2 I1gG antibodies, while SARS-CoV-2
spike immune complexes have been reported to trigger neutrophil extracellular trap
formation, suggesting a potential role for antibody-mediated innate immune activation

in systemic inflammation?'%21,

4. Super-antigen-like activation

SARS-CoV-2 S has been proposed to induce superantigen-like activation, leading to
broad, non-specific T-cell activation. This is supported by the expansion of TCRVp21.3
CD4 and CD8 T cells observed in many MIS-C cases??’2'4, Malik et al. showed that
these expanded TRBV11-2+ T cells had high receptor diversity and limited SARS-CoV-2
specificity, supporting the hypothesis of broad, superantigen-like T-cell activation
rather than a conventional antigen-specific response?'®?'%, Such abnormal T-cell

activation may contribute to cytokine release, including IFN-y, IL-6, and TNF-q,
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promoting systemic inflammation, shock, endothelial injury, and cardiac

involvement?"’.

Although detectable anti-spike antibody responses are commonly observed in MIS-C
patients, experimental studies have not confirmed that the SARS-CoV-2 spike protein
has intrinsic superantigen-like activity, and VB21.3-expanded T cells often show

limited SARS-CoV-2 peptide specificity?'®2',

5. Autoimmunity

Molecular mimicry has been proposed as a mechanism in MIS-C, whereby immune
responses against SARS-CoV-2 cross-react with host proteins after the acute infection
has been resolved. For example, molecular mimicry between the SARS-CoV-2
nucleocapsid protein and the host protein Sorting nexin 8 may trigger cross-reactive
antibodies and T cells, contributing to post-infectious immune activation,

inflammation, and organ injury?%.

Autoantibodies may form antigen—autoantibody immune complexes that activate Fcy
receptors and complement pathways?’2. This can promote neutrophil activation,
NETosis, cytokine and chemokine release. Detection of autoantibodies against
cardiac, endothelial, and gastrointestinal tissues supports their role in organ

injury,180.202,

6. Gut microbiota dysbiosis

SARS-CoV-2 infection may disrupt gut microbiota and increase intestinal permeability.
This allows translocation of viral antigens and microbial products into circulation,
further promoting systemic inflammation®2?', Given the high prevalence of
gastrointestinal symptoms in MIS-C, the gut-immune axis likely contributes to disease
pathogenesis'®3. Permeability to bacterial antigen was proposed as an alternative
explanation for the induction of TCR VB21.3 T cells independently of SARS-CoV-2 S

protein.

13.5. The Role of the Immune System in the Change in MIS-C
Epidemiology
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The epidemiology of MIS-C has changed throughout the COVID-19 pandemic, with a
decline in both incidence and severity over time. This reduction is likely related to
increasing population immunity from previous SARS-CoV-2 exposure and vaccination,

leading to more effective humoral and cellular responses (Figure 17) 184197222,

Antibody affinity maturation and immune memory may improve viral clearance, reduce
persistent antigenemia, and lower the risk of dysregulated post-infectious
inflammation. Cross-reactive immunity from previous SARS-CoV-2 variants or
endemic coronaviruses may also support a faster and more controlled immune
response. This involves memory B cells, which can rapidly produce higher-affinity
antibodies, and cross-reactive CD4+ T cells, which recognize conserved coronavirus
epitopes and help coordinate adaptive immunity. These responses may improve viral

clearance and reduce prolonged immune activation that could contribute to MIS-C.

In addition, later variants such as Omicron have been associated with lower MIS-C
rates, possibly because of differences in viral antigenicity and interactions with the
immune system'+222, Qverall, increasing immune protection and viral evolution may
have raised the threshold needed to trigger the hyperinflammatory response

characteristic of MIS-C (Figure 17).
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Figure 17. SARS-CoV-2 Variant Periods, Population Immunity, and MIS-C Incidence.
Schematic representation of the relationship between SARS-CoV-2 circulation, MIS-C
epidemiology, and the development of immunity across the pre-Delta, Delta, and Omicron
periods. Adapted from Castaldo et al. Created with BioRender.com.

14. Diagnostic comparison with the pediatric inflammatory
conditions

Hyperinflammatory syndromes in children represent a major diagnostic and
therapeutic challenge because of their overlapping clinical features, heterogeneous
immune mechanisms, and variable disease severity. As described above, MIS-C
shares clinical and immunological overlaps with several pediatric inflammatory
diseases. KD and childhood-onset Still’s disease/systemic juvenile idiopathic arthritis
(SD/sJIA) are among the pediatric inflammatory disorders that share several common
manifestations, including persistent fever, elevated systemic inflammatory markers,
mucocutaneous involvement, gastrointestinal symptoms, and potential
cardiovascular complications. Despite these similarities, MIS-C, KD, and SD represent
distinct inflammatory conditions with different triggers, age distributions, clinical

patterns, and underlying immunopathological mechanisms??*-225, Understanding their
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similarities and differences is therefore essential for accurate differential diagnosis,

appropriate treatment decisions, and identification of disease-specific biomarkers.

14.1. Other inflammatory conditions

14.1.1. Kawasaki disease.

KD is an acute systemic vasculitis of childhood that primarily affects medium-sized
arteries, especially coronary arteries. It usually occurs in children under 5 years of age

and is characterized by persistent fever together with mucocutaneous inflammation.

Clinically, KD presents with fever lasting at least 5 days, conjunctivitis, oral mucosal
changes such as red or cracked lips and “strawberry tongue,” polymorphous rash,
cervical lymphadenopathy, and changes in the hands and feet, including erythema,
edema, or later desquamation. The most important complication is coronary artery
involvement, including coronary artery dilation or aneurysm formation (Figure 18).
Treatment starts early with IVIG (2g/kg) to reduce inflammation and prevent coronary
artery aneurysmes. High-risk or IVIG-resistant patients may need additional therapy,
such as corticosteroids or infliximab. Children with coronary artery abnormalities

require long-term cardiology follow-up'®®.
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Figure 18. Clinical manifestations of classic KD. (A). Polymorphous rash. B. Bilateral non-
exudative conjunctival injection. C. Oral mucosal changes, including cracked lips and
strawberry tongue. (D-E). Palmar and plantar erythema with swelling. (F). Cervical
lymphadenopathy. (G). Coronary artery aneurysms. (H). Peripheral artery aneurysms.
Reproduced with permission from McCrindle et al?®®.



14.1.2. Childhood-onset Still’s disease, also known as Systemic
Juvenile Idiopathic Arthritis.

SD is an autoinflammatory disease characterized by systemic inflammation rather

than primarily joint-limited arthritis??’.

Clinically, SD typically presents with high spiking fever, evanescent salmon-colored
rash, arthritis, lymphadenopathy, hepatosplenomegaly, and serositis (Figure 19). SD is
usually a chronic or recurrent autoinflammatory disease in which arthritis is an
important diagnostic feature. Laboratory findings often include markedly elevated
inflammatory markers such as CRP, ESR, ferritin, leukocytosis, thrombocytosis, and
anemia. A major complication is macrophage activation syndrome (MAS), a severe
hyperinflammatory state with cytopenias, liver dysfunction, coagulopathy, and very

high ferritin227:228,

Treatment guidelines emphasize early control of systemic inflammation. The 2021
American College of Rheumatology guideline recommends biologic therapy for SD,
especially agents targeting IL-1 or IL-6, and glucocorticoids may be used for severe

systemic disease or MAS??%°,

Figure 19. Clinical characteristics of juvenile idiopathic arthritis. (A). Micrognathia. (B).
Limb-length discrepancy. (C). Radiographic evidence of advanced bone maturation. (D).
Salmon-pink rash. (E). Cervical lymphadenopathy. adapted from Marinescu and llowite®°, and

from Rheum?" with permission.

14.2. Challenges of diagnostic criteria
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An essential part of diagnosis is the exclusion of alternative causes. The main
challenge is the overlap of clinical symptoms with other inflammatory, infectious, and
rheumatologic conditions, such as KD, toxic shock syndrome, sepsis, macrophage

activation syndrome, and SD (Table 2) "¢,

Disease Why it overlaps with MIS-C

KD Fever, rash, conjunctivitis, mucosal changes,
extremity changes, coronary artery involvement

Toxic shock syndrome Fever, shock, rash, multiorgan dysfunction

Sererf Fever, hypotensmn, high inflammatory markers, organ
dysfunction

Macrophage activation Hyperferritinemia, cytopenias, liver involvement,

syndrome / HLH coagulopathy, cytokine storm

SD Fever, rash, high inflammation, arthritis, possible MAS

Fever, r iratory di inflammation, organ
Acute severe COVID-19 ever, respiratory disease, a ation, orga

involvement
Appendicitis / acute Abdominal pain, vomiting, diarrhea, high
abdomen inflammatory markers

Table 2. Diseases that overlap clinically with MIS-C. Adapted from El Rassi and al.’®® and
Henderson and al?*2.

14.2.1. MIS-C and KD phenotypes

MIS-C and KD share several clinical features, including persistent fever,
mucocutaneous inflammation, rash, conjunctivitis, and possible coronary artery
involvement (Figure 20). Because of this overlap, MIS-C was initially described in some
patients as a Kawasaki-like illness. However, only a proportion of children with MIS-C

meet the full diagnostic criteria for KD'68233,

Several features help distinguish MIS-C from classic KD. MIS-C usually affects older
children, most commonly school-aged children, whereas KD primarily affects children
younger than 5 years. MIS-C is also more frequently associated with gastrointestinal
symptoms, neurologic manifestations, shock, and left ventricular dysfunction. In
contrast, KD is more classically associated with coronary artery aneurysms, although

coronary abnormalities can also occur in MIS-C%423%,



Laboratory findings also differ. Compared with KD, MIS-C is more often associated with
lymphopenia, thrombocytopenia or lower platelet counts, and markedly elevated

inflammatory markers such as CRP%4,

MIS-C Kawasaki Disease

Age 6-11 years Involve inflammation of the body RO B IS G0 B Al

~3-6 weeks after SARS-CoV-2 exposure Male predominance *~ possible preceding viral or bacterial

infection
high incidence of gastrointestinal ~ fever, rash, cervical lymphadenopathy, %1 high incidence of conjunctival injection and
symptoms, myocarditis and shock, and  neurological symptoms, extremity oral mucous membrane changes
EeE gL EEIES Coronary aneurysms
Enhancement of IL-1B+ neutrophils -

Lymphopenia and immature neutrophils

High levels of IL-15, IFNy in severe cases High levels of IL-17
o o™
>50% of patients with MAS-like cytokine VIG, glucovcorlncoul:ls, ':>\v
phenotype acetylsalicylic acid

Figure 20. Comparison of MIS-C and KD.
The figure highlights key clinical and immunological similarities and differences between MIS-
C and KD. Adapted from Sharma et al??®.; created with BioRender.

14.2.2. Systemic juvenile idiopathic arthritis and MIS-C overlap.

It overlaps with MIS-C because both can show fever, rash, high CRP/ferritin, elevated
cytokines, lymphocyte abnormalities, and multiorgan inflammation. Both conditions
can also be complicated by macrophage activation syndrome, which may present with

cytopenias, liver dysfunction, coagulopathy, hyperferritinemia, and shock?>42%,

The main distinction is that SD is usually a chronic or recurrent inflammatory disease,
often with arthritis. MIS-C more often includes gastrointestinal symptoms, cardiac

dysfunction, and evidence of recent SARS-CoV-2 infection??,

15. Clinical management

The management of MIS-C is well established and based on current clinical Henderson
guidelines™®%¥, The main goals of MIS-C treatment are to stabilize patients with life-
threatening manifestations and to prevent long-term complications, including
coronary artery aneurysms, myocardial fibrosis or scarring, and persistent cardiac
conduction abnormalities. Long-term management includes cardiac follow-up as well

as consideration of COVID-19 vaccination to provide ongoing protection (Figure 21).

15.1. Initial therapy
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Initial management focuses on immunomodulatory therapy, antithrombotic

treatment, and supportive care (Figure 21).

First-line therapy for most hospitalized patients consists of a combination of
intravenous immunoglobulin (IVIG) and glucocorticoids. IVIG is administered at a dose
of 2 g/kg, while glucocorticoids are used at low to moderate doses (1-2 mg/kg/day) as
adjunctive therapy (Figure 9). IVIG monotherapy may be considered in patients with

mild disease or contraindications to steroids, but close monitoring is required’®.

Intravenous immunoglobulin (IVIG) is a pooled preparation of IgG antibodies from
many healthy donors. At high doses, it has broad immunomodulatory effects and can
reduce excessive inflammation by affecting Fc receptors, complement activation,
cytokine production, autoantibodies, and the activity of innate and adaptive immune

cellse2,

In MIS-C and KD, one proposed effect is the reduction of innate immune activation.
Zhu et al. showed that IVIG treatment in patients with KD and MIS-C was also
associated with reduced numbers of activated IL-1B-producing neutrophils,
suggesting that suppression of innate immune activation may represent an important

component of its anti-inflammatory effect?#.
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Figure 21. Overview of management strategies in MIS-C. Immunomodulatory therapy,
anticoagulation, supportive care, and long-term follow-up, included as management
strategies. Arrows represent the escalation of treatment from first-line therapy to more
advanced interventions. Adapted from El-Rassi et al.’®® and Henderson et al>*'. Created with
BioRender.

Antiplatelet and anticoagulation therapy in MIS-C is largely based on experience from
KD and myocarditis, as well as emerging evidence from adult COVID-19. Low-dose
aspirin (3-5 mg/kg/day, up to 81 mg daily) is recommended in most patients due to the
risk of platelet activation, endothelial injury, and thrombosis. Treatment continues
until normalization of platelet count and confirmation of normal coronary arteries at

least 4 weeks after diagnosis.

Supportive care focuses on patient stabilization and prevention of end-organ damage.
It includes cautious fluid resuscitation, hemodynamic support with vasoactive or

inotropic agents, and respiratory support when needed’®.
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15.2. Advanced therapy

Children with MIS-C may require PICU monitoring in cases of persistent shock,
hemodynamic instability, significant cardiac involvement, respiratory failure, or

multiorgan dysfunction.

Anticoagulation is indicated in high-risk MIS-C patients, particularly those with large
coronary artery aneurysms (z-score =10) or moderate to severe left ventricular
dysfunction, due to the increased risk of coronary or intracardiac thrombosis.

Therapeutic anticoagulation is typically initiated with enoxaparin (Figure 21)%2,

Supportive care should also be individualized: small isotonic fluid boluses may be
used for hypovolemia or shock, but careful monitoring as fluid overload can worsen
pulmonary edema in patients with myocardial dysfunction. Respiratory support may
range from high-flow oxygen or non-invasive ventilation to mechanical ventilation,
while ECMO may be considered in refractory cases with severe -cardiac

decompensation’®,

Refractory MIS-C is defined by persistent fever and/or significant end-organ
involvement despite initial immunomodulatory treatment. Clinical improvement is
usually assessed within 24 hours after IVIG administration, and in the absence of
improvement, should be considered escalation to alternative therapies such as high-
dose glucocorticoids, Anakinra, or Infliximab (Figure 9 and Figure 21). Repeating IVIG

is generally not recommended’®.

Several cohort studies have shown that initial treatment with IVIG and glucocorticoids
is associated with faster cardiac recovery, reduced risk of treatment failure, shorter
intensive care unit stay, and decreased need for treatment escalation compared to

IVIG alone?*"242,
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Hypotheses

Considering that MIS-C occurs after recovery from acute SARS-CoV-2 infection, and

that it appears during the post-infectious phase rather than during active viral
replication, we hypothesized that:

e An unbalanced humoral response may contribute to the development of

MIS-C, and the magnitude and quality of antibody responses against SARS-

CoV-2 may be associated with the disease.

Considering the described role of seasonal human coronaviruses and EBV
infection/reactivation in multisystem pediatric diseases, we hypothesized that:

e Previous exposure or altered immune responses to other viruses may

contribute to the immune profile of MIS-C and other COVID-19 unrelated

inflammatory pediatric syndromes (namely, KD).

Specific clinical parameters have been associated with severe MIS-C and may help
predict clinical outcomes, including ICU admission. Therefore, we hypothesized that:

o Afullinflammatory profiling of MIS-C could help to predict disease severity.

Limited information is available about possible long-term evolution of inflammatory
markers and potential sequelae after MIS-C; therefore, we hypothesize that:
e The longitudinal analysis of inflammatory markers may be relevant for

improving knowledge of the disease and its long-term consequences.

MIS-C shares clinical features with KD and SD, however, these conditions might have
distinct inflammatory signatures that can be identified using inflammatory biomarker
analysis; therefore, we hypothesized that:

e Pediatric inflammatory diseases could be differentiated by their

inflammatory biomarker profile.
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Objectives

General objective: Characterize patients with MIS-C and carry out a comprehensive

analysis of the immunological and inflammatory response 3-6 weeks after COVID-19,

with follow-up over 2- and 18-month period in a subgroup of MIS-C patients to

determine persistence of immunological alterations or resolution over time.

Specific objectives:

1. Characterize the humoral response against SARS-CoV-2 and in MIS-C and

identify potential markers:

a.

Determine the level of total and neutralizing anti-SARS-CoV-2
antibodies.

Determine the anti-SARS-CoV-2 antibody subtype usage.

Characterize the antibody reactivity against common cold

coronaviruses and EBV in MIS-C and KD.

2. Characterize the inflammatory response in MIS-C, identify specific

markers, and compare with other inflammatory conditions:

a.

Compare the Inflammatory profile of MIS-C and Convalescent COVID
group.

Identify of inflammatory biomarkers associated with MIS-C severity,
defined by ICU admission.

Evaluate of the inflammatory profile of MIS-C patients at 2-month and

18-month follow-up.

. Compare MIS-C with Kawasaki and Still disease to identify shared and

distinct inflammatory signatures.
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1. Study cohort

1.1. Study Approval

This study was approved by the local Ethical Review Board and conducted according
to the Declaration of Helsinki. The protocol was approved by the Ethics Committee of
Hospital SantJoan de Déu (PIC-58-60). Pediatric blood samples were taken in Hospital
Sant Joan de Déu, Universitat de Barcelona (Spain). Written informed consent was
obtained from parents or legal guardians of all participants, and assent was obtained

from children when appropriate.

1.2. Sample processing and storage

Serum samples were stored at -80°C. A fraction of serum was kept non-inactivated for
the detection of inflammatory biomarkers using the Olink platform. The remaining
serum was heat-inactivated at 56°C for 30 minutes and used for the characterization

of humoralimmune responses by Luminex and neutralization assays.

1.3. Cohort description

The study included five pediatric groups (Figure 22): healthy children (HC), CC, MIS-C,
KD, and SD.

All samples included in this study were collected at Hospital Sant Joan de Déu,
Barcelona, Spain. Samples from the MIS-C and CC groups were collected between
March 2020 and February 2022. The KD and HC cohorts were collected before the
SARS-CoV-2 pandemic to avoid potential overlap with SARS-CoV-2-related
inflammatory conditions. The SD cohort included samples collected between 2015

and 2024.

The MIS-C group included 22 pediatric patients. Samples were obtained at diagnosis,
before the initiation of specific treatment, including intravenous immunoglobulin or

corticosteroids, to capture the acute inflammatory phase of the disease.
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Figure 22. Study cohort and sampling timeline. Representation of the study groups included
in the analysis and their corresponding sampling time points, including acute and longitudinal
MIS-C samples, CC, HC, KD, and SD. Created with BioRender.

MIS-C diagnosis occurred at a median of 5.5 weeks [IQR 3.1-7.8] after SARS-CoV-2
infection. However, this timeframe should be interpreted with caution, as many MIS-C
patients were asymptomatic or had mild symptoms during acute COVID-19, making
the exact infection date difficult to determine. Nevertheless, the estimated interval
was consistent with previously published studies. MIS-C diagnosis was established
according to the clinical criteria proposed by the WHO, CDC, and the Royal College of
Paediatrics and Child Health. Since patients were diagnosed and sampled early in the
pandemic, neurological, respiratory, and renal organ system involvement were
retained in the case definition, in accordance with the original MIS-C definitions used

at that time.

The MIS-C cohort also included a longitudinal component. Follow-up samples were
collected from a subset of patients at 2 months (n = 11) and 18 months (n = 15) after
MIS-C diagnosis, allowing evaluation of the evolution and persistence of inflammatory
and humoral immune signatures over time. Importantly, longitudinal follow-up data
included information on SARS-CoV-2 reinfection and vaccination status, allowing
immune responses over time to be interpreted in the context of possible additional

antigen exposure.

The CC group included 17 pediatric individuals who had recovered from SARS-CoV-2

infection. Serum samples were collected during the convalescent phase, at a median
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of 3.7 weeks [IQR 3.1-4.7] after infection, to evaluate the inflammatory profile during

recovery from COVID-19. This group served as the main control group for MIS-C.

The KD group included 15 pediatric patients. Samples were collected before treatment
initiation and before the SARS-CoV-2 pandemic. This allowed the KD cohort to be used
as a non-SARS-CoV-2-related inflammatory comparator and reduced the possibility of
diagnostic overlap with MIS-C. KD diagnosis was confirmed according to the American

Heart Association classification criteria in effect at the time of patient enrollment'®.

The SD group included 8 patients sampled between 2015 and 2024. Samples were
obtained at first disease onset, before the initiation of biological therapy. All patients
fulfilled the International League of Associations for Rheumatology classification

criteria for systemic juvenile idiopathic arthritis™®.

The HC group included 15 children between 2 and 13 years of age. Samples were
collected before the SARS-CoV-2 pandemic to exclude potential post-infectious or
MIS-C-related immune alterations. This group served as the control population for

comparison with KD and SD.

Overall, the inclusion of pre-treatment samples across disease cohorts minimized the
potential confounding effect of immunomodulatory therapies and supported the
comparative analysis of disease-specific inflammatory signatures. The longitudinal
MIS-C samples further allowed assessment of the durability and potential long-term

consequences of the inflammatory response after MIS-C.

2. Total antibody quantification

Total antibody isotype and subclass levels were measured in serum samples using the
ProcartaPlex™ Human Antibody Isotyping Panel 7-Plex (Thermo Fisher Scientific), a
Luminex/xMAP-based multiplex assay. We quantified seven circulating antibody

isotypes and subclasses: 1I8G1, 1gG2, 18G3, 1gG4, IgA, IgE, and IgM.

A total of 79 serum samples were included in this analysis: 17 CC samples, 21 acute

MIS-C samples, 15 healthy controls, and 15 KD samples.
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Serum samples were thawed on ice, mixed thoroughly, and centrifuged to remove
particulates. Samples were then diluted in Universal Assay Buffer according to the
manufacturer’s instructions. Diluted serum samples were incubated with magnetic
capture beads specific to each antibody isotype or subclass. After washing, the
detection antibody mix was added, followed by streptavidin-phycoerythrin (PE). The
beads were then resuspended in reading buffer, and fluorescence was acquired using

a Luminex 100/200 xMAP-compatible instrument.

Data was analyzed using xPONENT software 3.1. Antibody concentrations were
calculated from standard curves generated with the supplied isotyping standard mix.
Median fluorescence intensity values were interpolated using a 5-parameter logistic
regression curve, and the concentration of each immunoglobulin isotype or subclass

was reported as pg/mL.

Values below the lower limit of quantification were reported as below the LLOQ, and
values above the upper limit of quantification were reported as above the ULOQ. The
assay-specific LLOQ and ULOQ values were defined separately for each
immunoglobulin isotype or subclass. When values could not be accurately quantified

at the primary dilution, the second dilution was used when available.

3. Neutralization activity

The neutralizing activity of serum samples from MIS-C patients and COVID-19 controls
was determined using a human immunodeficiency virus type 1 (HIV-1)-based
luciferase reporter pseudoviruses expressing the SARS-CoV-2 spike protein, as

previously described by Trinité et al**® and Pradenas et al®*4.

Pseudoviruses were produced by co-transfecting Expi293F cells with the pNL4-3 LucR-
E- HIV-1-based luciferase reporter plasmid and SARS-CoV-2 SctA19 spike expression
plasmids corresponding to the ancestral D614G and the Alpha, Beta, Delta, Omicron
BA.1. Control pseudoviruses were generated by replacing the SARS-CoV-2 spike
expression plasmid with a VSV-G expression plasmid. Transfections were performed

using ExpiFectamine 293 Reagent. Supernatants were harvested 72 hours after
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transfection, filtered through a 0.45 pm filter, aliquoted, and stored at -80°C until use.

Pseudoviruses were titrated on HEK293T cells overexpressing human ACE2.

Neutralization assay was performed in duplicate in 96-well cell culture plates. Three-
fold serial dilutions of heat-inactivated serum samples, ranging from 1:60 to 1:14,580,
were incubated with 200 TCID50 of pseudovirus for 1 hour at 37°C. Then, 1 x 10* hACE2
expressing HEK293T cells, treated with Diethylaminoethyl-Dextran, were added to

each well.
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Figure 23. Schematic overview of the neutralization assay. Serially diluted serum samples
were incubated with SARS-CoV-2 spike-pseudotyped viruses representing different variants.
Neutralizing antibodies block pseudovirus entry into target cells, reducing luciferase signal.
Neutralization activity was expressed as the reciprocal serum dilution inhibiting 50% of
infection (ID50). Created with BioRender.

After 48 hours of incubation, luciferase activity was measured using BriteLite Plus
Luciferase reagent and an EnSight Multimode Plate Reader. Neutralization values were
normalized, and the ID50, defined as the reciprocal serum dilution inhibiting 50% of
infection, were calculated by fitting the log-transformed serum dilution versus
response curve using a four-parameter logistic equation in Prism 8.4.3. The lower and

upper limits of detection were 60 and 14,580 (corresponding to first and last serum

dilution), respectively.

Neutralizing activity against D614G and the three variants of concern were assessed in
the initial cohort, including 22 MIS-C patients sampled at two time points (11 samples
from 2-month follow up and 15 samples from 18-month follow-up) and 18 COVID-19

controls, corresponding to 66 serum samples.
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4. Measurement of antigen-specific antibodies

Antigen-specific humoral responses were measured using a multiplex bead-based
Luminex assay following previous work by Dobafio and colleagues?®®. IgG, IgG
subclasses, IgM, IgA, and IgA subclasses were quantified using antigen-coated

magnetic microspheres and FlexMap 3D technology (Figure 24).

SARS-CoV-2 target antigens included: SARS-CoV-2 2*RBD proteins obtained from the
Krammer laboratory; full S and N proteins produced in-house 24°; SARS-CoV-2 S1
(GenScript Biotech) and S2 proteins (Sino Biologicals)?*®, SARS-CoV-2 S1+S2
(SinoBiologicals)?*6. HCoV target antigens included: N proteins of HCoV-229E, NL63,
0C43, and HKU1 produced and purified in house?*; HCoV-NL63 S1+S2 (40604-V08B),
HCoV-229E S1+S2 (40605-V08B), HCoV-OC43 S1+S2 (40607-V08B), and HCoV-HKU1
S1+S2 (40606-V08B) were purchased from Sino Biological. EBV target antigens
included: VCAp18 and ZEBRA produced in house as previously described by Aguilar at

a l247 .

Two experiments were performed. The first assay included SARS-CoV-2 antigens and
seasonal human coronavirus antigens. For SARS-CoV-2, antibody responses were
measured against S, S1, S2, RBD against ancestral strain. RBD variants correspond to
WUH1, Alpha, Delta, and Omicron BA.1. In addition, N antigen was included for the
measurement of IgG, IgA, and IgM responses. For seasonalhuman coronaviruses, total
IgG responses were measured against 229E, NL63, OC43, and HKU1. A total of 70
serum samples were analyzed: 18 CC controls, 22 acute MIS-C samples, 15 MIS-C

samples collected at 18-month follow-up, and 4 HC.

A second experiment assessed antigen-specific antibody responses against SARS-
CoV-2, seasonal coronaviruses 229E, NL63, OC43, and HKU1. Responses to S1+S2
and N antigens were measured for 1gG, IgA, IgM, 1gG1-4, and IgA1-2. EBV-specific
responses were also assessed against ZEBRA and VCAp18 antigens. It included a total
of 80 serum samples: 18 CC controls, 21 acute MIS-C samples, 11 MIS-C samples

collected at 2-month follow-up, 15 HC, and 15 KD samples.

Each assay plate included positive controls consisting of an 8-point, three-fold serial

dilution prepared from a pool of positive samples. In addition, controls from the
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National Institute for Biological Standards and Control (NIBSC, UK) were included on
each plate. Both the positive control and NIBSC control curves were used to monitor

assay quality and inter-plate performance.

PE
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Figure 24. Multiplex Luminex assay for measurement of antigen-specific antibodies.
Pre-diluted serum samples were incubated with multiplex antigen-coated magnetic beads,
with each bead region corresponding to a specific viral antigen. After binding of antigen-
specific antibodies, PE-conjugated secondary antibodies were added to detect the
corresponding antibody class or subclass. Beads were then acquired on a FlexMAP 3D
instrument, and antibody reactivity was reported as MFI. Created with BioRender.

Serum samples were pre-diluted according to the antibody class or subclass to be
measured. ForIgG and IgG subclasses, test samples were pre-diluted at 1:50and 1:10,
respectively, and then further diluted 10-fold in the assay plate, resulting in final
dilutions of 1:500 for 1gG and 1:100 for 1gG subclasses. For IgM, IgA, and IgA
subclasses, samples were pre-diluted at 1:10 in anti-human IgG depletion reagent to
remove IgG and reduce potential interference. The final dilution was 1:500 for IgM and

IgA, and 1:25 for IgA1 and IgA2 subclasses.

Pre-diluted serum samples and controls were incubated with the multiplex bead
solution for 1 hour at room temperature with shaking at 600 rpm, allowing antigen-
specific antibodies present in the samples to bind to their corresponding antigens
(Figure 24). After incubation, the plates were washed three times with PBS containing
0.05% Tween-20 using a magnetic plate washer to remove unbound antibodies and

serum components.

Bound antibodies were then detected using phycoerythrin-conjugated secondary
antibodies specific for human IgG, IgA, I1gM, I1gG subclasses, or IgA subclasses. Plates
were incubated with the secondary antibody solution for 30 minutes at room

temperature with shaking at 600 rpm, followed by three additional washing steps.
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Finally, beads were resuspended in 100 pL of Luminex buffer per well and shaken for 2

minutes at 600 rpm before acquisition on a FlexMap/Luminex instrument.

The instrument identified each bead region and quantified the phycoerythrin
fluorescence signal associated with each antigen-antibody interaction. Antibody
reactivity was reported as median fluorescence intensity (MFI) and used to compare

antigen-specific humoralimmune profiles between study groups.

5. Proteomic analysis of inflammatory biomarkers

The circulating inflammatory protein profile was analyzed in non-inactivated serum
samples using the Olink multiplex platform (Olink Proteomics AB, Uppsala, Sweden).

Five study groups were included: MIS-C, CC, HC, KD, and SD.

Inflammatory biomarkers were measured using the Olink Target 96 Inflammation
panel, which includes 92 inflammation-related proteins and four internal controls. The
assay is based on proximity extension assay (PEA) technology. During the incubation
step, pairs of oligonucleotide-labelled antibodies bind to their respective target
proteins in the samples. When both antibodies bind the same specific target protein
in close proximity, the attached oligonucleotides hybridize and are extended by DNA
polymerase, generating a unique DNA reporter sequence. This DNA barcode is then
pre-amplified and quantified by high-throughput gPCR. The resulting signal reflects

the relative abundance of each target protein.

Two Olink experiments were performed. The first experiment focused on MIS-C and
CC samples, including longitudinal MIS-C samples, to characterize the inflammatory
profile of MIS-C and evaluate its evolution over time. The second experiment included
acute MIS-C, CC, HC, KD, and SD samples, allowing comparison of MIS-C with other
pediatric inflammatory and hyperinflammatory conditions. Samples were prepared
according to the manufacturer’s standard protocol (Figure 25)**%. Serum samples
were incubated with antibody probe pairs targeting inflammation-associated proteins.
After oligonucleotide hybridization, DNA extension, pre-amplification, and gqPCR
detection, the generated signals were normalized using Olink’s built-in quality control

system. Internal controls were used to monitor technical performance across the main
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assay steps, including incubation, extension, and amplification/detection. External
controls, including external sample controls, negative controls, and inter-plate
controls, were used to assess background signal, plate-to-plate variability, and overall

assay performance.

qPCR readout 96
assays simultaneously

Detection of barcodes
and loaded onto the
microfluidic chip ~

/3 !!
D

Matched antibodies with

DNA-tags bind to protein

Figure 25. Principle of the Olink proximity extension assay (PEA). Antibody pairs labelled
with DNA tags bind the target protein, allowing oligonucleotide hybridization and extension
when in proximity. The generated DNA reporter sequence is subsequently amplified and
detected by microfluidic gPCR. Adapted from Olink Proteomics**®24° and created with
BioRender.com.

Protein expression values were reported as Normalized Protein eXpression (NPX)
values on a log2 scale, where higher NPX values correspond to higher relative protein
abundance. NPX is a relative quantification unit derived from qPCR Ct values after
normalization and is specific to each protein assay. Therefore, NPX values allow

comparison of relative protein abundance across samples for the same protein but do

not represent absolute protein concentrations.

In total, 103 non-inactivated serum samples were tested. The Olink assay was
performed at the Immune Response and Biomarkers Core Facility at ISGlobal,

Barcelona, Spain.

6. Statistical analysis

Analysis was performed with GraphPad Prism (Version 10.4, Graphpad Software, La
Jolla, CA) and R (version 4.3.2).

Random Forest analysis was used to identify variables with the strongest
discriminatory capacity between groups. This approach was applied to humoral

response data to distinguish MIS-C patients from CC, as well as KD patients from HC.
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Random Forest analysis was also used to identify inflammatory biomarkers that best
differentiated MIS-C from CC and biomarkers associated with severe disease. Feature
selection was based on the Mean Decrease Gini importance scores. Variables were
ranked according to their importance, and biomarkers were retained up to the first
major inflection point (elbow) in the ranked importance curve, thereby preserving the
variables contributing most strongly to model discrimination. Model performance was
evaluated using out-of-bag (OOB) predictions generated from bootstrap samples. OOB
accuracy and the OOB confusion matrix, including class-specific error rates, were
extracted to assess the discriminative performance. Additionally, stratified analysis by
sex was performed to assess potential differences in biomarker behavior across male

and female patients.

For humoral response analyses, differences between MIS-C and CC were assessed
using the Mann-Whitney test for each antibody subtype. For antibody responses
against common cold coronaviruses and Epstein—-Barr virus, multiple-group
comparisons were performed using the Kruskal-Wallis test followed by Dunn’s

multiple comparison test. All tests were unpaired and non-parametric.

Group differences based on the selected variables by RF were visualized through
heatmaps and hierarchical clustering was applied to both variables and patients to
reveal patterns of similarity. Using GraphPad Prism, the levels of MIS-C patients were
compared according to their severity, alongside the CC group, and non-parametric
comparison tests (Kruskal-Wallis with Dunn’s multiple comparison test) were

performed.

To reveal associations between cytokines and clinical markers, a discovery process
was performed using linear regression models for each cytokine and each clinical
marker, and p-values were adjusted for multiple comparisons using the Benjamini-
Hochberg false discovery rate (FDR). Significant associations were then re-evaluated

by adjusting for sex and age to account for potential confounding effects.

Protein-protein interaction network analysis was performed using the STRING
database. Only high-confidence interactions, defined as an interaction score of 0.9,

were included in the network analysis.
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Comparisons of demographic characteristics, clinical symptoms, and other clinical
parameters between groups were performed using non-parametric tests. Continuous
variables were compared using the Mann-Whitney U test and are presented as median
and interquartile range. Categorical variables, including symptom frequency and
percentages, were compared using the chi-square or Fisher's exact test, as
appropriate, and are presented as number and percentage. A p-value < 0.05 was

considered statistically significant.
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1. Cohort description

The initial study cohort included 22 patients diagnosed with MIS-C and a control group
of 17 CC. Importantly, both groups were sampled at a comparable time after acute
SARS-CoV-2 infection, with a median of 5.5 weeks [IQR: 3.1-7.8] in the MIS-C group
and 3.7 weeks [IQR: 3.1-4.7] in the CC group. This indicates that both groups
represented a similar post-infectious timepoint. However, while children in the CC
group recovered without developing inflammatory complications, patients in the MIS-

C group developed a delayed multisystem inflammatory syndrome.

For the comparative inflammatory biomarker analysis, MIS-C patients were compared
with two pediatric hyperinflammatory disease cohorts: pre-pandemic 15 patients with
KD and 8 patients with SD. The use of a pre-pandemic KD cohort allowed KD to serve
as a non-SARS-CoV-2-related inflammatory comparator, minimizing potential
diagnostic overlap with MIS-C. Pre-pandemic HC (n=15) served as the control group
for KD and SD groups. This comparison allowed us to evaluate whether MIS-C shares
inflammatory features with other pediatric hyperinflammatory diseases or presents a

distinct biomarker signature.

1.1. Convalescent COVID-19

CC participants were diagnosed with SARS-CoV-2 infection by RT-qPCR during acute
infection and samples were obtained 3.7 [3.1-4.7] (median [IQR]) weeks after COVID-
19 diagnosis (Figure 22). Clinically, at the time of acute SARS-CoV2 infection, 22%
reported respiratory symptoms, 17% gastrointestinal symptoms, and 28%
neurological symptoms (headache), all of them were mild. At the time of sample
collection and analysis, all CC tested negative by RT-gPCR. Infection was
subsequently confirmed by anti-nucleocapsid protein serology. Blood analyses

showed no significant abnormalities.

CC had a median age of 9.9 years, and females represented 50% of the group. Anti-
SARS-CoV-2 IgG positivity was observed in 82% CC, which was significantly lower than
in MIS-C patients. RT-pPCR positivity at sampling and anti-SARS-CoV-2 IgM positivity
were not significantly different between groups. Overall, demographic characteristics,

including age and sex distribution, were comparable between MIS-C patients and CC
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(Table 3). Laboratory parameters showed clear differences between MIS-C patients

and CC (Table 3).

1.2. Participants COVID-19 onset distribution

First, we evaluated the distribution of the SARS-CoV-2 infections in study participants
across the different pandemic waves from March 2020 to March 2022. For CC patients,
we analyzed the actual reported acute COVID-19 disease onset dates. For MIS-C
patients we estimated the theoretical date of acute COVID-19 onset by subtracting 5
weeks from the MIS-C onset date, reflecting the typical delay between SARS-CoV-2
infection and MIS-C presentation. MIS-C participants were infected during several
different waves including Pre-Alpha, Alpha, Delta, and early Omicron circulation. On
the other hand, CC participants were almost all exclusively infected during the early
pre-Alpha period at the beginning of the pandemic, except for one child infected during
the Delta wave (Figure 26). Probably because, early in the pandemic, during the most
uncertain times, parents were more willing to let their children participate in clinical

studies. Later, it became much more difficult to enroll healthy children.
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Figure 26. Distribution of CC and MIS-C sample infection timing in relation to SARS-CoV-
2 variant circulation. Colored bars show the circulation of SARS-CoV-2 variants from March
2020 to February 2022. Black dots indicate acute onset dates of CC. Red dots indicate
estimated SARS-CoV-2 infection dates for MIS-C patients, calculated by subtracting 5 weeks
from MIS-C onset. The figure shows that samples were distributed across different pandemic
waves and variant periods.
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1.3. Healthy children participants

The healthy control group consisted of 15 children, aged between 2 and 13 years, with
females representing 47% of the group (Figure 22 and Table 5). Because samples were
collected before the SARS-CoV-2 pandemic, this group provided a baseline control
population without potential SARS-CoV-2-related immune alterations. HC were also

used as the reference group for comparisons with KD and SD.

1.4. MIS-C participants

The study included a total of 22 MIS-C patients, with a median age of 7.5 years, and
females represented 45% of the group. MIS-C cases were identified 5.5 [3.1-7.8] weeks
after COVID-19 diagnosis, which was slightly later than in CC children, although this
difference was not statistically significant (Table 3 and Figure 22). All MIS-C patients
were positive for anti-SARS-CoV-2 IgG, and two patients (9%) had a positive RT-qPCR
test at the time of MIS-C onset. Anti-SARS-CoV-2 IgM positivity was not significantly

different compared with CC.

Clinical inflammatory markers were markedly elevated in MIS-C patients. All patients
showed increased C-reactive protein (CRP) and D-dimer levels, while 86% had
elevated procalcitonin levels, 91% had elevated ferritin levels, and 59% had low
platelet counts. MIS-C patients also showed signs of liver and tissue injury, with
elevated lactate dehydrogenase (LDH) levels observed in 81% of cases. Increased
alanine aminotransferase (ALT) was present in 45% of patients, whereas aspartate

aminotransferase (AST) elevation was less frequent, occurring in 23% of cases.

Most MIS-C patients experienced involvement of at least three organ systems. The
most affected systems were gastrointestinal (95%), hematological (86%), and
mucocutaneous (83%). Gastrointestinal involvement was observed in 95% of MIS-C
patients and was mainly characterized by abdominal pain, diarrhea, and/or vomiting.
Hematological involvement characterized mainly by thrombocytopenia and
lymphopenia, with median platelet counts of 115 x10%/pL [IQR: 103-212] and
lymphocyte counts of 800/uL [IQR: 500-1225]. Mucocutaneous involvement included
bilateral conjunctivitis, oral mucosal changes, peripheral extremity changes,

polymorphous rash, and lymphadenopathy. Bilateral conjunctivitis was the most
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common feature, present in 77% of MIS-C patients, followed by polymorphous rash
(59%), oral mucosal changes (27%), peripheral extremity changes (18%), and

lymphadenopathy (14%).

MIS-C Convalescent- p-value®
(n=22) COVID-19
(n=17)
Demographics
Age (years), Median [IQR] 7.5[4.8-9.9] 9.9[5.8-14.5] 0.0907
Female sex at birth, n (%) 10 (45%) 9 (50%) 0.6428
Ethnicity, n (%)
Caucasian Spanish 10 (45%) 9 (50%)
Latin American 6 (27%) 8 (44%)
Romani 3 (14%) 1 (6%)
North African 2 (9%)
Eastern Europe 1 (5%)
COVID-19
Period from COVID-19 diagnosis to 5.5[3.1-7.8] 3.8[3.1-4.7] 0.0875
sampling (weeks), Median [IQR]
Positive SARS-CoV-2 RT-pCR at 2 (9%) 0 0.2018
sampling, n (%)
Positive anti-SARS-CoV-2 IgG, n (%) 22 (100%) 14 (82%) 0.0403
Positive anti-SARS-CoV-2 IgM, n (%) 8 (36%) 5(28%) 0.6479
COVID-19 vaccination, n (%) 3 (14%) 0 0.0728
MIS-C symptoms & diagnosis
Fever duration (days), Median [IQR] 5.0[4.0-6.0] n.a.
Respiratory symptoms, n (%) 7 (32%) n.a.
Gastrointestinal symptoms, n (%) 21 (95%) n.a.
Neurologic symptoms, n (%) 13 (59%) n.a.
Bilateral conjunctivitis, n (%) 17 (77%) n.a.
Oral/pharynx erythema), n (%) 6 (27%) n.a.
Peripheral extremity changes, n (%) 4 (18%) n.a.
Polymorphous rash, n (%) 13 (59%) n.a.
Lymphadenopathy, n (%) 3 (14%) n.a.
Cardiological complications, n (%) 10 (45%) n.a.
Hb (g/dL), Median [IQR] 12 [11-13] 13[13-14] 0.0003
Platelets (x10%/pL), Median [IQR] 115[103-212] 294 [274-368] <0.0001
Leukocytes (x10°% pL), Median [IQR] 7.85[5.5-11.8] 8.1[6.0-10.2] 0.9088
Lymphocytes (/pL), Median [IQR] 800 [500-1225] 3200 [2100-4200] <0.0001
Neutrophils (/pL), Median [IQR] 4850 [3850-6875] 3500 [2700-3900] 0.0083
CRP (mg/dL), Median [IQR] 193[127-241] 0.45[0.2-1.3] <0.0001
Procalcitonin (ng/mL), Median [IQR] 3.7[1.6-11] 0.01[0.002-0.02] <0.0001
ALT (U/L), Median [IQR] 33[17-75] 15[11-19] 0.0003
AST (U/L), Median [IQR] 39 [31-54] 26 [17-29] <0.0001
LDG (U/L), Median [IQR] 662 [530-727] 537 [452-635] 0.0156

AMann-Whitney test for continuous variables and Chi square test for percentages.

IQR, interquartile range; Hb, hemoglobin; CRP, C-reactive protein; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; LDG, lactate dehydrogenase.

Table 3. Demographic, clinical, and laboratory characteristics of MIS-C patients and CC
participants.
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Cardiovascular involvement was observed in 10 patients (45%, Table 3 ): 7 of them
developed myocarditis, 2 had pericarditis, and 3 were diagnosed with valve

dysfunction. Importantly, no cases of coronary artery aneurysms were identified.

Most patients (21 out of 22, 95%) received a single dose of IVIG (Table 3). All patients
were treated with intravenous corticosteroids and anticoagulation therapy. All MIS-C
patients received intravenous antibiotic therapy during hospitalization. The most
administered antibiotic was ceftriaxone, used in 82% of patients, followed by
cefotaxime in 14% and piperacillin-tazobactam in 9%. Patient M12 received combined
treatment with piperacillin-tazobactam and ceftriaxone due to appendicitis. The

median [IQR] hospital stay was 7.5 [5.0 - 10.0] days.

The MIS-C cohort was divided into two subgroups: the ICU-admitted group (n=12,
55%), who required intensive care due to severe symptoms, and the non-ICU-admitted

group (n=10), who were managed in the general inpatient department.

ICU-admitted patients showed a more severe clinical phenotype than non-ICU
patients (Table 4). They had a significantly higher number of organ system
involvements, with a median of 4.5 [IQR: 4-5] compared with 3 [IQR: 3-4] in the non-
ICU group. Shock was observed in 92% of ICU-admitted patients and in none of the
non-ICU patients. Cardiac involvement was also more frequent in the ICU group (67%
vs. 20%) and was reflected by significantly higher NT-proBNP levels (6556 [IQR: 3583-
12317] ng/L vs. 263 [IQR: 203-3011] ng/L).

ICU-admitted patients showed more pronounced hematological, inflammatory, and
tissue injury alterations than non-ICU patients (Table 4). Hematological involvement
was more frequent in the ICU group, affecting 100% of ICU-admitted patients
compared with 70% of non-ICU patients. This was supported by significantly lower
platelet counts in ICU patients (p < 0.05). Inflammatory markers were also increased
in ICU-admitted patients, including higher procalcitonin (p < 0.05, Table 4Table 4 ).
Finally, ICU patients showed higher markers of tissue and liver injury, with significantly
increased AST (44 U/L[IQR: 39-93]vs. 34 U/L[IQR: 26-39]) and LDH (700 U/L[IQR: 628-
758] vs. 566 U/L [IQR: 475-680]). ICU admission was also associated with a longer
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hospital stay. ICU-admitted patients stayed in hospital for a median of 9.5 days [IQR:

6.3-10.0], compared with 5.5 days [IQR: 4.0-8.3] in non-ICU patients.

Demographics

Age (years), Median [IQR]
Female sex at birth, n (%)
MIS-C symptoms & diagnosis®
OSI hematological, n (%)

OSI mucocutaneous, n (%)

OSI musculoeskeletal, n (%)

OSl cardiac, n (%)

OSlI neurological, n (%)

OSl respiratory, n (%)

OSl renal, n (%)

OSIl gastrointestinal, n (%)
Number of OSls (total), Median [IQR]
Shock, n (%)
Treatment and outcomes

IVIG treatment

IVIG repeated course
Corticosteroids

Anticoagulation therapy

Stay in hospital, days
Laboratory data

Hb(g/dL), Median [IQR]

Platelets (x10%/ pL), Median [IQR]
Leukocytes (x10%/pL), Median [IQR]
Lymphocytes (/pL), Median [IQR]
Neutrophils (/pL), Median [IQR]
CRP (mg/dL), Median [IQR]
D-Dimer (ng/ml), Median [IQR]
Procalcitonin (ng/mL), Median [IQR]
Ferritin (microg/L), Median [IQR]
NT-proBNP (ng/L), Median [IQR]
Troponin | (ng/ml), Median [IQR]
ALT (U/L), Median [IQR]

AST (U/L), Median [IQR]

LDG (U/L), Median [IQR]
Albumin (g/dL), Median [IQR]

ICU-admitted
(n=12)

7.8[6.9-12.05]
3 (25%)

12 (100%)
9 (75%)
0
8 (67%)
8 (67%)
4 (33%)
0
12 (100%)
4.5[4-5]
11 (92%)

12
0
12 (100%)
12 (100%)
9.5[6.3-10.0]

11.8[10.2-12.9]
108 [96-138]
7.15[4.825-13.65]
800 [325-1150]
4100 [3100-9100]
223[148-251]
5850 [2393-18633]
7.5[2.9-41.5]
941[379-1204]
6556 [3583-12317]
0.018[0.01-0.84]
39 [23-95]
44[39-93]
700 [628-758]
4.5[4-5]

Non-ICU-admitted
(n=10)

6.1[3.5-9.8]
7 (70%)

7 (70%)
9(90%)
0
2 (20%)
5 (50%)
3 (30%)
0
9 (90%)
3[3-4]
0

9 (90%)
0
10 (100%)
10 (100%)
5.5[4.0 - 8.3]

12[11.3-12.7]
207 [108-262]
8.15[6.35-9.475]
1050 [500-2175]
5350 [4250-6800]
151[107-229]
3520 [2310-4405]
2.3[0.24-4.5]
376 [232-590]
263[203-3011]
0.008[0.001-0.023]
21 [14-43]
34 [26-39]
566 [475-680]
3.8[3-4]

p-value?

0.1970
0.0348

0.0412
0.1052

0.0286
0.4285
>0.9999

0.2622
0.0167
<0.0001

0.2622

0.0272

0.8085
0.0358
0.7846
0.2076
0.5711
0.1072
0.1932
0.0249
0.0345
0.0023
0.0736
0.0716
0.0237
0.0358
0.0517

AMann-Whitney test for continuous variables and Chi square test for percentages.

B Organ System Involvement (OSI) was defined from the following specific symptoms: Hematological
(platelets <150,000/pL or ALC <1,000/pL), Mucocutaneous (rash, conjunctivitis, oral changes, or hand
erythema/edema), Musculoskeletal (myalgia, arthralgia, or myositis), Cardiac (LVEF <55%, coronary
changes, or elevated troponin), Neurologic (altered mental status, headache, weakness, or
paresthesia), Respiratory (need for oxygen, lower respiratory infection, chest x-ray infiltrates, effusion,
bronchospasm, or hemorrhage), Renal (acute kidney injury or renal replacement therapy),
Gastrointestinal (abdominal pain, vomiting, or diarrhea). IQR, interquartile range; Hb, hemoglobin; CRP,
C-reactive protein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDG, lactate
dehydrogenase.

Table 4. Comparison of clinical features and inflammatory biomarkers between ICU- and

non-ICU-admitted MIS-C patients.
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Longitudinal follow-up samples were available for a subgroup of MIS-C patients.
Eleven patients had samples collected at the 2-month follow-up, while 15 patients had
samples available at the 18-month follow-up (Figure 22). All cardiological
complications developed during the acute phase of MIS-C resolved over time, and by
the 18-month follow-up, no alterations of cardiac function were observed. Most
patients with 2-month samples also had paired 18-month samples, although several
patients had only 18-month follow-up samples available. During follow-up, three
patients (M02, M04, and M14) received COVID-19 vaccination. Additionally, evidence
of subsequent SARS-CoV-2 infection or household exposure before the 18-month

follow-up was documented in three patients (M02, M05, and M12).

1.5. Kawasaki disease participants

The KD cohort included 15 pre-pandemic pediatric patients, allowing KD to serve as a
non-SARS-CoV-2 inflammatory comparator and reducing the possibility of diagnostic
overlap with MIS-C. Diagnosis of KD was confirmed based on the American Heart
Association classification criteria in effect at the time of patient enrollment'*®. KD
patients were younger than MIS-C patients, with a median age of 2 years [IQR: 2-4],
compared with 7.5 years [IQR: 4.8-9.9] in the MIS-C group (Figure 22 and Table 5).

Clinically, KD patients showed prominent mucocutaneous and cardiac involvement.
Mucocutaneous involvement was observed in 100% of KD patients, while cardiac
involvement was present in 67%. Despite frequent cardiac involvement in the KD
cohort, no patients developed coronary artery aneurysms. Gastrointestinal
involvement was less frequent in KD than in MIS-C, affecting 40% of KD patients
compared with 95% of MIS-C patients. Neurological involvement was also less

common in KD, occurring in 7% of patients compared with 59% in MIS-C.

All KD patients fulfilled diagnostic criteria for KD?33. Among them, 46% (n = 7) had
complete KD, 27% (n=4) had incomplete KD, and 27% (n = 4) presented with KD shock

syndrome.

Laboratory findings showed that KD patients had higher platelet counts than MIS-C
patients, with a median of 386 x10%/pL [IQR: 294-457], while MIS-C patients showed

thrombocytopenia. Inflammatory markers were elevated in KD, including CRP with a
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median of 152 mg/dL [IQR: 67.7-221.9], but procalcitonin levels were lower than in

MIS-C. NT-proBNP was also increased in KD, although levels were lower than in MIS-C.

Regarding treatment, all KD patients received IVIG and anticoagulation therapy, while
47% received corticosteroids. Only one KD patient received anti-IL-1 therapy. ICU
admission was less frequent in KD than in MIS-C, occurring in 20% of KD patients

compared with 55% of MIS-C patients.

1.6. Still disease participants

The SD cohort included 8 pediatric patients. These patients were older than both MIS-
C and KD patients, with a median age of 14 years [IQR: 12.5-15]. Females represented
37.5% of the SD group (Table 5).

Clinically, SD patients showed a different pattern of organ involvement compared with
MIS-C and KD. Fever duration was longer in SD, with a median of 14 days [IQR: 14-14],
compared with 5 days in MIS-C and 6 days in KD. Musculoskeletal involvement was
one of the main features of SD, present in 75% of patients, while it was absent in MIS-
C and rare in KD. Mucocutaneous involvement was also frequent in SD, affecting 75%
of patients. Cardiac involvement was less frequent in SD (25%) than in KD (67%) and

MIS-C (45%). SD is presented with prolonged fever and less severe organ dysfunction.

Laboratory findings showed that SD patients had strong systemic inflammation, with
elevated CRP and particularly high ferritin levels. Ferritin was highest in the SD group,
with a median of 2051 pg/L [IQR: 697-8982], compared with 574.5 pg/L in MIS-C and
221 pg/L in KD (Table 5). Platelet counts were also higher in SD than in MIS-C,

contrasting with the thrombocytopenia observed in MIS-C.

Using the 2016 EULAR/ACR/PRINTO classification criteria for MAS in SD, MAS was
assessed based on ferritin elevation together with cytopenia, increased AST,
hypertriglyceridemia, and/or hypofibrinogenemia®®. In our cohort, only one Still
disease patient, SD8, fulfilled criteria for confirmed MAS. No additional MAS cases

were identified in the remaining cohorts.
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HC
(n=15)
Demographics
Age (years), Median [IQR] 5.1
[3.6-
11.6]
Female sex at birth, n (%) 7
(47%)

Ethnicity, n (%)
Caucasian Spanish
Latin American
Romani
North African
Eastern Europe
Asian
Indian

Symptoms

Fever duration

Median [IQR]

Laboratory data

Hb (g/dL), Median [IQR]

(days),

Platelets (x103/uL), Median
[IQR]
Leukocytes
Median [IQR]
Lymphocytes (/pL), Median
[IQR]
Neutrophils
[IQR]

(x103/ L),

(/ul), Median

CRP (mg/dL), Median [IQR]

Procalcitonin
Median [IQR]
ALT (U/L), Median [IQR]

(ng/mL),

AST (U/L), Median [IQR]
LDG (U/L), Median [IQR]

Ferritin (microg/L), Median
[IQR]

Albumin (g/dL), Median
[IQR]
NT-proBNP (ng/L), Median
[IQR]

Organ system involvement®

OSI hematological, n (%)
OSI mucocutaneous, n (%)
OSI musculoeskeletal, n (%)

OSl cardiac, n (%)

OSl neurological, n (%)
OSl respiratory, n (%)

CC
(n=17)

9.9
[5.8-14.5]

9 (50%)

9 (50%)
8 (44%)
1 (6%)

13
[13-14]
294
[274-368]
8.1
[6.0-10.2]
3200
[2100-4200]
3500
[2700-3900]

0.45
[0.2-1.3]
0.01
[0.002-0.02]
15
[11-19]
26
[17-29]
537
[452-635]
n.a.

MIS-C
(n=22)

7.5
[4.8-9.9]

10 (45%)

10 (45%)
6 (27%)
3 (14%)
2 (9%)
1 (5%)

5.0
[4.0-6.0]

12
[11-13]
115
[103-212]
7.85
[5.5-11.8]
800
[500-1225]
4850
[3850-6875]

193
[127-241]
3.7[1.6-11]

33
[17-75]
39
[31-54]
662
[530-727]
574.5
[286-1096]

3.5
[2.5-3.9]
3442
[310-8449]

19 (86%)
18 (82%)
0
10 (45%)
13 (59%)
7 (32%)

KD
(n=15)

2
[2-4]

5 (33%)

10 (67%)
2 (13%)

2 (13%)

1 (7%)

6.0
[4.0-8.0]

10.9
[10-11.6]
386
[294-457]
n.a.

3300
[1800-6400]
10528
[5100-
13600]
152
[67.7-221.9]
1.25
[0.5-3.09]
38
[14-109]
30
[18-43]
554
[487-845]
221
[173.4-
435.8]
3.5
[2.9-3.9]
1326
[552-4126]

5 (33%)
15 (100%)
1(7%)
10 (67%)
1 (7%)
3 (20%)

SD
(n=8)

14
[12.25-15]

3(37.5 %)

4 (50%)

1(12,5 %)

3(37.5%)

14
[14-14]

11
[9.5-12]
388.5
[249-437]
n.a.

2000 [1000-
2100]
10700
[6300-
19500]

148

[51.7-313.7]

n.a.

28
[16.7-44.5]
39.5
[22-57]
477.5
[368-1015]
2051
[697-8982]

3.3
[3.1-3.8]
n.a.

1(12.5%)

6 (75%)

6 (75%)

2 (25%)
0

2 (25%)

p-
value®

0,0126

0,9276

0,0291

<0,0001

0,0268

<0,0001

<0,0001

0,0116

0,5043

<0,0001

0,9266

0,1507

0,6811

0,0022

0,8343

0,0384

<0,0001
0,1101

<0,0001
0,1538
0,0002
0,8239
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OSl renal, n (%) 0 0 0

OSl gastrointestinal, n (%) 21 (95%) 6 (40%) 2 (25%) <0,0001
Number of OSlIs (total), 4[3-5] 3[2-3] 2[2-3]

Median [IQR]

Shock, n (%) 11 (50%) 4 (27%) n.a. 0,0276
ICU, n (%) 12 (55%) 3 (20%) n.a. 0,0063
Treatment and outcomes

IVIG treatment 21 (95%) 15 (100%) n.a. <0,0001
IVIG repeated course 0 1(7%) n.a. 0,5111
Corticosteroids 22 (100%) 7 (47%) 5 (63%) 0,0001
Anticoagulation therapy 22 (100%) 15 (100%) n.a.

IL-1 n.a n.a. 3 (38%)

AFisher “s exact test for percentages and Kruskal-Wallis test for continuous variables.

B Organ System Involvement (OSI) was defined from the following specific symptoms: Hematological
(platelets <150,000/pL or ALC <1,000/pL), Mucocutaneous (rash, conjunctivitis, oral changes, or hand
erythema/edema), Musculoskeletal (myalgia, arthralgia, or myositis), Cardiac (LVEF <55%, coronary
changes, or elevated troponin), Neurologic (altered mental status, headache, weakness, or
paresthesia), Respiratory (need for oxygen, lower respiratory infection, chest x-ray infiltrates, effusion,
bronchospasm, or hemorrhage), Renal (acute kidney injury or renal replacement therapy),
Gastrointestinal (abdominal pain, vomiting, or diarrhea). IQR, interquartile range; Hb, hemoglobin; CRP,
C-reactive protein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDG, lactate
dehydrogenase.

Table 5. Demographic, clinical, and laboratory characteristics.
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1.7. Total immunoglobulin levels

As an exploratory analysis, we evaluated total immunoglobulin levels across the study
groups to assess whether major differences were present (Table 6). Overall, 1gG
subtypes, IgE, IgA, and IgM showed comparable values between CC, MIS-C, HC, and
KD groups, with no clear group-specific differentiation. This suggests that the different
diseases were not associated with any non-specific skewing of antibody isotype and

IgG subtype usage.

HC cc MIS-C KD p-
values
ISE, MFI 0.440 0.5400 0.500 0.3600 0.1137
Median, [IQR]  [0.310-0.640]  [0.4050- 0.6950]  [0.335-0.805] [0.3100-0.5200]
IgA, MFI 669.4 571.0 701.1 539.2 0.3981
Median, [IQR]  [473.4-1052]  [426.5-1021] [430.8-2317]  [361.8-1207]
IsM, MFI 10139 6037 7816 5884 0.1092
Median, [IQR]  [6037-12592]  [5092-9708]  [4991-23022]  [3923-8350]
18G1, MFI 17077 13333 11448 7928 0.1294
Median, [IQR] [8141-107074] [11338- 19534] [7112- 31949] [6356- 19360]
18G2, MFI 6992 7733 12401 6878 0.6519
Median, [IQR]  [6651-9292] [5136-8937] [5697-12401]  [5697-7340] '
18G3, MFI 704.2 670.5 587.7 547.7 0.465
Median, [IQR]  [427.8-950.8]  [515.7-998.3]  [456.5-1112]  [496.8-708.1] :
18G4, MFI 142.7 173.6 284.9 172.0 0.4022
Median, [IQR]  [109.2-313.4]  [122.4-333.1]  [131.8-494.3]  [99.32-352.2]

Table 6. Totalimmunoglobulin levels across four groups: CC, MIS-C, HC, and KD.
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2. Humoral response in MIS-C and CC

Here, we characterized the anti-SARS-CoV-2 humoral response in MIS-C patients at
the time of diagnostic and before treatment, in comparison with CC serum samples
collected at the theoretical time of MIS-C onset (4 to 6 weeks after acute COVID-19).
Although, this analysis focuses primarily on MIS-C and Control-COVID-19 individuals,
we also explored KD and HC groups in specific comparisons notably regarding the

humoral response against other common cold coronaviruses and EBV.

2.1. SARS-CoV-2-specific humoralimmune responses

To evaluate SARS-CoV-2-specific humoral responses we measured IgA, IgM, and IgG
responses against the following SARS-CoV-2 antigens: RBD variants corresponding to
WH1, Alpha, Delta, and Omicron BA.1, trimeric S, recombinant S1 and S2 from the
ancestral strain, and N protein (Figure 27) in both MIS-C and convalescent-COVID-19

individuals.

In general, IgM responses against the different antigens analyzed tended to be lower in
MIS-C patients compared with CC, however none of these differences reached
statistical significance (Figure 27A). IgA levels showed similar values in both groups
for most antigens (Figure 27B) except for S2-specific IgAs, which were higher in MIS-C
compared with CC (p=0.0319). Of note, in both groups, IgA cross-reactivity against the
highly mutated Omicron BA.1 RBD was extremely low, in line with what was observed

in adults?’.

IgG responses were generally high in both groups and showed strong overlap for most
antigens. The main difference was observed for RBD BA.1-specific 1gGs, which were
strongly reduced in both groups but significantly higher in MIS-C compared with CC
(Figure 27C). Importantly, 3 MIS-C participants infected during the Delta wave were
vaccinated prior to MIS-C. Interestingly, their I1gG levels were always among the
strongest against all antigens except N. This is especially relevant in the case of BA.1
where hybrid immunity was shown to significantly boost weak pre-acquired humoral
response. When the analysis was restricted to pre-Alpha infected patients, this
difference was no longer significant. Of note, 2 CC did not seroconvert despite RT-

qPCR positive results.
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Figure 27. SARS-CoV-2 antigen-specific IgM, IgA, and IgG responses in MIS-C and CC. (A)
IgM, (B) IgA and (C) IgG responses against SARS-CoV-2 antigens, including RBD variants
corresponding to WH1, Alpha, Delta, and Omicron BA.1, as well as S, S1, S2, and N antigens.
An additional comparison of RBD BA.1-specific IgG responses in pre-Alpha only patients was
included. Each dot represents an individual sample, and horizontal lines indicate the median
antibody signal. Blue dots represent MIS-C patients who were vaccinated before developing
MIS-C. Responses are presented as mean fluorescence intensity (MFI). The lower detection
threshold was defined as the mean MFI value of HC, and values below this threshold were
adjusted to the threshold value.

Therefore, MIS-C was not associated with broad differences in SARS-CoV-2-specific

antibody responses, but rather with limited antigen-specific changes.

2.2. Neutralizing anti-SARS-CoV-2 humoral immune responses

Next, we evaluated the neutralizing antibody response in MIS-C patients and CC. Since
neutralization capacity has been associated with the infecting SARS-CoV-2 variant
21.2%2 - we analyzed neutralization against dominant variants during the study period:

D614G, Alpha, Delta, and Omicron BA.1. In the absence of viral sequencing data, the
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infecting variant of each participant was estimated based on their theoretical time of
SARS-CoV-2 infection and their profile of cross-neutralization among the variants
described above (Figure 28). MIS-C were estimated to include 10 pre-Alpha, 2 Alpha,
9 Delta, and 1 Omicron BA.1 infections (Figure 28A), which demonstrated clearly
distinctive neutralization profiles. Vaccinated individuals present among MIS-C, were
mainly represented during the Delta period showed the highest neutralizing responses.
In contrast, CC participants were all infected during the pre-alpha period, except for 1
putative Delta infection (Figure 28B). As expected, the non-seroconverts CC

participants did not develop detectable neutralizing antibodies.
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Figure 28. Predicted infecting variant based on infection timing and cross-neutralization
profile. Neutralization profiles showing individual neutralizing antibody titers against D614G,
Alpha, Delta, and Omicron BA.1 variants. Neutralization profiles of (A) MIS-C participants, (B)
CC. Vaccinated individuals are highlighted in blue. Each dot represents an individual sample,
horizontal lines indicate the median titer, and dotted lines show the minimum and maximum
IC50 thresholds.

When we compared the neutralizing antibody responses in MIS-C patients and CC
(Figure 29A), no significant differences were observed for most variants. The only
difference was a modestincrease in cross-neutralizing reactivity against Omicron BA.1
in MIS-C patients. As predicted from the Luminex results, neutralizing response were

strongly impaired against BA.1 in both MIS-C and CC; however, in this context several

MIS-C participants, including both vaccinated and non-vaccinated, still showed



superior titers. When restricting the analysis to patients infected during the pre-Alpha
period (Figure 29B), we could still observe 4 MIS-C patients with superior increased

neutralizing titers against BA.1.
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Figure 29. Neutralizing antibody responses against SARS-CoV-2 variants in MIS-C and CC.
Neutralizing antibody titers were measured against D614G, Alpha, Delta, and Omicron BA.1
variants. (A) Neutralizing antibody titers in the total cohort. Blue dots indicate vaccinated MIS-
C patients. (B) Neutralizing antibody titers in patients infected during the pre-Alpha period.
Each dot represents an individual sample, horizontal lines indicate the median titer, and dotted
lines show the minimum and maximum IC50 thresholds.

Overall, MIS-C patients did not show a major difference in SARS-CoV-2 neutralizing
antibody responses compared with CC. Although MIS-C patients showed a tendency
toward broader cross-neutralizing activity, particularly against BA.1, this difference
was limited and should be interpreted cautiously due to the small cohort size.

Therefore, these results suggest that MIS-C is not associated with a major alteration of

the neutralizing antibody responses against SARS-CoV-2.
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2.3. SARS-CoV-2-specific IgA and IgG subclasses

We further assessed differences in IgA and IgG subclasses. Regarding IgA (Figure 30),
anincreased S2-specific response in MIS-C was consistent across both IgA1 and IgA2,
with significantly higher levels compared with CC (p=0.0046 and p=0.0090,
respectively). Furthermore, these differences were maintained when only pre-Alpha

individuals were analyzed.
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Figure 30. SARS-CoV-2 antigen-specific IgA1 and IgA2 responses in MIS-C and CC. IgA
subclass responses were measured against SARS-CoV-2 antigens, including RBD variants, S,
S1, S2, and N with separate graph with patients from pre-Alpha period. (A) IgA1, (B) IgA2
responses against SARS-CoV-2 antigens. Each dot represents an individual sample, and
horizontal lines indicate the median antibody signal. Blue dots represent MIS-C patients who
were vaccinated before developing MIS-C. Responses are presented as MFI. The lower
detection threshold was defined as the mean MF| value of HC, and values below this threshold
were adjusted to the threshold value.

We also assessed SARS-CoV-2 antigen-specific IgG subclasses. 1gG1, 1gG2, 1gG3, and
IgG4 responses were measured against RBD variants, S, S1, S2, and N antigens (Figure
31). We did not identify major differences in IgG1 responses between MIS-C and CC
patients, except for the expected response against RBD BA.1 (Figure 31A). This
increase appeared to be mainly driven by vaccinated individuals and patients infected

during the post-Alpha period. However, 1gG2 against RBD variants and spike-related

proteins, including trimeric S, and recombinant S1, and S2, were elevated in MIS-C
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patients compared with CC (Figure 31B). The IgG2 response against the N protein was
also seemingly elevated, but this difference did not reach statistical significance
(p=0.0653). Importantly, this increase did not appear to be driven by vaccinated

individuals, as they were not among the highest responders (except for BA.1 RBD).
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Figure 31. SARS-CoV-2 antigen-specific IgG subclass responses in MIS-C and CC. (A) IgG1,
(B) 1gG2, (C) IgG3, and (D) IgG4 responses were measured against SARS-CoV-2 antigens,
including RBD variants, S, S1, S2, and N. Each dot represents an individual sample, and
horizontal lines indicate the median antibody signal. Blue dots represent MIS-C patients who
were vaccinated before developing MIS-C. Responses are presented as MFI.
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IgG3 responses demonstrated a different pattern compared with the other IgG
subclasses. Overall, most SARS-CoV-2 antigen-specific IgG3 showed a non significant
trend towards a reduced response in MIS-C patients compared with CC, against most
antigens (Figure 31Figure 31C). One exception was S2-specific IgG3 which showed
significantly increased values in MIS-C patients (p= 0.0296), suggesting a selective
enhancement of the S2-specific 1gG3 response in MIS-C similarly to 1gG2 and IgA

responses.

IgG4 responses were mostly undetected across SARS-CoV-2 antigens in both MIS-C
and CC patients (Figure 31D). However, MIS-C group revealed significantly higher
titers, driven by a minority of individuals that showed consistent detectable IgG4 signal
against most SARS-CoV-2 antigens, with an unclear relationship with vaccination

status.

2.4. Antibody isotype/Subclass ratios

To further assess the relative balance of antibody isotypes, we calculated antibody
subclass ratios to normalize the responses and evaluate the contribution of each
subclass to the total antibody signal. Specifically, we analyzed 1gG2/IgG1, 1gG3/IgG1,
and IgA/IgG ratios (Figure 32).

We previously observed a general significant increase of 1IgG2 responses in MIS-C
against most SARS-CoV2 targets. When calculating 1gG2/1gG1 ratios, significance was
lost, although a trend for an increase response was still visible against most SARS-CoV-
2 antigens (Figure 32A). This may reflect a small relative enrichment of the IgG2
response in MIS-C. This pattern was observed across multiple RBD and spike-related
antigens, while vaccinated individuals were not consistently among the highest

responders.

We previously observed a trend for decreased IgG3 response in MIS-C. IgG3/IgG1 ratios
exacerbated this observation in MIS-C here showing significant reduction in MIS-C for
RBDs, S1 and N (Figure 32B). The discrepancy with the S2-specific IgG3 response was
still visible, albeit not significant, supporting a possible selective S2-associated 1gG3

response in MIS-C.
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Figure 32. SARS-CoV-2 antigen-specific antibody isotype ratios in MIS-C and CC. (A)
1gG2/1gG1, (B) 1gG3/IgG1, and (C) IgA/IgG ratios were calculated to normalize subclass
responses relative to the dominant antibody signal. Each dot represents an individual sample,
and horizontal lines indicate the median ratio. Blue dots represent MIS-C patients who were
vaccinated before developing MIS-C.

IgA/IgG ratios tended to be reduced in MIS-C patients across most SARS-CoV-2
antigens (Figure 32C). However, the S2-specific IgA/IgG ratio was relatively higher in
MIS-C, consistent with the significantly increased total IgA and subtypes response

observed against the S2 protein.

Overall, although MIS-C patients did not show any major humoral response alteration,
we noticed some significant variations in the magnitude of 1gG2, 1gG3 and IgA
responses and their relative ratio to the main IgG1 response. In addition, we observed

a specific increase in S2 specific 1gG2s, 1gG3s and IgA1 and IgA2 responses.
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2.5. Correlation analysis of SARS-CoV-2-specific markers

Next, we performed a correlation analysis between spike-derived antigen-specific
antibody responses and neutralizing activity (Figure 33). For this we intentionally

excluded IgG4 responses which tend to overshadow some results.

The CC group humoral response showed mainly correlations between IgG1, 1gG3 and
Neutralizing responses (Figure 33A). This pattern may reflect a more pro-inflammatory
antibody profile. In contrast, MIS-C patients demonstrated a different correlation
pattern, with neutralizing activity less correlated with 1gG3 responses, but better

associated with 1IgG2 and IgA responses (Figure 33B).

Altogether, these results suggest that a different tuning of the humoral and neutralizing
response is operating in MIS-C patients. Importantly this analysis is based on a
relatively small number of participants and should be taken with the necessary

caution.
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neutralizing activity in MIS-C and CC. Spearman correlation analysis was performed to
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titers. (A) Correlation matrix for CC, (B) MIS-C patients. Correlation values were adjusted for
multiple comparisons. Blue circles indicate positive correlations, while red circles indicate
negative correlations. The size and intensity of the circles represent the strength of the
correlation. Only significant correlations are shown.
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2.6. Biomarker selection and participants classification

Finally, we performed a Random Forest analysis to identify antibody features that could
distinguish MIS-C patients from CC (Figure 34). The out-of-bag (OOB) estimated error
rate was 28.21%, indicating a moderate classification performance based on the
selected antibody markers. According to the confusion matrix, 13 out of 18 CC
samples were correctly classified, while 5 were misclassified as MIS-C. In the MIS-C
group, 15 out of 21 patients were correctly classified as MIS-C, while 6 were
misclassified as CC. Using an arbitrary threshold, we selected 7 most informative
antibodies, including RBD-specific antibodies (IgG4 against ancestral variant and IgG2
against Delta), S1-specific antibodies (IgG2 against ancestral variant), and S2-specific
antibodies (IgA1 and IgG4 against ancestral variant), and then performed unsupervised
hierarchical clustering based on these features. Notably, increased antibodies against
Delta RBD could be explained by the presence of individuals infected during Delta

period in MIS-C.
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Using unsupervised hierarchical clustering of the participants using the top 7 antibody
features selected by Random Forest analysis, we observed partial separation between
MIS-C patients and CC (Figure 35). We observed the first cluster (upper part) of five
patients with high levels of IgG4 responses against ancestral RBD, RBD Alpha, S1, and
S2. Inthe second cluster (lower part), more than half of the MIS-C participants showed
upregulation of RBD Delta-specific 1gG2, S1-specific 1gG2, and S2-specific IgA1
responses. These findings suggest that the selected antibody markers may partially

distinguish MIS-C from CC.
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Figure 35. Selected antibody features distinguishing MIS-C and CC. The top 7 antibody
features identified by Random Forest analysis as the most informative for distinguishing MIS-C
from CC were visualized using unsupervised hierarchical clustering. Blue indicates low
expression levels, while red represents high expression levels.
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3. Characterization of the antibody reactivity against
common cold coronaviruses and EBV in MIS-C, KD, and
control groups.

A recent study has implicated EBV reactivation as a trigger for MIS-C associated
hyperinflammation?:. EBV was also proposed to play a role in KD?°42%%, and common
cold coronavirus are suggested as possible triggers of KD2%¢%%7, Here, our goal was to
determine whether MIS-C patients showed a distinct antibody profile against common
cold coronaviruses and EBV compared with CC. In this analysis, we also included a KD

patient group and HC.

3.1. Humoral responses against common cold coronaviruses

First, we assessed antibody reactivity against common cold coronaviruses, including
HCoV-229E, HCoV-NL63, HCoV-0OC43, and HCoV-HKU1 as well as SARS-CoV-2. For
each virus, responses against the spike (S1+S2) and nucleocapsid (N) proteins were
analyzed including IgM, IgA, 1gG, and IgG subtypes IgG1, 1gG2, 1gG3, and I1gG4. These

responses were compared between MIS-C, KD, CC, and pre-pandemic HC groups.

Overall, IgM levels we low and showed broad overlap between MIS-C, CC, HC, and KD
groups, with no clear group-specific differences for most antigens (Figure 36). The
main exception was the IgM response against the S protein of HCoV-NL63, where both
MIS-C and CC patients showed higher titers compared with HC and KD groups (Figure
36B). As expected, both MIS-C and CC demonstrated elevated response against SARS-
CoV-2, especially the spike. Finally, Kawasaki samples did not show any significant

differences with the Healthy control group.
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Similarly, IgA responses against common cold coronaviruses did not differ significantly
between groups, with broadly overlapping antibody levels across MIS-C, CC, HC, and
KD patients (Figure 37). However, we observed atendency toward higher IgA responses

against the S proteins of HCoV-HKU1 and HCoV-229E in MIS-C and CC groups.
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When comparing IgG responses against common cold coronavi
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ruses, we first

observed a significant increase of IgG against OC43 and HKU1 in both MIS-C and CC

possibly corresponding to a boost of preexisting IgG against these 2 viruses. We

observed that KD patients showed higher titers against the N protein of HCoV-OC43

and HCoV-HKU1 (Figure 38A). In contrast, IgG responses against the S proteins of the

same coronaviruses were slightly lower in KD patients compared with MIS-C and CC

groups (Figure 38B).
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Figure 38. IgG responses against common cold coronaviruses and

SARS-CoV-2. IgG
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as SARS-CoV-2. (A) IgG responses against N proteins, (B) S proteins. Each dot represents an

individual sample, and horizontal lines indicate the median antibody signal.
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IgG1, I1gG2, and IgG3 antibody responses against other common cold coronaviruses
were also evaluated, but no significant differences were observed between groups
(data not shown). IgG4 responses showed a small subgroup of MIS-C patients with
higher antibody levels against common cold coronaviruses, including elevated
responses against the NL63 N protein (Figure 39A). However, when individual patients
were examined, the patients with increased IgG4 responses were not always the same
for N and S proteins (Figure 39B). The main exception was patient M17, who showed
increased I1gG4 responses across almost all tested antigens. In addition, each study
group contained at least one patient with antibody titers that were higher than those of

the other individuals within the same group.
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Figure 39. IgG4 responses against common cold coronaviruses and SARS-CoV-2. IgG4
antibody responses were measured against HCoV-229E, HCoV-NL63, HCoV-0OC43, and
HCoV-HKU1, as well as SARS-CoV-2. IgG4 responses against. (A) N proteins, (B) S proteins.
Each dot represents an individual sample, and horizontal lines indicate the median antibody
signal.



RESULTS

3.2. Humoral responses against Epstein-Barr virus

Finally, we assessed antibody responses against Epstein—Barr virus. We measured
reactivity against VCA p18, which is used to identify previous EBV exposure during the
patient’s lifetime, and ZEBRA, which is associated with viral reactivation. This allowed
us to evaluate whether MIS-C patients showed evidence of altered EBV-specific
antibody responses or possible EBV reactivation compared with the other study

groups.

Overall, no significant differences between groups were identified for EBV-specific IgM,
IgA, or total IgG responses (Figure 40). However, when IgG subclasses were analyzed,
MIS-C patients revealed increased responses against the EBV Zebra protein for 1gG3
and IgG4 compared with CC, reaching statistical significance for both IgG3 (p=0.0352)
and 1gG4 (p=0.0020). Besides, IgG2 levels against Zebra tended to be higher in MIS-C
patients than in CC, although this difference was not statistically significant
(p=0,0814). In contrast, a significantincrease was observed when MIS-C patients were

compared with healthy controls (p=0,0428).

The increased antibody response against EBV ZEBRA may suggest enhanced
recognition of EBV lytic/reactivation-associated antigens in MIS-C patients, although

this finding alone does not confirm active EBV reactivation.
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Figure 40. Antibody responses against Epstein-Barr virus in CC, MIS-C, HC, and KD. (A)
IgA, IgM, and IgG; (B) IgG antibody subclasses against Epstein—-Barr virus were measured using
VCA p18 and ZEBRA antigens. Each dot represents an individual sample, and horizontal lines
indicate the median antibody signal.

3.3. Biomarker selection and participants classification

To further evaluate whether MIS-C and KD showed distinct antibody profiles compared
with their respective control groups, we performed Random Forest analyses. These
analyses focused on humoral responses against common cold coronaviruses and
Epstein—-Barrvirus. We first compared MIS-C patients with CC (Figure 41). The Random
Forest model revealed an out-of-bag (OOB) error rate of 28.21%, corresponding to an
overall classification accuracy of approximately 71.79%. It correctly classified 15 out
of 18 CC controls and 13 out of 21 MIS-C patients. Overall, the selected antibody
markers have some discriminatory capacity, but the separation between MIS-C and CC
is limited. We identified 9 antibody markers that contributed most to distinguishing the

two groups.
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Figure 41. Random Forest analysis of antibody responses against common cold
coronaviruses and Epstein-Barr virus distinguishing MIS-C and CC. Antibody features are
ranked according to their MeanDecreaseGini importance score. The red dashed line indicates
the threshold used to select the most informative markers. The confusion matrix shows the
classification performance of the model, with an OOB error rate of 28.21%.
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Unsupervised hierarchical clustering of the 9 antibody markers selected by Random
Forest analysis did not clearly separate MIS-C patients from CC (Figure 42). However,
a subgroup of MIS-C patients showed higher antibody signals for several selected
markers, particularly EBV ZEBRA-specific IgG subclasses, including 1gG2, 1gG3, and
IgG4, as well as selected antibody responses against common cold coronaviruses.
These findings suggest that the selected markers may contribute to the differentiation
of MIS-C from CC, although the separation between the groups was incomplete.
Importantly, EBV ZEBRA-specific IgG4 was the top marker selected by Random Forest
analysis for distinguishing MIS-C patients from CC. This supports the relevance of EBV

ZEBRA-specific IgG4 responses in the differential antibody profile observed in MIS-C.
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Figure 42. Selected antibody markers distinguishing MIS-C and CC based on common
cold coronavirus and EBV responses. (A) The 9 antibody markers selected by Random Forest
analysis as the most informative for distinguishing MIS-C patients from CC. (B) Unsupervised
hierarchical clustering based on these 9 selected antibody markers. The top annotation
indicates the clinical group, including MIS-C and CC samples. Blue indicates lower antibody
levels, while red indicates higher antibody levels.

Using the same strategy, we performed Random Forest analysis to distinguish KD
patients from HC based on antibody responses against common cold coronaviruses

and Epstein-Barr virus (Figure 43). The model showed an OOB error rate of 30%,

indicating limited classification performance. According to the confusion matrix, 10
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out of 15 KD patients and 11 out of HC were correctly classified. These results suggest

that the selected antibody markers only partially distinguish KD from HC.
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classification performance of the model, with an OOB error rate of 30%.
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Random Forest analysis selected 4 antibody markers as the most informative for
distinguishing KD patients from HC (Figure 44A). These markers were N-OC43-specific
IgG2, N-OC43-specific IgA, S-OC43-specific IgG2, and S-229E-specific IgA.
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Figure 44. Unsupervised hierarchical clustering of antibody markers selected by Random
Forest analysis. (A) 4 antibody markers selected by Random Forest analysis as the most
informative for distinguishing KD patients from HC were visualized using unsupervised
hierarchical clustering. The top annotation indicates the clinical group, including KD and HC
samples. (B) The heatmap shows relative antibody levels, with blue indicating lower responses
and red indicating higher responses.

Unsupervised hierarchical clustering of the selected antibody markers revealed only
limited separation between KD patients and HC (Figure 44). A subgroup of KD patients
clustered together and demonstrated higher antibody responses for several HCoV-
OCA43-related markers, especially N-OC43-specific 1gG2, N-OC43-specific IgA, and S-
0OC43-specificlgG2. However, the groups were not completely separated, as part of KD
and HC participants were still mixed across the heatmap. S-229E-specific IgA showed
a different pattern, with higher signals in only a subset of samples from HC and one
from KD (KD5). Overall, these findings suggest that the selected markers may

contribute to distinguishing KD from HC, but the separation remains incomplete.



RESULTS

4. Inflammatory response associated with MIS-C

As MIS-C is characterized by systemic inflammation and immune dysregulation, we
aimed to define its inflammatory profile, identify biomarkers associated with disease
severity, and evaluate their relationship with clinical parameters. We also explored the
longitudinal evolution of inflammatory markers after the acute phase to better

understand potential long-term immune alterations.

4.1. Inflammatory biomarkers associated with acute MIS-C

We first compared the inflammatory response between acute pre-treatment MIS-C
and CC participants. Serum samples were analyzed using the T96 Olink technology for
92 inflammatory biomarkers. A direct fold-change analysis identified 29 biomarkers
with significant differences between the two groups (Figure 45), including 24 showing
higher levels in MIS-C and 5 showing higher levels in CC. The most overexpressed
biomarkers in MIS-C were IL-6, IL-10 and IFN-y and the most downmodulated were

stem cell factor (SCF) and TNF-related activation-induced cytokine (TRANCE).
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Figure 45. Comparative analysis of inflammatory biomarkers between MIS-C and CC:
Volcano plot. Volcano Plot representation of the relative levels (Log2-fold change) of
biomarkers in MIS-C compared to CC. Horizontal dashed line indicates the threshold to 95%
certainty. Protein highlighted in green were significantly upregulated in MIS-C while protein
highlighted in orange were significantly downregulated.
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We next performed a Random Forest analysis to narrow down the best differentiating

parameters (Figure 46). The out of the box (OOB) estimated error rate was 5.13%

(Figure 46). Specifically, all 17 CC samples were properly classified, but 2 out of 22

MIS-C cohort patients were misclassified as part of the CC group.
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Figure 46. Analysis of inflammatory biomarkers between MIS-C and CC: Random Forest
analysis. Random Forest analysis comparing CC and acute MIS-C patients. Biomarkers are
ranked according to their importance in differentiating the two groups.




RESULTS

From this analysis, we identified 18 markers considered to have the most influence on
the classification of MIS-C and CC (Figure 47A). All these markers were among the 29
identified by the 2 fold-change analysis and included pro-inflammatory cytokines IL-6,
TNFa, IL-18 and its receptor IL-18R1, the anti-inflammatory cytokine IL-10, the
chemokines CXCL9, CXCL10, CXCL11/I-TAC, CCL3 and MCP3/CCL7, several
regulatory molecule such as CD40, CUB domain-containing protein 1
(CDCP1)/CD318, programmed death-ligand 1 (PDL1), TRANCE and TNF-related weak
inducer of apoptosis (TWEAK), and the growth factors hepatocyte growth factor (HGF),
SCF and neurotrophin-3 (NT3).

Using this set of 18 biomarkers, we performed an unsupervised clustering of acute
MIS-C and CC samples in which two main groups were identified (Figure 47). One
group included the majority of the MIS-C individuals (20 out of 22). Most differentiating
biomarkers were upregulated in the MIS-C cluster, while TRANCE, TWEAK, SCF, and
NT-3 were downregulated. The second group included all CC individuals as well as 2
MIS-C diagnosed individuals who showed a biomarker profile indistinguishable from

the CC group.
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Figure 47. Key inflammatory biomarkers distinguishing acute MIS-C from CC. (A). Top 18
cytokines distinguishing MIS-C from convalescent group extracted from random forest analysis
(Fig 25B). (B). Clustered heatmap showing the levels pattern of key inflammatory markers
selected from Random Forest analysis. Blue indicates low expression levels, while red
represents high expression levels.
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To further investigate the functional relationships among the 29 selected biomarkers
from the volcano plot, we conducted a functional protein—-protein interaction analysis
using the STRING database (Figure 48), which revealed the involvement of TNF, IL-10
and INF-y pathways in the pathophysiology of MIS-C.

MIS-C vs. Convalescent COVID-19

Figure 48. Protein-protein Interaction Network Based on STRING Analysis. STRING
network analysis visualizing the protein-protein interactions among differentially
expressed biomarkers. The classification is based on volcano test (Fig.2A). Proteins shown in
red are upregulated in MIS-C group, while blue nodes represent downregulated proteins. The
highest positive values for MIS-C were IL-6 (3.988), IFN-y (3.834), IL-10 (3.829), with lowest
values of SCF (-2.831) and TRANCE (-2.355).



RESULTS

Sex stratified random forest analyses identified separate sets of biomarkers
differentiating MIS-C vs. CC within male and female participants with only 9 markers
common to both analyses: IL-10, CDCP1, CXCL10, CXCL11, IL-18, PD-L1, MCP-3/
CCL7, SCF and IL-6 (Figure 49 A and B). Notably, the classification of female
participants between CC and MIS-C was less effective (Figure 49C) and included the
two MIS-C samples misclassified as CC in random forest and clustering analyses.
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Figure 49. Sex stratified random forest analysis between CC and acute MISC. (A). Top
cytokines identified by random forest analysis in each sex group. The random forest analysis
highlights the most important cytokines distinguishing CC and acute MIS-C for males (left
panel) and females (right panel). (B). Venn Diagram of sex-specific and shared cytokines. The
Venn diagram compares cytokines identified by random forest analysis in males and females.
Shared cytokines (center) are involved in both groups, while sex-specific cytokines (left for
males, right for females) indicate potential sex-based immune response differences. (C).
Heatmaps of cytokine levels. Heatmaps illustrate the levels patterns of cytokines selected by
random forest analysis in males (left) and females (right). Red indicates higher levels, while
blue represents lower levels, showing distinct profiles.
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4.2. Severity-associated inflammatory biomarkers in MIS-C

Next, we analyzed inflammatory responses between the more severe MIS-C cases
requiring ICU care and the less severe cases managed in the generalinpatient unit. This
grouping strategy was expected to identify biomarkers that could predict the
requirement for ICU admission. Main characteristics of these subgroups are shown in

Table 4, identifying a high percentage of males in the ICU group.

Following the same strategy described above, we identified by random forest analysis
the inflammatory markers best capable of discriminating ICU-admitted from non-ICU-

admitted MIS-C cases (Figure 50 and Figure 51A).

Among the 6 best biomarkers, two markers upregulated in severe cases (IL-2 and IL-
33), and four markers downregulated in severe cases (soluble CD8a, TNF-receptor
superfamily 9 (TNFRSF9), CD244 and SCF, Figure 51A). Applying these 6 parametersin
an unsupervised clustering of the MIS-C participants allowed for the separation of all
patients except for one non-ICU MIS-C whose biomarker profile resembled the one of
ICU participants (Figure 51B). When comparing individually these markers in CC, MIS-
C non-ICU and MIS-C ICU, we observed three main situations (Figure 51C). TNFRSF9
and SCF both showed a trend for downregulation within MIS-C non-ICU vs.
convalescents and lower levels in MIS-C ICU vs. non-ICU. CD244 was significantly
decreased in MIS-C ICU (p=0.0005) but was similar in convalescent and MIS-C non-
ICU groups. IL-33 and soluble CD8a both showed differential levels between MIS-C
non-ICU and MIS-C ICU (p=0.0087, p=0.0034, respectively) but no significant
difference between MIS-C groups and CC. Notably, IL-2 showed the most surprising
pattern with a strong downregulation in MIS-C non-ICU compared to both CC
(p=0.0404) and MIS-C ICU (p=0.0113), but no difference between CC and MIS-C ICU.
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Figure 50. Random forest analysis between ICU-admitted and non-ICU-admitted MIS-C
patients. A random forest-based ranking was conducted to identify the key soluble
inflammatory markers measured by Olink that best distinguish between severe MIS-C cases

requiring ICU care and milder cases treated in the general inpatient unit.
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Figure 51. Inflammatory Biomarkers signature of MIS-C ICU-admission. (A). Top 6
biomarkers Identified by Random Forest Analysis discriminating MIS-C cases with ICU
admission vs. non-ICU. (B). Clustering - Heatmap of Cytokine levels differentiating ICU- and
non-ICU admitted MIS-C cases based on the most significant inflammatory markers. (C). Top
6 biomarkers individual levels comparing CC group, ICU, and non-ICU MIS-C cases. P values
were analyzed using Kruskal-Wallis test, with significance levels indicated as follows: * P <
0.05, ** P < 0.01, ** P < 0.001, *™** P < 0.0001. Horizontal bars indicate median values, and

error bars show interquatrtile ranges.



RESULTS

4.3. Co-associations between inflammatory biomarkers and clinical
parameters in MIS-C

We used linear regression models to evaluate the association between the key
biomarkers identified above and routine clinical parameters assessed for diagnosis
within the MIS-C group. Figure 52A shows the standardized obtained coefficients and
their p-values corrected for multiple testing using False discovery rate method.
Significant associations discovered were re-evaluated, adjusting for age and sex, to
verify that the effect was not confounded by these variables (Figure 52B). We observed
an association between lower CD244 levels and both elevated procalcitonin levels
(p=0.0003) and longer hospitalization duration (p=0.0001). Shock was associated with
the downregulation of CD8a (p=0.0023) and TNFRSF9 (p=0.0199), with TNFRSF9 also
associated with prolonged hospitalization (p=0.0018). In addition, increased CXCL11
levels were associated with high AST (p=0.0008) and LDH levels (p=0.0010). Finally, we
also identified a relationship between platelet loss and increased IL-18 (p=0.003) and
a positive link between IL-18R1 and ALT levels (p=0.0184), further highlighting the
complexinterplay between inflammation, organ function, and disease severity in MIS-

C.
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Figure 52. Co-associations between biomarkers and clinical parameters. (A). The plot
shows the standardized coefficients from regression analyses, allowing for comparison across
different biomarkers and clinical parameters. The y-axis represents the negative log-
transformed adjusted p-values (-log10), indicating the significance of associations. Higher
values suggest stronger statistical significance, with key biomarkers indicated. Positive
coefficients indicating a positive association and negative coefficients indicating a negative
association. The horizontal dashed line marks the significance threshold corresponding to an
adjusted p-value of 0.05. (B). A table representing the significant associations between
biomarkers and clinical parameters, using linear regression models, adjusting by age and sex.
The color gradient represents the p-values, with darker blue indicating stronger significance in
the association. P-values are only indicated for significant associations. The upper section of
the heatmap includes biomarkers positively associated with clinical parameters (IL-18R1 and
CXCL11), while the lower section includes negatively associated biomarkers (CD8A, TNFRSF9,
CD244, and IL-18).



RESULTS

4.4. Longitudinal Stabilization of Biomarker Profiles Post-MIS-C
Treatment

Some of the MIS-C participants provided blood samples 2 and/or 18 months after
acute disease (Figure 22). Our longitudinal analysis of biomarker levels post-treatment
for MIS-C revealed a normalization of the 18 biomarkers previously identified by 2
months after the disease onset that was sustained until 18 months (Figure 53A).
Principal Component Analysis (PCA) shown in Figure 53B, using the same set of
biomarkers, suggested that the inflammatory marker landscape in the 2-month and
18-month follow-up timepoints were undistinguishable from that of the CC group, in
stark contrast to the distinct profile observed during acute MIS-C. This convergence

suggests a rapid and fullimmunological recovery over the extended follow-up period.
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Figure 53. Biomarkers stabilization post-MIS-C treatment. (A). Biomarker stabilization over
time: Individual biomarkers dot plots showing their levels in CC and across MIS-C follow-up, at
acute disease, 2-month later, and 18-month later. Differences between groups and timepoints
were analyzed using Kruskal-Wallis test, with significance values indicated as follows: * P <
0.05, *P<0.01, **P<0.001, **P<0.0001. Horizontal bars indicate median values and error
bars show Interquartile ranges. (B). Principal Component Analysis (PCA): Representation of
acute MIS-C, 2-month and 18- month MIS-C follow-ups, and CC using the first two components
of the PCA analysis on soluble biomarkers.



RESULTS

5. Comparative inflammatory profiling of MIS-C, Kawasaki
disease, and childhood-onset Still’s disease

Because MIS-C shares clinical and inflammatory features with other pediatric
inflammatory diseases, such as KD and SD, we compared their biomarker profiles to
determine whether these conditions could be distinguished by specific inflammatory

signatures.

5.1. Inflammatory biomarkers of the acute phase of MIS-C, SD, and
KD.

To characterize the systemic inflammatory landscape of untreated MIS-C, KD, and SD,
we utilized the Olink Target 96 Inflammation panel to screen 92 biomarkers. We first
analyzed differentially expressed soluble biomarkers comparing each disease group

with its respective control group (Figure 54 and Figure 55).

When comparing MIS-C and CC groups, we observed the significant upregulation of 28
markers and downregulation of 6 (Figure 54A). Amongthese, we observed a strong IFN-
y driven response (CXCL9, CXCL10, CXCL11, IFN-y), and a broad upregulation of
inflammatory cytokines (IL-6, IL-18, TNF-qa, IL-17A), regulatory proteins (IL-10, PD-L1)
chemokines (CX3CL1, MCP-1/2/3, CCL3/4), and repair and growth factors HGF and
VEGFA. In addition, several molecules, including SCF, TRANCE, TWEAK, TNFRSF9, NT-
3, and DNER, were downregulated in MIS-C.

The KD group was compared to pre-pandemic HC and was characterized by the
upregulation of a smaller set of 16 biomarkers (Figure 54Figure 54B). These included
the pro-inflammatory molecules EN-RAGE, IL-17A, CDCP1, chemokines MCP-3/4 and
CCL-4/19/23, and repair and growth factors HGF, and VEGFA. Importantly, IL-6 and
SCF were also highly dysregulated albeit not reaching significance because of the
heterogeneity across KD participants. The SD and HC group comparison showed the
narrowest set of dysregulated proteins with the significant upregulation of 10
biomarkers and downmodulation of 4 (Figure 54C). These included the pro-
inflammatory proteins IL-6, OSM, IL-18, and EN-RAGE, repair and growth factors TGF-
a, HGF and VEGFA, chemokine CCL23, and regulatory protein IL-18R1. SCF and
TRANCE were strongly downregulated.
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Figure 54. Differential inflammatory protein signatures across pediatric

hyperinflammatory conditions - MIS-C, KD, and SD. Targeted proteomic profiling using the
Olink platform was performed to assess circulating inflammatory biomarkers. Results are
presented as volcano plots (VP), displaying Log, fold changes versus -log,, adjusted P values
to visualize significant differential protein expression. The horizontal dashed line indicates the
statistical significance threshold corresponding to 95% confidence. Proteins highlighted in
blue represent significantly upregulated biomarkers, whereas proteins highlighted in pink
represent significantly downregulated biomarkers. Comparisons include as follows, from left
to right: (A). Comparison of biomarker expression in MIS-C versus CC; (B) Comparison of
biomarker expression in KD versus HC; (C) Comparison of biomarker expression in SD versus
HC; (D) Comparison of biomarker expression in CC versus HC. (E). Venn diagram displaying
significantly dysregulated soluble biomarkers in each disease group. SCF and IL-6 showed high
but not significant fold change in KD are represented as borderline common to all groups.



RESULTS

Finally, as an additional control, we compared CC and HC groups. As expected,
minimal changes were observed and only 3 growth and repair proteins HGF, TGF-a and
LAP TGF-B1 (a surrogate of TFG-B1 activation) were significantly upregulated,
suggesting that 3 to 4 weeks after mild COVID-19, children were still in active

immunological reset (Figure 54D).

Importantly, 6 biomarkers were shared among all the inflammatory conditions: HGF,
CCL23, VEGFA and IL-18R1 IL-6 and SCF (Figure 54E), although the two latter did not
reach significance in the KD group, despite being strongly dysregulated. While IFN-y
and its downstream cytokines were strongly upregulated in the majority of MIS-C
individuals, only a mild shift was observed in KD and SD. Interestingly, while HGF and
TGF-awere also dysregulated in all 3 disease groups, LAP TGF-B1 was only upregulated
in MIS-C and KD but notin SD.
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analysis (Figure 54). Data includes healthy controls (HC), convalescent pediatric COVID-19
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Figure 55. Soluble biomarkers sho

Wallis test, with significance levels indicated as follows: *P <0.05, **P<0.01, **P <0.001,
****P < 0.0001. Horizontal bars indicate median values, error bars show interquartile ranges.
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5.2. Inflammatory biomarkers differentiating MIS-C, SD, and KD

Next, to identify biomarkers capable of differentiating the three disease groups (MIS-
C, KD, and SD), we applied a Random Forest model to classify the patients into their
respective disease groups based on the expression of all 92 biomarkers, alongside age
and sex (Figure 56). The model achieved an out-of-bag (OOB) error rate of 22.22%,
indicating that approximately 78% of patients were correctly categorized (Figure 56).
According to the confusion matrix, 16 out of 22 (73%) MIS-C, 12 out of 15 (80%) KD
patients, and 7 out of 8 (87.5%) SD patients were accurately classified. However, given
the limited sample size and high dimensionality, these findings should be interpreted

as exploratory.

An arbitrary threshold was used to select 12 high-impact biomarkers (TNFRSF9,
MMP10, MCP-2, CX3CL1, CD8a, CD40, PD-L1, EN-RAGE, CXCL5, CCL25, IL-18, and
CXCL9) discriminating between MIS-C, KD, and SD (Figure 57A). To visualize overall
group separation and covariance structure of these biomarkers we performed a
principal component analysis (PCA) analysis (Figure 57B). In addition, we checked the
expression levels of each biomarker in all the disease and control groups (Figure 57C).
A first set of markers, composed of CXCL9, CX3CL1, PD-L1, MCP-2, and CD40, were
markedly upregulated in MIS-C while showing the lowest levels in SD. Notably, the
levels of CX3CL1, CD40, MCP-2, and CXCL9 in SD were comparable to HC except for
one SD patient, SD8, which was diagnosed with MAS and showed upregulation of
CXCL9 and CX3CL1. A second set of biomarkers composed of TNFRSF9, MMP-10,
CXCL5, CCL25, and CD8a demonstrated upregulation and/or lack of downmodulation
in KD patients in comparison to the other 2 groups. Finally, two markers, IL-18 and EN-
RAGE showed strong upregulation in 6 out of 8 SD patients. IL-18 level was the highest
in SD, followed by MIS-C and KD in that order. EN-RAGE level was the highest in SD
while KD and MIS-C showed mild up-regulation.
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Figure 56. Random forest analysis distinguishing acute MIS-C, KD, and SD. Random Forest
modeling was performed to identify soluble biomarkers differentiating MIS-C, KD, and SD,
adjusted for age and sex. Variable importance ranking showing soluble biomarkers
contributing to group classification based on the random forest model. An arbitrary importance
threshold was applied to define the subset of top biomarkers used for analyses. Insert: Model
performance including out-of-bag (OOB) error estimate and confusion matrix demonstrating

classification accuracy across disease groups.
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Finally, we performed unsupervised hierarchical clustering of the MIS-C, SD and KD
participants using the 12 key soluble biomarkers identified by Random Forest analysis
(Figure 57D). The analysis identified two main cytokine clusters, the top cluster
included CXCL3, PDL1, CXCL9, MCP2, CD40 and IL-18, and bottom cluster was
defined by TNFRSF9, MMP-10, CXCL5, CCL25, CD8a, and EN-RAGE. In addition, three
patient clusters, each one associated with one inflammatory condition were identified.
Cluster 1 showed intermediate levels of top cluster cytokines and the highest levels of
bottom cluster cytokines and included 14 (out of 16) KD individuals, Cluster 2 with the
lowest values of both cytokine clusters (except for IL-18 and EN-RAGE) included 7 (out
of 8) SD individuals and Cluster 3, showing highest values of top and lowest values of
bottom cytokines, included 15 (out of 22) MIS-C individuals. Two KD individuals (K12
and K13) were found within the MIS-C group due to a strong signal for CXCL3, PD-L1,
CXCL9, MCP-2, CD40 and IL-18. Interestingly, one SD individual (SD08) which was
diagnosed with MAS, was clustered within the KD group. Finally, a total of 7 MIS-C
individuals were clustered separately from the main MIS-C group, mostly due to lower
activation of top clustered cytokines; 3 of them (M14, 17 and 18) were clustered deep
within the KD group, while M04, 08, 20 and 16 showed a low levels of inflammation with

an undefined pattern and were clustered within the SD group.
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Figure 57. Identification of the biomarkers distinguishing pediatric hyperinflammatory
conditions. A. Top 12 soluble biomarkers distinguishing acute MIS-C, KD, and SD patients
extracted from random forest analysis (Fig. S3) B. PCA conducted using selected soluble
biomarker to visualize relationships among acute MIS-C, KD, and SD patients. The biplot
displays the first two principal components (Dim1: 41.8%; Dim2: 21.9%), showing distinct
clustering of the three conditions. Points represent individual samples colored by disease
group, and ellipses indicate group clustering. Vlector arrows represent biomarker, where
direction indicates disease association and length reflects contribution strength. In the biplot,
vector direction reflected association with specific disease groups, while vector length
indicated the strength of biomarker contribution; biomarkers oriented in similar directions
were positively correlated, and those positioned closer to an axis were more strongly
associated with the corresponding principal component. C. Clustered Heatmap of the 3
patient groups and top 12 soluble biomarkers. Color intensity reflects relative expression
levels, with blue indicating lower expression and red indicating higher expression.
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5.3. Pairwise associations within top inflammatory biomarkers and
clinical parameters.
To evaluate the relationships between the selected inflammatory biomarkers and
clinical parameters across MIS-C, SD, and KD patients, we performed a co-association
analysis across all diseases correcting by age and sex (Figure 58). First, platelet loss
revealed an association with CX3CL1, CXCL9, MCP-2 and PD-L1, suggesting a
correlation between platelet loss and the IFN-y pathway. Looking specifically at
CX3CL1, a correlation was confirmed within MIS-C but not KD nor SD where platelet
levels were mostly unchanged (Figure 59), except for 2 KD patients, K4 and K13, who
also showed both elevated CX3CL1 and strong platelet loss. Similar negative
associations were observed between lymphocyte count and both CX3CL1 and PD-L1
(Figure 58 and Figure 59). In fact, CXCL1 and PD-L1 showed correlation with each
other (Figure 59). In addition, CX3CL1 demonstrated significant correlation with

CXCL9 in MIS-C and with TNF-a for all diseases.

Of note, in a previous study we observed co-association between IL-18 and platelet
loss in the MIS-C cohort. Although we confirm here this association for MIS-C, no clear
platelet loss was observed in SD despite strong IL-18 expression. PCA results
suggested a unique behavior of IL-18 (Figure 59). Indeed, applying Spearman
correlation, we observed a significant association between IL-18 and CXCL9 in MIS-C
but not in SD despite superior IL-18 levels in the latter (Figure 58). One exception was
SD8 which was diagnosed with MAS and did show elevated levels of both CXCL9 and
IL-18. In KD, although IL-18 level was the least elevated, 2 patients, K12 and K13,
showed both strong IL-18 and CXCL9 expressions, paralleling MIS-C behavior. On the
other hand, we observed that in SD but not in MIS-C nor KD, all IL-18 high samples
demonstrated positive levels of EN-RAGE. Because of the limited number of samples
in SD, we did not see any significant correlation applying Spearman although we could
approximate a significant correlation by Pearson (R2=0.7, p=0.01). Altogether these
results suggest that IL-18 follows a different regulatory path in SD compared to MIS-C
and KD.
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Figure 58. Co-associations among biomarkers and clinical parameters. Relationships
between inflammatory biomarkers and clinical parameters across MIS-C, SD, and KD patients
were analyzed using the 12 biomarkers identified by Random Forest analysis. The plot shows
standardized regression coefficients on the x-axis and statistical significance as
-log10(adjusted p-value) on the y-axis. The dashed horizontal line indicates the significance
threshold after multiple-testing correction, with points above the line representing significant
associations.
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Specifically in KD, we observed good correlations between MMP-10 and TNFRSF9 and

between IL-17A and IL-6. Other notable global co-associations were observed

between Ferritin and IL-18 and between LDH and PD-L1, CXCL9, and CX3CL1, while

AST demonstrated similar associations with CX3CL1, PD-L1, and CXCL9. Procalcitonin

(PCT) was significantly associated with IL-18 levels.
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Figure 59. Selected correlations among soluble biomarkers and clinical parameters.
Selectcomparisons among soluble biomarkers and clinical parameters for each disease group
(MIS-C, KD, and SD) or combining all participants (ALL). Correlations were calculated using
Spearman. r- and p-values are indicated for each group. Simple linear regressions are also

indicated.
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The impact of SARS-CoV-2 infection on the immune systemi is still not fully understood,
and the immune mechanisms involved in MIS-C development remain complex and
unclear. MIS-C develops several weeks after acute SARS-CoV-2 infection, suggesting
thatitis notdirectly related to viralreplication, butrather to a delayed and dysregulated
immune response’®®. Both innate and adaptive immunity are likely to contribute to this
process, including inflammatory cytokine responses, and cellular and humoral
immunity?®®. In this thesis, two main aspects of MIS-C immunopathology were

investigated: the humoral immune response and the inflammatory biomarker profile.

A major strength of our study is the use of a well-matched convalescent pediatric
COVID-19 control group. Therefore, both groups had a comparable timing after SARS-
CoV-2 infection: one group recovered without developing MIS-C, while the other
developed the hyperinflammatory syndrome. This design was particularly relevant for
the analysis of the antibody response which is very dynamic during the first few weeks
after infection. Many published studies compared MIS-C patients with children during
acute COVID-19 or with adult COVID-19 cohorts, which makes direct comparison
difficult 2°¢2%°, To our knowledge only a few studies used convalescent pediatric COVID-
19 for the comparison®®®2%'_ |n contrast, as a general limitation, the unavailability of
PBMC samples from study participants prevented the full characterization of immune

responses.

Humoral response associated with MIS-C

Antibodies are one of the key components of the adaptive immune response to viral
infections, including SARS-CoV-2. They can contribute to protection through viral
neutralization and Fc-mediated effector functions, but they may also reflect previous
antigen exposure, immune activation, or altered immune regulation?62263, Importantly,
the biological effect of antibodies depends not only on their levels, but also on their
antigen specificity, isotype, subclass distribution, and functional capacity®®. In this
context, our study aimed to determine whether MIS-C patients showed a distinct
SARS-CoV-2 specific humoral immune profile compared with CC. We focused on
SARS-CoV-2-specific antibody responses and their neutralizing activity against SARS-

CoV-2 variants. However, we expanded this analysis to antibody responses against
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common cold coronaviruses and Epstein—Barr virus. For this latter analysis, KD

patients and HC were also included.

In general, we did not observe any clear differences among total SARS-CoV-2 specific
IgM, IgA, and IgG responses against RBD, S1 and total S protein comparing MIS-C
patients and CC. However, we observed a significant increase in IgA1, I1gA2, IgG2 and

IgG3 against the S2 subunitin MIS-C patients.

To our knowledge, 2 studies from Gruber et al. and Thiriard et al. report a global
increasein S, S1, and or S2 specific IgA responses in MIS-C compared to CC. Although
both studies mention comparisons with CC participants, the timing of the sampling is
not clearly disclosed. Moreover, in Gruber et al. control convalescent COVID-19
included mostly adults and Thiriard et al. used a control convalescent COVID-19 group
from a different institution and country?°>2¢°_ Although anincrease in IgA in MIS-C could
make sense in the context of gut inflammation, the comparison with convalescent
controls needs to be handled with care. In our study, we only observed, in MIS-C, an
increase of IgA, including IgA1 and IgA2 subclasses, against S2%2. Since IgAs are
closely linked to mucosal immunity, this may reflect differences in mucosal immune
activation, potentially involving gastrointestinal sites?*#%°, This interpretation is
supported by studies showing gut barrier disruption and persistent SARS-CoV-2
antigen exposure in MIS-C?*, Interestingly, our correlation analysis showed that
neutralizing activity in MIS-C was associated with IgA responses against several Spike
antigens, an association that was mostly absent in CC, suggesting that IgA better

contributes to the neutralizing antibody profile in MIS-C group?®.

Total SARS-CoV-2-specific IgG responses were high in both groups, MIS-C and CC. The
main differences were observed at the subclass level. MIS-C patients showed
increased IgG2 responses against RBD and spike S1 and S2. This finding is interesting
because IgG2 usually has weaker Fc-mediated effector functions, compared with 1IgG1
and 1gG3, and is therefore considered as anti-inflammatory?7:2¢® | Therefore, the
increased 1gG2 response may reflect early differences in antibody class-switching,
antigen recognition, or immune regulation after SARS-CoV-2 infection, or late
cytokines mediated class switching, consecutive to MIS-C inflammatory

environment?%2%°_ |gG3 responses showed a distinct pattern in MIS-C. Overall, they
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tended to be lower compared with CC; further analysis of the IgG3/1gG1 ratios revealed
significant differences, suggesting reduced IgG3 class switch in MIS-C. However, S2-
specific IgG3 showed the opposite behavior and was increased in MIS-C, suggesting
that the IgG3 response was not globally reduced but rather antigen-specific. This
difference was also reflected in the correlation analysis. In CC patients, IgG1 and IgG3
responses correlated with each other, suggesting a coordinated 1gG1/1gG3-driven
response, which has also been described in convalescent COVID-19 adults,
supporting the idea that this may represent a typical antibody subclass organization
after SARS-CoV-2 infection?’°. In contrast, MIS-C showed a less coordinated IgG3
profile. Since increased RBD- and S-specific IgG3 responses have been associated
with severe adult COVID-19, the selective S2-specific IgG3 increase in MIS-C may point
to an antigen-specific inflammatory antibody feature rather than a broad 1gG3-
dominated response?”. In contrast, in MIS-C patients, IgG3 correlations appeared less
dominant and were more often linked with IgG2 responses, indicating a different

subclass organization.

Together, these findings suggest that MIS-C is not characterized by a general increase
in SARS-CoV-2-specific antibody levels, but rather by a qualitative change in the
humoralresponse. In line with Weisberg et al., who showed that pediatric SARS-CoV-2
antibody responses are mainly focused on anti-spike 1gG, our data suggest that the
reactivity against S2 region contributes to different overall humoral profile in MIS-C,

while inflammatory environment may modulate antibody subclass distribution”®2"",

In a few MIS-C patients, we observed increased IgG4 responses against SARS-CoV-2
RBD, S, and N proteins. IgG4 is an anti-inflammatory subclass and is not usually
dominantin early antiviral responses. Increased IgG4 has been reported after repeated
antigen exposure to SARS-CoV-2 infection or mRNA vaccination?’>2”%; however, in our
setting, it may reflect individual differences in antibody class-switching, possibly

related to differences in the cytokine environment?’"-272,

Despite the differences observed and the large collection of parameters defining the
humoralresponses to SARS-CoV-2, random forest and clustering approaches failed to

classify MIS-C and CC individuals. Overall, the data generated suggests that humoral
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responses are not good biomarker candidates for MIS-C, but further research is

needed to define the causes of unbalanced antibody class switch.

An alternative strategy, still focused on humoral responses, was exploring the impact
of other viruses on the onset of inflammatory conditions. Therefore, we next compared
antibody reactivity against the N and S proteins of four common cold human
coronaviruses: HCoV-OC43, HCoV-HKU1, HCoV-NL63, and HCoV-229E. As human
coronaviruses have been associated with KD, this analysis included MIS.C, KD, and
their respective control groups, and aimed to determine whether MIS-C or KD shared
similar humoral profiles against common cold coronaviruses or showed distinct
patterns of reactivity. It also allowed us to explore whether previous exposure to
seasonal coronaviruses could be associated with susceptibility to MIS-C after SARS-

CoV-2 infection.

In our cohort, MIS-C and CC patients showed increased IgM responses against S-
NL63, as well as higher IgA responses against S-HKU1 and S-229E. IgG responses
against OC43 and HKU1 were also higher in MIS-C and CC compared with the other
study groups. Previous studies support the idea that SARS-CoV-2 infection can boost
pre-existing antibody responses against seasonal human coronaviruses®-®. This
effecthas been observed for both beta-coronaviruses, such as HCoV-OC43 and HCoV-
HKU1, and alphacoronaviruses, including HCoV-NL63 and HCoV-229E®*'. However,
cross-reactive responses appear to be stronger for OC43 and HKU1, particularly
through the more conserved S2 region. Therefore, the increased responses against
selected seasonal coronavirus antigens in both MIS-C and CC groups may reflect
SARS-CoV-2-associated boosting of pre-existing coronavirus immunity. Importantly,
previous seasonal coronavirus exposure did not appear to prevent MIS-C, as similar

antibody increases were observed in both MIS-C and CC patients?’4.

Interestingly, KD patients showed higher IgG responses against the N protein of OC43.
Moreover, Random Forest analysis selected several HCoV-OC43-related antibody
responses, including N-OC43-specific 1gG2, N-OC43-specific IgA, and S-OC43-
specific IgG2, as markers contributing to the differentiation of KD patients from HC.

Although previous studies on human coronaviruses and KD have reported conflicting
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results, our data may support a possible involvement of HCoV-OC43 in KD-related

immune activation®8257.:275,276

Epstein-Barrvirus has beenimplicated in severalinflammatory and immune-mediated
diseases, where viral persistence or reactivation may contribute to immune
dysregulation?”’. Several studies have linked EBV reactivation with SARS-CoV-2
infection, particularly in severe COVID-19 and long COVID?%-28° \We therefore
assessed EBV-specific antibody responses in MIS-C, CC, and KD patients. In our
cohort, MIS-C patients showed increased I1gG3 and IgG4 responses against the EBV
ZEBRA protein, while ZEBRA-specific IgG2 was also elevated but showed a weaker,
non-significant trend. Since ZEBRA is associated with the lytic phase of EBV infection,
this finding may suggest a stronger EBV reactivation-associated antibody response in
children who developed MIS-C. This interpretation is supported by recent findings from
Goetzke et al., who reported evidence of EBV reactivation in MIS-C and proposed that
impaired T-cell control of EBV may contribute to hyperinflammation?*3. Moreover, EBV
reactivation may activate B cells, promote class switching, and immunoglobulin
production?'282 Together with the increased EBV ZEBRA-specific IgG2, 1gG3, and IgG4
responses, these findings suggest broader dysregulation of class-switched antibody
responses in MIS-C, potentially involving both SARS-CoV-2-specific and EBV

reactivation-associated humoral immunity.

Overall, MIS-C patients showed an altered humoral profile rather than a uniform
increase in antibody responses. SARS-CoV-2-specific responses showed increased
IgG2, generally lower IgG3 (except S2-specific IgG3), and elevated S2-specific IgA1 and
IgA2. Some MIS-C patients also exhibited increased SARS-CoV-2 specific 1gG4
responses. Together with increased EBV ZEBRA-specific 1gG2, 1gG3, and 1gG4, these
findings suggest dysregulated class-switched antibody responses in MIS-C. However,

their potential as biomarkers is limited as assessed by classification analyses.

Inflammatory response associated with MIS-C

Inthe next step, we characterized the inflammatory profile of MIS-C in comparison with
CC and other pediatric hyperinflammatory conditions, including KD and SD using

Olink-based soluble biomarker profiling.
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First, we aimed to identify inflammatory biomarkers specifically associated with MIS-
C by comparing acute MIS-C patients with CC. This comparison was particularly
relevant because both groups had evidence of previous SARS-CoV-2 infection and
were sampled at a comparable post-infectious timepoint. Therefore, differences
between the groups were more likely to reflect MIS-C-specific immune alterations

rather than immune changes related only to SARS-CoV-2 exposure or recovery.

Using Olink technology, we analyzed 92 inflammation-related soluble biomarkers and
identified 24 biomarkers significantly upregulated and 5 biomarkers downmodulated
in MIS-C compared with CC. The upregulated biomarkers included CXCL10, CXCL9,
CXCL11, MCPS3, IL-6, IL-10, TNF, CCL3, PD-L1, CD40, HGF, IL-18, and CDCP1. This
inflammatory profile is generally consistent with previous studies comparing acute
MIS-C with healthy controls using different technologies, including Olink, Meso Scale
Discovery, Proximity Extension Assay, and cytometric bead-based multiplex
panels80:200.205,.207.283-285  |mportantly, our comparison with CC suggests that these
changes are not simply a consequence of previous SARS-CoV-2 infection, but are more

specifically linked to the development of MIS-C.

Random Forest analysis further narrowed this profile to a set of 18 biomarkers capable
of differentiating MIS-C from CC. Among the selected biomarkers, CXCL11 showed a
significant association with liver damage markers. Previous studies have described
CXCL10 and CXCL11 as potential biomarkers of acute liver injury 26627 |n addition, the
combined elevation of CXCL9, CXCL10, and CXCL11 together with increased NT-
proBNP has been associated with cardiac injury?828_ CXCL10 is also well established
as a key chemokine in the immunopathology of SARS-CoV-2 infection in adults®®®, and

our findings suggest a similar pathogenesis may be present in children with MIS-C.

IL-18 was another relevant biomarker increased in MIS-C, in line with previous
reports?83285_ |n our cohort, increased IL-18 was strongly associated with lower platelet
counts. Since platelets are an important source of IL-18 in blood and release this
cytokine upon activation®®', and IL-18 levels have been correlated with
thrombocytopenia in sepsis?®?, our data suggest that IL-18 may act as a surrogate

marker of platelet activation or consumption in MIS-C.
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Consistent with previous studies, we also identified increased IFN-y expression in MIS-
C patients?90:205.207.234 " However, IFN-y itself was only ranked highly in the female-
specific Random Forest analysis and was more variable in males. In contrast, CXCL9,
a downstream chemokine of IFN-y, was retained as a key biomarker when all
participants were considered. This suggests that downstream IFN-y-induced
chemokines may represent more stable markers of the MIS-C inflammatory profile

than IFN-y alone.

Finally, we observed downregulation of SCF, TRANCE, TWEAK, and TNFRSF9 in MIS-C.
TRANCE and TNFRSF9 downmodulation have previously been reported by Reiter et
al.®3, and Sacco et al. also identified SCF downmodulation as a classifying marker of

MIS-C compared with acute COVID-19%%7,

Sex-stratified Random Forest analysis also identified different biomarker sets in male
and female MIS-C patients, with only partial overlap between them. This suggests that
sex-related differences may influence the immunopathogenesis of MIS-C. Two female
MIS-C patients, M04 and M14, showed divergent biomarker profiles and were
misclassified as CC. While the definition of MIS-C has evolved since 2020 and was
revised in 2023'%°, overlap remains between MIS-C and other inflammatory diseases,
particularly KD'. M14 met laboratory criteria for MIS-C and presented with
hematological, neurological, gastrointestinal, and mucocutaneous involvement. In
contrast, M04 was the least severe MIS-C case in our cohort, with only gastrointestinal

and hematological involvement.

After defining the general inflammatory profile of MIS-C, we next aimed to identify
biomarkers associated with disease severity, particularly ICU admission. This analysis
was important because not all MIS-C patients develop the same clinical course, and
biomarkers associated with ICU admission could help identify patients at higher risk of
severe disease. Using Random Forest analysis, we identified six biomarkers with the
capacity to classify MIS-C patients according to ICU admission: IL-2, IL-33, CD244,
soluble TNFRSF9, soluble CD8a, and SCF. These markers suggest that severe MIS-C is
not defined only by stronger global inflammation but may also involve specificimmune

regulatory pathways.
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Soluble TNFRSF9 (also called CD137 or 4-1BB) was significantly reduced in MIS-C
compared with CC and was identified as a key marker differentiating ICU-admitted
from non-ICU MIS-C patients. It also showed a significant negative association with
shock and length of hospital stay. Altogether, these findings suggest that circulating
soluble TNFRSF9 may be avaluable biomarker for early prediction of MIS-C outcomes.
Reiter et al. also reported soluble TNFRSF9 downmodulation in MIS-C and proposed a
potential link with myocarditis®2. In our cohort, soluble TNFRSF9 downmodulation
was associated with myocardial dysfunction in univariate analyses, but this
association was lost after adjustment for age and sex. In contrast, its association with

shock and ICU admission appeared more robust.

Soluble CD8a downmodulation also showed an association with shock. Low levels of
both soluble TNFRSF92°32% and soluble CD8a?** have been associated with reduced
CD8+ T-cell activation. On the other hand, soluble TNFRSF9 and soluble CD8a can
also have immunosuppressive activity?®®2%®® and their downmodulation could
therefore be related to the stronger inflammatory response observed in severe MIS-C.
In either case, these findings support a potential role of CD8+ T-cell dysregulation in
the pathophysiology of ICU-admitted MIS-C. Interestingly, soluble TNFRSF9 has been
shown to increase in ICU-admitted severe COVID-19 cases, suggesting a different role

in MIS-C compared with acute severe COVID-19%%’.

IL-33 was significantly upregulated in ICU-admitted patients, and previous studies
have linked IL-33 levels to disease severity and cytotoxic storm responses?®®2%° \We
noticed a strong association between IL-33 levels and male sex in both MIS-C (p= 0.005645)
and CC (p=0.0464), a pattern that has been reported in prior research®®. As male sex was
overrepresented in our cohort of ICU-admitted participants, it could be a confounding
factor for IL-33 association to ICU admission, however, we lack the statistical power to
either validate or invalidate this hypothesis. Therefore, additional studies will be

necessary to evaluate IL-33 as a marker associated with MIS-C ICU admission?®’.

IL-2 showed an unexpected pattern. While IL-2 levels were similar in CC and ICU-
admitted MIS-C patients, they were clearly decreased in non-ICU MIS-C patients.
Although a recent study reported elevated IL-2 levels in ICU-associated MIS-C37,

additional work is needed to confirm and clarify this observation.
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CD244 downregulation in ICU-admitted patients was associated with prolonged
hospital stay and elevated procalcitonin levels, suggesting that CD244 may also be
linked to more severe MIS-C. Procalcitonin is a well-established inflammatory
biomarker, particularly elevated in bacterial infections and commonly used to
differentiate bacterial from viralinflammation. Previous studies have reported reduced
CD244 levels in bacterial infections and MIS-C, similar to what was observed in our
study®®?, This parallel between CD244 downregulation and elevated procalcitonin may
indicate a shared immune dysregulation pathway between MIS-C and severe

infectious inflammatory states.

Importantly, one male participant, M20, was misclassified as ICU-admitted MIS-C but
did not develop severe complications. The only distinguishing parameters were
Eastern European ethnicity and complete COVID-19 vaccination one month before
MIS-C diagnosis. However, two additional children in our cohort were vaccinated
before MIS-C onset, including a 13-year-old child fully vaccinated five months before
MIS-C who required ICU admission. Although vaccination has been associated with a
reductionin MIS-C cases and possibly less severe presentations®3, the limited number

of vaccinated patients in our cohort does not allow firm conclusions.

Another relevant objective of this study was to evaluate whether the inflammatory
alterations observed during acute MIS-C persist over time or normalize after recovery.
Although several studies have described clinical follow-up of MIS-C patients, limited
information is available on the long-term behavior of soluble inflammatory
biomarkers®43%_ Qur longitudinal analysis showed complete normalization of all
upregulated and downregulated biomarkers to levels comparable to CC as early as two
months after diagnosis. This normalization was further confirmed at the long-term
follow-up, 18 months after diagnosis. These findings suggest that the soluble

inflammatory signature of MIS-C is largely transient and resolves after the acute phase.

After characterizing MIS-C in comparison with CC and evaluating severity and follow-
up, we aimed to determine whether MIS-C could be distinguished from other pediatric
hyperinflammatory conditions. The clinical presentation of MIS-C, KD, and SD often
involves overlapping features of hyperinflammation, making differential diagnosis a

clinical challenge. Here, our primary objective was twofold: first, to identify conserved
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biomarkers that act as universal indicators of a cytokine storm across these pediatric
cohorts, and second, to isolate specific biomarkers that can accurately separate each

disease.

The shared elevation of HGF, CCL23, and VEGFA across MIS-C, KD, and Still disease
suggests that these clinically distinct syndromes converge on a common
immunovascular inflammatory program. HGF, CCL23 and VEGFA are all consistent
with endothelial activation, vascular injury, and tissue repair signaling®73%  while
CCL23 may also drive the recruitment of monocytes and neutrophils into the inflamed
vascular environment®®®, Supporting this interpretation, a recent model placed HGF
and VEGFA within a shared endothelial signaling network, showing that both promote
endothelial proliferation but differ in vascular permeability, with HGF supporting
barrier stability and VEGFA promoting leakiness®"’. Together, this supports a broader
axis of endothelial dysfunction and angiogenic activation. The increased HGF levels
still visible in COVID-19 convalescent children are also consistent with reports of
persistent HGF elevation after recovery from COVID-19 in adults, particularly after
more severe disease, supporting the idea of ongoing endothelial repair and tissue
regeneration following SARS-CoV-2 infection3’. In KD, it is more consistent with
vascular inflammation and coronary artery involvement®%®3"; and in SD, it may
represent systemic autoinflammation accompanied by endothelial and myeloid
activation®32, Thus, although HGF, CCL23, and VEGFA are not disease-specific
markers, their concurrent elevation across all three conditions suggests overlapping
vascular-inflammatory biology that may contribute to shared features of tissue injury.
The shared downregulation of SCF, TRANCE, and DNER in MIS-C and Still disease is
also notable because a similar pattern has also been reported in pediatric
inflammatory bowel disease®® and sepsis®*, suggesting that these changes may
reflect a broader state of severe systemic inflammation and disrupted immune

homeostasis rather than a disease-specific process.

Random Forest analysis selected CXCL9 as a good classifying parameter for the
differentiation of the 3 diseases and SD clearly demonstrated an absence of CXCL9
upregulation compared to HC except for a patient diagnosed with MAS. On the other

hand, most KD showed an intermediate upregulation of CXCL9, although some
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showed a strong upregulation. In line with our results, most previous studies report a
stronger IFN-y signature in MIS-C compared to KD, however at least 1 report, from
Consiglio et al., indicated superior CXCL9 and 10 upregulation in KD, This suggests
that both MIS-C and KD conditions exist on a spectrum of the type 2 interferon
response. Important hallmarks of MIS-C are thrombocytopenia and lymphopenia,
which are not commonly observed in KD. Here, we observed a strong negative
correlation between platelet counts and CX3CL1 in MIS-C. CX3CL1 was highly
correlated with both CXCL9 and TNF-aandindeed, itis welldocumented that both IFN-
y and TNF-a contribute to CX3CL1 upregulation consistent with endothelial
inflammatory activation '3, Interestingly, the CX3CL1-CX3CR1 axis has been
implicated in platelets recruitment, activation, and thrombocytopenia®'’?° suggesting
adirect functional connection. PD-L1 was highly correlated with CX3CL1 in MIS-C and
both showed good negative correlation with lymphocyte counts. Taking together, these
results suggest strong endothelial inflammation associated with T cell recruitment and

overactivation.

Our KD classification was more complex and relied in part on biomarkers, CXCL5 and
CCL25, that were not actually dysregulated in KD when compared to healthy control
groups and contrary to MIS-C and or SD. Biomarkers that showed a more pronounced,
albeit not significant, upregulation in KD compared to the control groups were soluble
CD8a, TNFRSF9 and MMP-10. Increased soluble CD8a could be indicative of an
increased activation of CD8 T cells which play a central role in KD pathogenesis and
the associated vasculitis. Level of metalloproteinases such as MMP-3 and MMP-9 have
been previously associated with KD and are believed to play a role in KD associated
vascular remodeling and arterial injury®?'*22, Here we show that MMP-10 is also a good
biomarker specifically upregulated in KD. Interestingly, Consiglio et al. also identified
MMP-10 as good differentiator between KD and MIS-C despite their relatively divergent
cohorts (see above). Regarding soluble TNFRSF9, our findings indicate its
downmodulation in MIS-C, as previously described, particularly in patients with more
severe clinical presentations and shock. Soluble TNFRSF9 was rather upregulated in
KD and, interestingly, we noticed a good correlation between soluble TNFRSF9 and

MMP10 levels, specifically in KD. Finally, IL-17 upregulation has been a key cytokine
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signature associated with KD. However, in line in with other studies, we show that IL-
17A was also elevated in MIS-C and does not permit a good separation of MIS-C and
KD?%3, One study suggested that IL-17F could be a better biomarker more specifically
upregulated in KD3?%, We saw a good correlation between IL-17A and IL-6 in both MIS-
C and KD but not SD where IL-17A remained low despite elevated IL-6 levels. This was
consistent the low level of LAP TGF-B1 observed specifically in SD and an absence of

T cells involvement.

In our cohort, differentiation of SD from MIS-C and KD was primarily associated with
the absence of an IFN-y signature and very high level of EN-RAGE and IL-18. IL-18 and
EN-RAGE were also upregulated in MIS-C and KD; however, levels were more extreme
in the majority of SD patients. Interestingly, IL-18 was correlated with CXCL9 in MIS-C
and to some extentin KD, but notin SD. One exception was a SD patient that presented
with MAS and showed elevated CXCL9. While SD patients showed the lowest overall
IFN-gamma signature, they demonstrated extreme hyperferritinemia associated with
high IL-18 and EN-RAGE expression, which is consistent with previous studies®?*. The
association between ferritin and EN-RAGE likely reflects a shared myeloid-driven
hyperinflammatory state, rather than a single linear pathway, where ferritin reflecting
macrophage activation and systemic inflammation®?*®. CCL25 downmodulation in SD
was the best differentiator between SD and KD. We did not identify any clear
interpretation for CCL25 behavior, but our results are consistent with recent reports of
lower baseline CCL25in systemic JIA/Still disease subsets. However, increased CCL25
has been linked with the SD associated lung disease phenotype, suggesting that the
role of this chemokine may differ across clinical subgroups and may reflect distinct

tissue-associated immune programs3®26:327,

Our study has several limitations. Firstly, the size of the SD cohort may impact
statistical power and hamper the identification of other potential biomarkers. In
addition, the absence of peripheral blood cell phenotyping and functional analyses,
related to limitations in sample availability, limits the functional implications of this

analysis.

Despite these limitations, in our cohort, MIS-C was clearly defined by a strong IFN-y

dependent response and elevated blood CX3CL1 and PD-L1, which were correlated
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with thrombocytopenia and lymphopenia. IL-17A could not differentiate MIS-C from
KD and classification of the latter was primarily enabled by markers of vascular
inflammation and remodeling such as MMP-10. Finally, SD was primarily associated
with a strong IL-18/IL-6 axis but no IFN-y response, exceptin the patient presenting with
MAS, in line with its autoinflammatory nature. The inflammatory patterns identified in
this study are flawed by the inherent heterogeneity in clinical and inflammatory
parameters. The identification of KD individuals with a stronger IFN-y signature,
conversely, some MIS-C patients showing more modest IFN-y imprint, and finally,
heterogeneity in SD patients suggest that rather than clear-cut conditions, these
pediatric inflammatory diseases may present as a heterogeneous and mixed pattern

spectrum of inflammatory responses.

Taken together, these findings suggest that MIS-C is a clinically heterogeneous post-
SARS-CoV-2 inflammatory reaction characterized by selective humoral dysregulation
and IFN-y-driven endothelial inflammation. The altered antibody profile observed in
MIS-C, including shifts in SARS-CoV-2-specific isotype and subclass responses,
supports the concept that qualitative features of the humoral immune response may
contribute to disease pathogenesis. In addition, the increase in EBV ZEBRA-specific
IgG3 and 1gG4 responses, together with the weaker increase in 1IgG2, may suggest an
EBV reactivation-associated humoral response in MIS-C. This indicates that the
dysregulated antibody profile in MIS-C may involve not only SARS-CoV-2-specific
responses, but also broader class-switched responses against latent or reactivated

viral antigens.

Whether these antibody alterations act as direct triggers of inflammation or arise as a
consequence of the underlying immune dysregulation remains unresolved. Previous
studies have proposed that aberrant antibody responses and Fc-mediated immune
activation may contribute to tissue inflammation in MIS-C, while others suggest that
the observed humoral changes reflect ongoing immune activation rather than a
primary pathogenic mechanism?°5:211:260.271 |0 parallel, several cytokines and soluble
immune mediators associated with disease severity, including IL-33, soluble TNFRSF9,

soluble CD8aq, IL-2, CD244, and SCF, point to the involvement of T-cell activation,
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immune regulation, and endothelial dysfunction in the progression to severe disease.
Further mechanistic and longitudinal studies will be required to determine the causal
relationship between antibody responses and hyperinflammation and to clarify how
humoral and cytokine-mediated pathways interact in the development and severity of

MIS-C.

Although MIS-C often presents with severe acute inflammation and may require ICU,
most treated patients recover well after the acute phase®?. In contrast to KD, where
coronary abnormalities can persist, cardiac involvement in MIS-C is usually transient,
with ventricular dysfunction and coronary changes generally improving over
time?7:328329 These observations are consistent with our longitudinal study and
suggest that, despite the intensity of the acute inflammatory response, clinical

recovery after MIS-C is generally favorable with appropriate treatment and monitoring.
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General objective: MIS-C is associated with distinct humoral and inflammatory
immune alterations that cannot be explained only by previous SARS-CoV-2 infection.
Overall, MIS-C appears to represent a specific post-infectious immune syndrome
involving both altered humoral immunity and a transient but intense inflammatory

response.
Individual conclusions for each specific objective are described as follows:

Specific objective 1. Characterization of the humoral response against SARS-CoV-2

and identification of potential markers.

a. Determine the level of total and neutralizing anti-SARS-CoV-2 antibodies.

MIS-C patients showed similar total and neutralizing SARS-CoV-2 antibody

responses to CC.
b. Determine the anti-SARS-CoV-2 antibody subtype usage.

MIS-C is associated with selective dysregulation of class-switched humoral responses
and increased S2-specific IgA, IgA1, and IgA2. IgA responses may contribute to

neutralizing activity in MIS-C.

c. Compare the antibody reactivity against common cold coronaviruses and

EBV in MIS-C and KD.

MIS-C patients showed increased EBV ZEBRA-specific IgG3 and IgG4 responses, with
a weaker increase in IgG2. These findings may indicate an EBV reactivation-associated

humoral response in MIS-C.

Specific objective 2. Characterization of the inflammatory response in MIS-C,
identification of specific markers, and comparison with other inflammatory

conditions.
a. Compare the Inflammatory profile of MIS-C and CC group.

MIS-C patients showed a distinct inflammatory profile compared with CC children
defined by strong upregulation of IFN-y-related chemokines, including CXCLY,
CXCL10, and CXCL11.
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b. ldentify the inflammatory biomarkers associated with MIS-C severity,

including ICU admission.

Several biomarkers were associated with clinical severity, including soluble TNFRSF9,

soluble CD8a, IL-33, IL-2, CD244, and SCF.

c. Evaluate the inflammatory profile of MIS-C patients at 2-month and 18-

month follow-up.

Soluble inflammatory signature of MIS-C normalized after recovery, indicating that the

inflammatory biomarker profile is largely transient.

d. Compare MIS-C with KD and Still disease to identify shared and distinct

inflammatory signatures.

Comparison with KD and SD showed that these pediatric hyperinflammatory
conditions share some vascular and inflammatory pathways, but also retain distinct

immune signatures.
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