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inflammatory syndrome in children with severe
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Multiparametric analysis identifies, in monocytes and dendritic cells, a molecular
signature of the most severe forms of multisystem inflammatory syndrome in
children caused by SARS-CoV-2 infection. Severe myocarditis is characterized by
an excess of TNF-a signaling via NF-kB, hypoxic conditions, and
hyperinflammation in the absence of type | and type Il interferon responses.
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SUMMARY

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection in children is generally milder than in adults, but a pro-
portion of cases result in hyperinflammatory conditions often including
myocarditis.

Methods: To better understand these cases, we applied a multipara-
metric approach to the study of blood cells of 56 children hospitalized
with suspicion of SARS-CoV-2 infection. Plasma cytokine and chemo-
kine levels and blood cellular composition were measured, alongside
gene expression at the bulk and single-cell levels.

Findings: The most severe forms of multisystem inflammatory syndrome in
children (MIS-C) related to SARS-CoV-2 that resulted in myocarditis were
characterized by elevated levels of pro-angiogenesis cytokines and several
chemokines. Single-cell transcriptomics analyses identified a unique mono-
cyte/dendritic cell gene signature that correlated with the occurrence of se-
vere myocarditis characterized by sustained nuclear factor kB (NF-kB) activ-
ity and tumor necrosis factor alpha (TNF-a) signaling and associated with
decreased gene expression of NF-kB inhibitors. We also found a weak
response to type | and type Il interferons, hyperinflammation, and response
to oxidative stress related to increased HIF-1a. and Vascular endothelial
growth factor (VEGF) signaling.

Conclusions: These results provide potential for a better understanding
of disease pathophysiology.

Funding: Agence National de la Recherche (Institut Hospitalo-Universitaire
Imagine, grant ANR-10-IAHU-01; Recherche Hospitalo-Universitaire, grant
ANR-18-RHUS-0010; Laboratoire d'Excellence “Milieu Intérieur,” grant
ANR-10-LABX-69-01; ANR-flash Covid19 “AIROCovid"” and “CoVarlmm”),
Institut National de la Santé et de la Recherche Médicale (INSERM), and
the "URGENCE COVID-19” fundraising campaign of Institut Pasteur.
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Context and significance
Children with SARS-CoV-2
infection were initially thought to
have only mild COVID-19
symptoms. However, several
weeks into the first wave of SARS-
CoV-2 infections, there was a
surge of a postacute pathology
called multisystem inflammatory
syndrome in children (MIS-C). The
authors recruited a cohort of
children with suspicion of SARS-
CoV-2 infection and uncovered
hyperinflammation, hypoxic
conditions, exacerbation of TNF-a.
signaling via NF-kB, and absence
of responses to type | and type Il
IFN secretion in the most severe
forms of MIS-C with severe
myocarditis. This work led the
authors to identify in monocytes
and validate in peripheral blood
mononuclear cells a molecular
signature of 25 genes that allows
discrimination of the most severe
forms of MIS-C with myocarditis.
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INTRODUCTION

In adults, critical forms of coronavirus disease 2019 (COVID-19) are typically charac-
terized by severe pneumonia and acute respiratory distress syndrome." In children,
symptomatic COVID-19 occurs much less frequently and is milder than in adults for
reasons that remain poorly understood.?® However, in regions with high incidence
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, some
children have presented a postacute hyperinflammatory iliness.” In these cases,
diagnostic evidence of recent SARS-CoV-2 infection has been consistently re-
ported.®”"" This condition was named multisystem inflammatory syndrome in chil-
dren (MIS-C) or, alternatively, PIMS-TS (pediatric inflammatory multisystem syn-
drome temporally associated with SARS-CoV-2).'? MIS-C cases can present with
symptoms similar to Kawasaki disease (KD), a hyperinflammatory illness character-
ized by clinical features such as a strawberry-like tongue and red and dry lips, bulbar
conjunctival injection, diffuse rash, swollen extremities, and cervical lymphadenop-
athy."? KD complications can develop as myocarditis or shock syndrome in a minor-
ity of cases.'” KD is thought to be triggered by viral or bacterial pathogens, but the
precise pathophysiological mechanisms remain elusive.'> Compared with classic
KD, MIS-C occurs in individuals who are older; often have gastrointestinal symp-
toms, myocarditis, and shock syndrome; and exhibit higher levels of inflammatory

markers.”/810.11

The inflammatory features of MIS-C in part overlap with those of KD and acute SARS-
CoV-2 infection in children as well as severe COVID-19 in adults.”"*"'® Very high
levels of C-reactive protein (CRP), procalcitonin (PCT), and interleukin-6é (IL-6), might
pathogenic SARS-CoV-2

reflect a strong

19

immunological response to a

superantigen.

To further decipher SARS-CoV-2-related conditions in children, we performed a
detailed multiparametric study combining sensitive cytokine measurements, deep
immune cell phenotyping, and transcriptomics analyses at the single-cell level on
peripheral blood mononuclear cells (PBMCs). We first compared data from children
with SARS-CoV-2 acute infection and postacute hyperinflammation and then
analyzed pathways and molecular signatures characteristic of the most severe
form of MIS-C with severe myocarditis.

RESULTS

Clinical description of the cohort

The study cohort consisted of 56 children hospitalized during the first peak of the
SARS-CoV-2 pandemic (from April 6 to May 30, 2020) and 34 healthy controls (n =
26 children and n = 8 adults recruited before the COVID-19 pandemic) (Figure 1; Ta-
ble S1). Among the 13 children with acute respiratory infection suspected to have
SARS-CoV-2 (Table S1; Figure S1), 9 had a confirmed SARS-CoV-2 infection (RT-
PCR on nasopharyngeal aspiration or swab) (Acute-Inf (CoV-2") group). Six of these
9 individuals had pneumonia, and one had an uncomplicated febrile seizure. Anti-
biotic therapy was given to 3 of 9 individuals. Only one individuals with a history
of recent bone marrow transplantation for sickle cell disease required intensive
care support and received tocilizumab. The 4 other individuals (Acute-Inf (CoV-27)
group) had pneumonia associated with a positive RT-PCR test for Mycoplasma pneu-
moniae or rhinovirus/enterovirus and negative RT-PCR for SARS-CoV-2.

Forty-three children displayed features of postacute hyperinflammatory illness (Fig-
ure S1; Table S1). The SARS-CoV-2 infection status of all samples was confirmed by
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specific antibody determination (immunoglobulin G [lgG] and IgA) in the plasma, us-
ing ELISA and flow cytometry-based techniques (Figure S2A). Most (n = 30) had
confirmed SARS-CoV-2 infection (with 14 also positive for concomitant nasopharyn-
geal RT-PCR testing) and were therefore considered cases of MIS-C (MIS-C (CoV-2")
group); all 30 cases of MIS-C presented clinical features of KD, and 14 of them
fulfilled clinical criteria for a complete form of KD according to the American Heart
Association.'® Of note, 21 of 30 cases had severe myocarditis (i.e., with elevated
high-sensitivity cardiac troponin | and/or regional wall motion abnormalities on
echocardiography and clinical signs of circulatory failure requiring intensive care
support; MIS-C_MYO (CoV-27)). Thirteen tested negative for SARS-CoV-2 and ful-
filled clinical criteria for complete (n = 6) orincomplete (n = 7) KD, and were therefore
considered to have KD-like illness (KD (CoV-27) group) (Figure S1; Table S1). Clinical
and biological characteristics at time of disease activity and before treatment or
within 24 h of treatment onset are presented in Table S1. Most children (41 of 43)
with postacute hyperinflammation received intravenous immunoglobulin (IVIG) in-
jections, many of them shortly after admission and, therefore, before inclusion and
sampling (n = 7 of 9 in MIS-C (CoV-2"), n = 20 of 21 in MIS-C_MYO (CoV-2%), n =
11 of 13 in KD (CoV-27)). Adjunction of corticosteroids was decided by the clinician
in 16 of the 43 cases, mostly because of initial severity, high risk of IVIG unrespon-
siveness,”” or IVIG unresponsiveness. They were administered before sampling for
some of them (n = 1 in MIS-C (CoV-2"), n = 7 in MIS-C_MYO (CoV-2"), n = 4 in KD
CoV-27)). All individuals responded favorably to IVIG alone or in combination with
glucocorticosteroids. Individuals with MIS-C had low lymphocyte counts, and those
with severe myocarditis had abnormally increased neutrophil counts compared with
other groups, along with high levels of CRP, PCT, serum alanine transaminase (ALT)
and ferritin (Table S1). Multiparametric analyses were performed at a median fever
persistence of 9-10 days (Figures 1A and 1B) and focused on children with acute
infection and postacute hyperinflammation related to confirmed SARS-CoV-2
infection.

Elevated inflammatory cytokine levels in pediatric acute infection and
postacute hyperinflammatory conditions

We investigated plasma cytokine and chemokine levels in all individuals by multi-
plexed or ultrasensitive ELISAs. Hierarchical clustering analysis and stratification
by group revealed overall elevated levels of immune and inflammatory markers,
with 40 of 46 measured proteins elevated significantly (g < 0.05) compared with
healthy controls (Figures 2A and S2B; global heatmap). Thirteen cytokines were
found to be elevated in all groups of affected individuals compared with healthy con-
trols (Figure S2C). High IL-8 and CXCL1 (Figure 2C) were more specific to children
with acute infection. Cytokine levels did not differ significantly in children with acute
infection with or without evidence of SARS-CoV-2 infection (Figures S2B). Interferon
(IFN)-a2, IFN-v, IL-17A, TNF-a, and IL-10 were higher in children with postacute hy-
perinflammation (MIS-C (CoV-2") and MIS-C_MYO (CoV-2")) than in pediatric
healthy donors (CTL) and individuals with acute infection (Acute-Inf (CoV-2¥)) and
were also elevated in the KD (CoV-27) group (Figures 2A, 2B, and S2B).

High inflammatory cytokine levels were detected in acute infection and postacute
inflammatory cases. Even though most individuals with postacute hyperinflamma-
tion received IVIG and/or corticosteroids before sampling, the strongest inflamma-
tory profile was observed in MIS-C. Because IVIG and corticosteroids are known im-
mune modulators, differences between acute infection and postacute
hyperinflammation are unlikely to be due to the treatments.”’*? IVIG treatment
could account for the increase in anti-inflammatory mediators such as IL-10,

1074 Med 2, 1072-1092, September 10, 2021

Med

22M3C-Necker Enfants Malades, AP-HP, Paris,
France

23Viirology Laboratory, Necker-Enfants Malades
University Hospital, AP-HP, Université de Paris,
75015 Paris, France

24Department of General Paediatrics and
Paediatric Infectious Diseases, Necker-Enfants
Malades University Hospital, Assistance
Publique — Hépitaux de Paris (AP-HP), Université
de Paris, 75015 Paris, France

25Pediatric Department, Nantes University
Hospital, CIC 1413, INSERM, 44000 Nantes,
France

26Department of Pediatrics, Jean Verdier
Hospital, Assistance Publique-Hépitaux de Paris,
Paris 13 University, Bondy, France

2’Université de Paris, Imagine Institute, INSERM
UMR 1163, 75015 Paris, France

28Collége de France, Paris, France

29Institut Pasteur, Biodiversity and Epidemiology
of Bacterial Pathogens, Paris, France

30These authors contributed equally
31These authors contributed equally
32These authors contributed equally
33Lead contact

*Correspondence:
frederic.rieux-laucat@inserm.fr (F.R.-L.),
mickael.menager@institutimagine.org (M.M.M.)

https://doi.org/10.1016/j.med].2021.08.002


mailto:frederic.rieux-laucat@inserm.fr
mailto:mickael.menager@institutimagine.org
https://doi.org/10.1016/j.medj.2021.08.002

Med ¢? CellP’ress

A April 6, 2020 - May 30, 2020
4 CCV/ID-19 pandemic >
Healthy blood donors Acute infection Postacute hyperinflammation
(respiratory infection) (MIS-C, MIS-C_MYO and KD)
N=4 N=9 N=9 N=21 N=13

N =34
@
CoV-2~ CoV-2* CoV-2* CoV-2* CoV-2
Characteristics before sampling

Median days of fever (range) 10 days (1-14) 9 days (3-20)
IVIG
IVIG + steroids

Immune modulatory treatment None

CyTOF
B )85
Blood
(] Whole blood cell count @f
'ﬂ| CTL
scRNA-seq

Acute-Inf (CoV-2)
Acute-Inf (CoV-27)

MIS-C (CoV-2Y) Bulk-RNA-SEQ

/ \ FIm e

. Cytokines
KD (CoV-2
(Cov-2) g dosage (Simoa/Luminex)

N
£ 9

(A) Timeline depicting when the different groups of children were enrolled.
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Figure 1. Timeline and experimental designs

(B) Description of the different types of analyses performed on whole blood samples, peripheral blood mononuclear cells (PBMCs), and plasma. CyTOF:
mass cytometry (cytometry by time of flight). scRNA-seq: single-cell RNA sequencing; Simoa: single-molecule array, digital ELISA; Luminex: cytokine
bead array assays; |g dosage: quantification of SARS-CoV-2-specific immunoglobulins; Control (CTL): healthy donors, green; Acute-Inf (CoV-27):
individuals with acute respiratory infection but no evidence of SARS-CoV-2 infection, gray; Acute-Inf (CoV-2"): individuals with acute respiratory
infection and evidence of SARS-CoV-2 infection, blue; MIS-C (CoV-2"): individuals with postacute multi-inflammatory syndrome and evidence of SARS-
CoV-2 infection, orange; MIS-C_MYO (CoV-2"): individuals with postacute hyperinflammatory syndrome, severe myocarditis, and evidence of SARS-
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IL-1RA, and transforming growth factor 1 (TGF-B1), as reported |orevious|y.23’26 We
could not assess the specific effects of IVIG treatment because almost all postacute
cases were treated with IVIG before sampling, but the inflammatory profile was
much reduced in intensity in individuals with MIS-C under combined glucocorticos-
teroid and IVIG treatment compared with IVIG alone (Figure 2A).

Low monocyte and dendritic cell frequencies in individuals with postacute
hyperinflammatory illness

To better decipher the blood immune cell composition of each group, PBMCs were
analyzed by cytometry by time of flight (CyTOF) mass spectrometry and by single-
cell analyses at the transcriptomics level (single-cell RNA sequencing [scRNA-seq])
(Figure 1). Regarding CyTOF and single-cell analyses, all individuals with MIS-C
were treated with IVIG, and only one individual in the group with severe myocarditis
also received glucocorticosteroids before sampling. Clustering analyses of the data
obtained from CyTOF and scRNA-seq revealed consistent results, with most of the
alterations observed in clusters composed of monocytes or dendritic cells (DCs) (Fig-
ures 3A, 3B, and S3A-S3D). The most drastic changes were a decrease in conven-
tional DCs (cDCs) and plasmacytoid DCs (pDCs) in individuals with a postacute hy-
perinflammatory illness (MIS-C_MYO (CoV-2%), MIS-C (CoV-27), and KD (CoV-27)).
As reported previously,'® we also observed a trend toward a decrease in monocyte
clusters in children with postacute hyperinflammatory illness that was found inde-
pendent of SARS-CoV-2 status (Figures 3A, 3B and S3A-S3D). It has been reported
that, in some cases, IVIG treatment could impair DC function and decrease mono-
cyte and DC proportions.?*?>?’=3" |n addition, some heterogeneity was observed
in the proportions of non-classical monocytes in Acute-Inf (CoV-27) cases and addi-
tional heterogeneity in the proportions of classical and intermediate monocytes in
individuals with severe myocarditis (MIS-C_MYO (CoV-2%) (Figures 3A and 3B),
but there was no correlation with clinical data, including treatments, age (Table
S1), and cytokine/chemokine measurements (Figures 2 and S2). Additional modifica-
tions were detected in individuals with acute SARS-CoV-2 infection (Acute-Inf
(CoV-27) cases), consisting of a decrease in mucosal-associated invariant T cells
(MAIT) and an excess of naive and central memory CD4" T cells (Figures 3A, 3B,
S3C, and S3D). Because the median age is very low in this group (0.2 years; Table
S1) compared with other groups, we cannot exclude an age effect.

Overexpression of inflammatory pathways, NF-«B signaling, and metabolic
changes related to hypoxia in acute infection and postacute
hyperinflammatory conditions

To gain further insight into the mechanisms behind acute infection and postacute hy-
perinflammation driven by SARS-CoV-2 in children, we assessed pathways modu-
lated in each group by looking at the differentially expressed genes obtained
from the scRNA-seq dataset. In individuals with acute infection (Acute-Inf (CoV-2")
and Acute-Inf (CoV-27)), the numbers of differentially expressed genes were distrib-
uted homogeneously among monocytes/DCs and T and B cells (Figures 4A and
S4A). Pathway enrichment analyses revealed a decrease in oxidative phosphoryla-
tion coupled with an increase in HMGB1 signaling, HIF-1a signaling, and hypoxia
signaling (Figure 4B). Production of nitric oxide was observed in both groups of
acute infection, independent of SARS-CoV-2 infection, compared with healthy

Med

CoV-2 infection, red; KD (CoV-27): individuals with postacute hyperinflammatory syndrome, no evidence of SARS-CoV-2 infection, but criteria for

Kawasaki disease (KD), pink. Illustrations were obtained from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Unported License

(https://smart.servier.com/).
See also Figure S1 and Table S1.
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controls (Figure S4B). These observations suggest a metabolic switch potentially
driven by hypoxic conditions. Nuclear factor kB (NF-kB) signaling, VEGF signaling,
and inflammatory pathways (type | and type Il IFNs, IL-1, IL-6, and IL-17 signaling
pathways) were also found to be overrepresented in both groups (Figure S4B).

Interestingly, alterations in the same pathways were also identified in all cases of chil-
dren with SARS-CoV-2-related postacute illnesses (All MIS-C (CoV-27): MIS-C_MYO
(CoV-2") and MIS-C (CoV-2%)). However, in these cases, alterations were mostly
restricted to monocytes and DCs (Figures 4A and 4B). Comparisons of genes differ-
entially expressed between children with postacute hyperinflammatory illness with
or without evidence of SARS-CoV-2 infection (All MIS-C (CoV-2*) versus KD (CoV-
27)) did not reveal significant differences except for type | and type Il IFN signaling
(Figures S4C and S4D).

The NF-kB signaling pathway was identified to be activated in monocytes and DCs
of all individuals with acute infection and postacute hyperinflammatory illness, inde-
pendent of SARS-CoV-2 infection (Figure 4C). Although monocytes and DCs of indi-
viduals with acute infection (Acute-Inf (CoV-27)) highly expressed genes of the NF-kB
complex (REL, RELA, RELB, NFKB1, and NFKB2) (Figure 4D), monocytes and DCs
from all individuals with MIS-C (MIS-C_MYO (CoV-2") and MIS-C (CoV-2")) exhibited
a strong decrease in expression of NF-kB inhibitors, such as NFKBIA, NFKBID,
NFKBIE, and NFKBIZ (Figure 4D).

Pathways dysregulated in acute infection or postacute hyperinflammatory illness re-
flected an inflammatory status based on NF-kB signaling combined with changes in
metabolism driven by a hypoxic environment. In acute respiratory disease, changes
in gene expression reflected involvement of all PBMCs, whereas in postacute hyper-
inflammatory illnesses, monocytes/DCs were the most affected populations. These
results further support involvement of monocyte/DC populations in MIS-C.

Exacerbated TNF-o and NF-kB signaling in MIS-C with severe myocarditis

To identify differences between individuals with and without severe myocarditis, we
compared cytokines/chemokines and gene expression profiles in individuals treated
with IVIG only before sampling. Slightly higher expression of TRAIL, IL-7, IL-2, IL-13,
IFN-v, IFN-a2, IL-17A, and Granzyme B was found in MIS-C without myocarditis
(MIS-C (CoV-2")) (Figures 5A and S5A). In contrast, 17 cytokines and chemokines
were higher in MIS-C with severe myocarditis (MIS-C_MYO (CoV-2")) (Figures 5A,
5B, and S5B). 9 of them are known to be associated with TNF-a and NF-kB signaling
(Figure 5B). They are involved in propagation of inflammation (IL-6), angiogenesis
and vascular homeostasis (VEGF and TGF cytokines) and activation, and chemotaxis
and migration of myeloid cells (CCL2, CX3CL1, CXCL10, CCL20, and CCL3).3%33
Increased levels of CCL19 (cell migration and chemotaxis) and IL-1 antagonist (IL-
1RA) were also observed, as well as increased soluble PD-L1 (Figure S5B). Other
noticeably elevated cytokines were CSF2 and CSF3, known to be involved in myeloid
cell differentiation and migration (Figure S5B).

Regarding differentially expressed genes, most changes were observed in mono-
cytes/DCs, which led us to focus on these populations for the following analyses
(Figures S5C and S5D). Strong overexpression of genes belonging to TNF-a and
NF-kB signaling was found in monocytes/DCs of MIS-C with severe myocarditis
(MIS-C_MYOQ (CoV-2%)) (Figure 5C). Strikingly, the decrease in expression of NF-«xB
inhibitors observed in all individuals with MIS-C (Figure 4D) appeared to be
specific to monocytes and DCs of individuals with MIS-C with severe myocarditis
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Figure 2. Analyses of cytokine/chemokine plasma levels
(A) Heatmap of all cytokines/chemokines measured in the different clinical groups: CTL, green; Acute-Inf (CoV-2%), blue; MIS-C (CoV-2%), orange; MIS-
C_MYO (CoV-2%), red. On the x axis, blood donors are organized by groups and immune-modulatory treatment (untreated, blue; treated, yellow), and
on the y axis, cytokines/chemokines are displayed following hierarchical clustering. Cytokines/chemokines were expressed as pg/mL and log
transformed, with blue to orange colors representing lower to higher expression, respectively.

(B) Dot plots of cytokines/chemokines elevated in postacute hyperinflammatory groups (MIS-C (CoV-2") and MIS-C_MYO (CoV-2")) compared with

Acute-Inf (CoV-2") and healthy blood donors (CTL).

(C) Dot plots of cytokines/chemokines elevated in Acute-Inf (CoV-2") compared with postacute hyperinflammatory groups (MIS-C (CoV-2%) and MIS-

C_MYO (CoV-2")) and healthy blood donors (CTL).

(B and C) p values are calculated by Kruskal-Wallis test for multiple comparisons, followed by a post hoc Dunn’s test. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S2.
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Figure 3. CyTOF and scRNA-seq characterization of PBMCs distribution

(A) Top panel: UMAP of 1,150,000 single cells from PBMCs of 7 CTL, 1 Acute-Inf (CoV-27), 4 Acute-Inf (CoV-2"), 2 MIS-C (CoV-2"), 6 MIS-C_MYO (CoV-
2"), and 3 KD (CoV-27) donors following analyses by CyTOF and displayed as 23 clusters identified using the individual expression of 29 proteins, as
described in Figure S3A. Bottom panel: boxplots of clusters with differences observed between SARS-CoV-2* groups and CTL (Acute-Inf (CoV-27), MIS-
C (CoV-2"), and MIS-C_MYO (CoV-2)).

(B) Top panel: Uniform Manifold Approximation and Projection (UMAP) of 152,201 single cells following extraction from PBMCs (9 CTL, 1 Acute-Inf(CoV-
27), 4 Acute-Inf (CoV-2%), 2 MIS-C (CoV-2"), 6 MIS-C_MYO (CoV-2"), and 3 KD (CoV-27)) and processed by scRNA-seq. A resolution of 0.8 allows us to
segregate cells into 26 clusters identified based on the expression of several markers and gene signatures, as shown in Figure S4B. Bottom panel:
boxplots of clusters with significant differences between SARS-CoV-2* groups and CTL (Acute-Inf (CoV-2*), MIS-C (CoV-2"), and MIS-C_MYO (CoV-2")).
See also Figure S3.

Groups are represented by the following colors: CTL, green; Acute-Inf (CoV-2"), blue; MIS-C (CoV-2%), orange; MIS-C_MYO (CoV-2%)). In the boxplots,
each dot represents a sample. Boxes range from the 25th to the 75th percentiles. The upper and lower whiskers extend from the box to the largest and
smallest values, respectively. Any sample with a value at most X 1.5 the interquartile range of the hinge is considered an outlier and plotted individually.
p values are calculated by Kruskal-Wallis test for multiple comparisons, followed by a post hoc Dunn's test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Genes and pathways differentially regulated in acute infection and postacute hyperinflammation following SARS-CoV-2 infection

(A) Bar charts of the number of up- and downregulated genes in Acute-Inf (CoV-2") (left panel) and All MIS-C (MIS-C (CoV-2*) and MIS-C_MYO (CoV-2"))
(right panel) compared to CTL in PBMCs, monocyte/cDC/pDC, and T and B cell clusters obtained following scRNA-seq experiments as displayed in
Figure 3B. PBMCs represent all clusters. Monocytes/cDCs/pDCs represent clusters 5, 11, 12, 17, 20, 21, and 24. T cells represent clusters 0, 1, 2, 4, 6, 7,
10,13, 14,15, 16,18, and 23. B cells represent clusters 3, 8, 9, 19, and 22. The top value on the light-colored bars represents the upregulated genes, and
the bottom value (dark) represents the downregulated genes. Median age for each group: CTL, 15 years; MIS-C (CoV-2%), 3.7 years; MIS-C_MYO (CoV-
2%), 8.4 years.
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(MIS-C_MYO (CoV-2%)) (Figure 5D). Among the other pathways upregulated in MIS-
C_MYO (CoV-2%), we identified inflammatory responses, hypoxia, and response to
oxidative stress (HIFTA, HMOX1, HMBGI, etc.) (Figures S6A and S6B). TGF-B
signaling and VEGF signaling were also enriched in monocytes and DCs of individ-
uals with myocarditis and to a lesser magnitude in B cells (Figures S6A and S6B).

NF-kB activation, decreased expression of NF-kB inhibitors, TNF-a signaling, and a
hypoxic response to oxidative stress and VEGF signaling characterize the monocytes
and DCs of children with MIS-C and severe myocarditis.

A lack of response to type | and type Il IFN in MIS-C with severe myocarditis
Pathway enrichment performed with Ingenuity Pathway Analysis (IPA) and
EnrichR**** highlighted the modulation of type | and type Il IFN signaling pathways,
with upregulation of several IFN-stimulated genes (ISGs) (JAK2, STAT1, STAT2,
IFITM1, IFITM2, IFI35, IFIT1, IFIT3, MX1, IRF1) in monocytes/DCs and T and B cells
of individuals with MIS-C without myocarditis only (Figures 6A-6D, S6A, and S6C).
However, both groups of individuals with MIS-C showed elevated plasma IFN-a2
and IFN-y proteins (Figures 2A, 2B, and 6A). Gene expression downregulation in
monocytes/DCs of individuals with MIS-C with severe myocarditis (including most
of the major histocompatibility complex [MHC] class Il genes) suggests a decrease
in antigen processing and presentation pathways (Figure S6 C) along with downre-
gulation of genes linked with oxidative phosphorylation, nitric oxide production,
and inducible Nitric Oxide Synthase (iNOS) signaling, which could be related to
establishment of hypoxic conditions and response to oxidative stress (Figure S6A).
Because all individuals with MIS-C analyzed in single-cell experiments had received
IVIG prior to sampling, changes observed at the level of gene expression are unlikely
to be biased because of this treatment.

Identification of a molecular signature specific to MIS-C with severe
myocarditis

To identify the potential clinical relevance of our study, we searched for a molecular
signature that correlated with the appearance of severe myocarditis among the
monocytes/DCs of children with SARS-CoV-2-related MIS-C. By using several
scRNA-seq comparison strategies (Figure 7A), we identified 329 genes upregulated
in monocytes/DCs of the MIS-C group with myocarditis (n = 6) compared with all
other groups (Figure 7A). To validate this molecular signature, RNA from PBMCs
was sequenced from individuals enrolled in our study but not analyzed by scRNA-
seq. A scoring system was generated, based on normalized expression represented
by a Z score, coupled with hierarchical clustering, to identify genes that were over-
expressed in children with myocarditis (MIS-C_MYO (CoV-2") group) compared with
the other groups (Figure S7A). Within the 329 genes identified by scRNA-seq in
monocytes and DCs of individuals with severe myocarditis, expression of 116 genes

(B) Heatmap of the canonical pathways, enriched in the differentially expressed genes (DEGs) from the comparisons performed in (A) in PBMCs,
monocytes/cDCs/pDCs, and T and B cells, obtained by using Ingenuity Pathways Analysis (IPA). Left panel: part 1. Right panel: part 2. Symbols are used
in front to represent pathways of the same functional groups. Pathways with an absolute Z score < 2 or adjusted p > 0.05 under all conditions were
filtered out. Zscore > 2 means that a function is increased significantly (orange) whereas Zscore < —2 indicates a significantly decreased function (blue).
Gray dots indicate non-significant pathways (p > 0.05).

(C) Heatmap of activation of the NF-kB signaling pathway, as predicted by IPA, in Acute-Inf (CoV-2") and in All MIS-C (MIS-C (CoV-2") and MIS-C_MYO
(CoV-2")) compared with controls. The color scale represents the Zscore of the prediction. The higher the score, the more activated the NF-kB signaling
pathway. NS, non-significant comparison.

(D) Dot plot of the expression in monocytes/cDCs/pDCs of the negative regulators of the NF-kB complex. The color scale shows scaled average
expression in all monocytes/cDCs/pDCs, with red and blue being the highest and lowest expression, respectively. Sizes of dots show the percentage of
cells that express the gene.

See also Figure S4 and Data S2.
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was upregulated in PBMCs from a group of 9 individuals belonging to the MIS-
C_MYO (CoV-2%) group with myocarditis and not analyzed by scRNA-seq (Figures
7B). From these genes, a signature score (SignatureSCORE) was determined for
each sample processed by bulk RNA SEQ (Figure 7C). We then further developed
a RankingSCORE (Figures S7A and S7B) to identify the top genes that contributed
the most to the monocyte and DC myocarditis signature. This led to identification
of a set of 25 genes that clearly segregate individuals with severe myocarditis
from other MIS-C (Figure 7D). Most of these 25 genes belong to functional pathways
that have been identified previously (Figures 5, S5, 6, and S6é), such as inflammation,
oxidative stress, TNF-a. and/or NF-kB signaling, and, in some cases, already known
markers of myocarditis or MIS-C and/or COVID-19, such as genes coding for S100
proteins (Figures S7C-S7E). S100 proteins and calcium-binding cytosolic proteins
are known to serve as danger signals to regulate cell migration, homeostasis, and
inflammation and have been reported recently as new biomarkers for the most se-
vere forms of COVID-19 in adults with acute severe respiratory syndrome.*®

DISCUSSION

Multi-parametric analysis of PBMCs from children with acute respiratory infection
and postacute hyperinflammation, collected during the COVID-19 pandemic, al-
lowed us to detect an inflammatory profile associated with a loss of circulating
monocytes and DCs, as well as upregulation of genes and pathways involving NF-
kB signaling, oxidative stress with establishment of hypoxic conditions, and VEGF
signaling. These pathways were upregulated in acute and postacute groups of indi-
viduals, independent of SARS-CoV-2 infection. However, significant features of MIS-
C with severe myocarditis were detected specifically in monocytes and DCs,
including increased TNF-o. and NF-kB signaling, decreased expression of NF-«B in-
hibitors, transcriptional responses corresponding to hypoxic conditions, and low
type | and type Il IFN responses, despite elevated cytokines detected in the plasma.

Acute cases were characterized by detection of inflammatory markers in the plasma
with a particularly strong elevation of IL-8 and CXCL1, two chemokines known to

3737 and a modest elevation of IFN-a2

mediate neutrophil migration to the lungs
levels. These findings suggest that, in some children, a suboptimal anti-viral type |
IFN response, along with a hyperinflammatory response (IL-6 levels and exacerba-
tion of the NF-kB pathway), could account for SARS-CoV-2 disease with pneumonia
compared with the very usual benign or even asymptomatic clinical course of SARS-
CoV-2 infection in children. This has been observed previously in severe respiratory

syncytial virus infections.*°

In postacute individuals treated with IVIG alone, elevated levels of plasma IFN-v, IFN-
a2, 1L-10, IL-17, and, to a lesser extent, TNF-a, were found, as described previously for

Figure 5. Cytokine/chemokine and gene expression analyses reveal exacerbation of TNF-a and NF-kB signaling pathways in MIS-C_MYO (CoV-27)
compared with MIS-C (CoV-2*)

(A) Heatmap of the cytokines/chemokines showing differences between MIS-C (CoV-2") (orange) and MIS-C_MYO (CoV-2") (red) in individuals not
treated with corticosteroids before sampling. On the x axis, blood donors are organized by group and treatment received before sampling. On the y
axis, cytokines/chemokines are displayed following hierarchical clustering. Cytokines/chemokines were expressed as pg/mL and log transformed, with
blue to orange colors representing lower to higher expression, respectively.

(B) Dot plots of cytokines/chemokines elevated in MIS-C_MYO (CoV-2*) compared with MIS-C (CoV-2") and related to TNF-a and NF-kB signaling. p
values are calculated by Kruskal-Wallis test for multiple comparisons, followed by a post hoc Dunn'’s test. *p < 0.05, **p < 0.01, ***p < 0.001.

(C) Dot plot of the expression in monocytes/cDCs/pDCs of the 49 genes from TNF-a signaling via the NF-«kB pathway (pathway enrichment analysis by
MSigDB Hallmark 2020 obtained from the upregulated genes of in the MIS-C_MYO (CoV-2") group compared with MIS-C (CoV-2"); Figure S6B).

(D) Dot plot of the expression in monocytes/cDCs/pDCs of the negative regulators of the NF-kB complex in the MIS-C groups.

See also Figure S5 and Data S2.
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Figure 6. Differences in IFN responses between MIS-C (CoV-2*) and MIS-C_MYO (CoV-2*)

(A) IFN-a. and IFN-y protein levels measured by Simoa (top two panels) and ISGs (type | and type Il ISG) expression measured by scRNA-seq and
displayed as signatureSCORE on all PBMCs (bottom two panels).

(B and C) Violin plots of type | (B) and type Il (C) IFN signaling signatures analyzed in monocytes/cDCs/pDCs and B and T cells.

(D) Dot plot of the expression in monocytes/cDCs/pDCs cells of 60 genes from the IFN signaling pathway enrichment analysis by MSigDB Hallmark 2020
obtained from the downregulated genes in the MIS-C_MYO (CoV-2") group compared with MIS-C (CoV-2") (Figure S6E). See also Figure Sé.

(A and D) Color scales show scaled average expression in all cells, with red and blue being the highest and lowest expression, respectively. Sizes of dots
show the percentage of cells that express the gene.
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other cohorts.'® %142 These findings are typical of an ongoing anti-viral immune
response not directly related to SARS-CoV-2 infection. In addition, elevated chemo-
kines, such as CCL2, CCL3, and CCL4, may recruit monocytes and DCs to tissues,
possibly accounting for their reduced numbers observed in the blood of these individ-
uals. Additional mechanisms, such as apoptosis or other cell death pathways, may also
be involved, and we cannot exclude an effect of the IVIG treatment, as reported pre-
viously in some studies.”*?”-?%3%31 Compared with children with acute infection, most
of the individuals with postacute hyperinflammation received IVIG treatment before
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sampling, some combined with glucocorticosteroids. The immunosuppressive
effects of glucocorticoids are identified at the cytokine/chemokine level. Nevertheless,
IVIG treatment cannot account for the observed increase in inflammatory cytokines.
However, IVIG treatment could explain the increase in anti-inflammatory mediators,
such as IL-10, IL-1RA, and TGF-B1, observed in MIS-C.%*??

Cellular phenotypes that distinguish MIS-C from classic KD have been reported pre-
viously."”**1%2 Consoglio et al.'” described several key differences, such as elevated
IL-17, IL-6, and CXCL10, that were only observed in KD, associated with decreased
naive CD4" T cells and increased central memory and effector memory CD4™ T cells
in MIS-C. In the present study, high levels of IL-17, IL-6, and CXCL10 were found in
MIS-C and in our KD (CoV-27) groups. Differences observed in previous reports'’
may be due to the clinical homogeneity of our MIS-C group because all had KD
criteria. Centers for Disease Control and Prevention (CDC) and World Health Orga-
nization (WHO) case definitions show a much broader spectrum of disease, and Con-
soglio et al."’, like some other clinical studies,® may have included individuals with
multisystem involvement along with laboratory evidence of inflammation of MIS-C
but without KD. Another explanation may be the time of blood sampling relative
to admission to hospital and medical treatments. Third, we cannot exclude that
our KD (CoV-27) individuals were different from individuals with “classic” KD
enrolled before the start of the COVID-19 pandemic. Our data still support the hy-
pothesis that individuals with MIS-C with KD features exhibit a molecular phenotype
close to the one seen in those with KD, suggesting overlapping pathogenesis mech-
anisms,'® but the effect of treatments received prior to sampling cannot be
excluded.

Strikingly, we did find noticeable differences when comparing MIS-C with MIS-C
cases associated with severe myocarditis and circulatory failure that required inten-
sive care. Expression of several cytokines/chemokines was increased further in these
cases—most of them related to the NF-kB—TNF-a signaling axis. Elevated VEGF and
TGF-a and TGF-B are potential drivers of angiogenesis and vascular homeostasis,
whereas elevated chemokines (CCL2, CCL3, CCL20, CX3CL1, and CXCL10) could
mediate increased cell migration toward inflamed tissues. Molecular analysis
confirmed upregulation of genes belonging to the TNF-a and NF-kB signaling

Figure 7. Molecular signature and proposed mechanism associated with severe myocarditis in children with MIS-C

(A) Schematic of the 3 strategies used to extract 329 markers of the MIS-C_MYO (CoV-2") group from the monocyte/cDC/pDC clusters using the single-
cell dataset. Strategy 1: direct comparison of the monocytes/cDCs/pDCs of the MIS-C_MYO (CoV-27) group with all other samples. Strategy 2: direct
comparison of the monocytes/cDCs/pDCs of MIS-C_MYO (CoV-2*) with other samples with postacute hyperinflammation (MIS-C (CoV-2*) and KD
(CoV-27)). Strategy 3: selection of genes upregulated only in the monocytes/cDCs/pDCs of MIS-C_MYO (CoV-2*) compared with CTL. Below each
strategy is the corresponding dot plot obtained from scRNA-seq with the number of upregulated genes. The average expression is represented by the
centered scaled expression of each gene. On the left, names of each group with their corresponding color are shown.

(B) Heatmap of expression of the 116 of 329 genes with a higher expression in MIS-C_MYO (CoV-2") than in other groups in the bulk dataset generated
from PBMCs (7 CTL, 7 MIS-C (CoV-27), 9 MIS-C_MYO (CoV-2%), and 9 KD (CoV-2") donors). The color scale indicates the scaled GeneSCORE (mean Z
score of the gene in all samples of a group), with red and blue representing the highest and lowest expression, respectively. Hierarchical clustering of
the genes was computed with a Pearson’s correlation as a distance.

(C) Boxplot of the expression of the 116 genes validated in (C), calculated as a SignatureSCORE, which represents the mean Z score in each sample of
the 116 genes selected in (B) in the bulk RNA-seq dataset (Figure S7A).

(D) Boxplot of the SignatureSCORE of the top 25 genes, as ranked in Figure S7B, in the bulk RNA-seq dataset.

(E) Graphical representation based on cytokines,cellular, and transcriptomics analyses (above the black dotted line), combined with known literature
(below the black dotted line), illustrating a putative model explaining the occurrence of myocarditis among children in the MIS-C (CoV-2) group. Black
represents genes and functions modulated in the MIS-C (CoV-2") and MIS-C_MYO (CoV-2") groups compared with CTL, whereas red highlights genes
and pathways differentially modulated in the MIS-C (CoV-2*) and MIS-C_MYO (CoV-2") groups, respectively. See also Figure S7 and Data S3.

(Cand D) Each mark represents asample. Dots represent untreated samples, triangles represent IVIG-treated samples, and squares represent IVIG- and
steroid-treated individuals. Boxes range from the 25th to the 75th percentiles. The upper and lower whiskers extend from the box to the largest and
smallest values, respectively. Any sample with a value at most x 1.5 the inter-quartile range of the hinge is considered an outlier and plotted individually.
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pathways that were found specifically in monocytes and DCs of individuals with
MIS-C with severe myocarditis. Lower expression of NF-kB complex inhibitors,
including TNFAIP3(A20), TNFAIP2, NFKBIA, and NFKBIZ, was detected, suggesting
a possible mechanism for NF-kB sustained activation, which could then potentially
lead to exacerbated TNF-a signaling. These results point to a potential role of mono-
cytes and DCs in the pathogenesis of MIS-C with severe myocarditis, which might
not be driven directly by SARS-CoV-2 infection but, rather, the consequence of a
defect in a regulatory process limiting a pathological immune response, as already
observed for other pathogens.*? It would be interesting to investigate the presence
of genetic variants among MIS-C with severe myocarditis in genes such as TNFAIP3,
as discussed previously.*® The apparent hypoxic conditions detected in children
with myocarditis could also account for the exacerbation of NF-kB signaling. HIF-
1o, a sensor of oxidative stress, is well known for being able to induce a switch
from oxidative phosphorylation to glycolysis to limit generation of reactive oxygen
species (ROS). It can also activate NF-kB signaling.***> Additional environmental
factors and/or genetic predispositions could also be involved. Another striking
feature was the low expression of genes involved in type | and type Il IFN responses,
specifically in monocytes and DCs of children with myocarditis, although IFN-y and
IFN-o.2 proteins were elevated in the plasma of all individuals with MIS-C. Although
an absence of type Il IFN responses could account for reduced Human Leucocyte
Antigen-DR (HLA-DR) cell surface expression by monocytes/DCs, the reduced
response to type | IFN in the most severe forms of MIS-C (with myocarditis and cir-
culatory failure) is in part reminiscent of the impaired type | IFN activity observed in
the most severe forms of COVID-19 in adults.”*™*® The search for auto-antibodies
against IFN-a2 were negative (data not shown), but a presence of autoantibodies
to ISGs cannot be excluded.”” Because all individuals with MIS-C analyzed by
scRNA-seq had received IVIG prior to sampling, the effect of the treatment is unlikely
to explain the differences observed between MIS-C with or without severe myocar-
ditis. Furthermore, IVIG has been described to downregulate rather than upregulate
TNF-o. and NF-kB signaling.?*?*?? Abrogation of type | IFN responses following
IVIG treatment has been described,® although it is unlikely to explain here the dif-
ferences between both groups of MIS-C.

Overall, our findings depict a model, supported by previous publications,”' >’
where myocarditis is associated with an attenuated negative feedback loop of
TNF-a-driven NF-kB activation together with an excess of proangiogenic cytokines
and chemokines that could attract activated myeloid and T cells to the myocardium
tissue (Figure 7E). Locally, it could lead to production of inflammatory cytokines
known to promote differentiation of cardiac fibroblasts into cardiac myofibroblasts
(TNF-a, TGF-B, IL1B, IL-13, IL-4, and VEGF). Cardiac myofibroblasts, as reported
previously, may secrete chemokines, leading to further activation and recruitment
of myeloid cells, creating a feedforward loop of locally sustained inflammation
and myocarditis.>">*>’

Using scRNA-seq data, we defined a gene signature specific for SARS-CoV-2-related
postacute hyperinflammatory illness with severe myocarditis that was validated by a
global transcriptomics analysis on PBMCs from individuals not analyzed by scRNA-
seq. The genes defining this signature were consistently enriched in genes associated
with inflammation, TNF-a and NF-kB signaling, oxidative stress, and myocarditis (Fig-
ure S7C). Interestingly, among these genes, the S100 proteins and the calprotectin
complex (ST00A8/S100A9) in particular have been reported previously and proposed
as biomarkers for the most severe adult form of COVID-19 with acute respiratory syn-
drome (Figure S7D).** Moreover, recent deep immune profiling of adult and pediatric
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individuals with SARS-CoV-2 highlighted similarities between MIS-C and moderate to
severe adult COVID-19 profiles.”® Despite different clinical symptoms and disease
temporality between adults infected with SARS-CoV-2 and children with MIS-C, our
study underscored striking similarities at the cellular and molecular levels. First, as
observed in adults, increased leucocyte counts, activated neutrophils combined with
lymphopenia, and decreased myeloid cells are characteristic of the most severe forms
of MIS-C with myocarditis.'’**" The hypercytokinemia described in adults is also found
in children with MIS-C (elevated TNF-«, IL-6, IL-10, granulocyte-macrophage colony-
stimulating factor (GM-CSF), monocyte chemoattractant protein 1 [MCP1]/CCL2,
and macrophage inflammatory protein [MIP-1 a]/CCL3).3°7¢0 At the gene expression
level, as reported in adults, the most severe disease forms in children are associated
with TNF-a, NF-kB signaling, genes associated with hypoxia and/or oxidative stress
(HIF1A and HMGB1), and reduced type | IFN responses.

Interestingly, cardiac involvement in adults hospitalized with COVID-19 occurs
frequently, with echocardiographic aspects similar to pediatric MIS-C with myocar-
ditis.®"*? In some cases, they are associated with myocardial injury with dysfunction
and elevated troponin levels, more often associated with poor outcomes.®**¢ In au-
topsy studies, cardiac infection was common in individuals who died from COVID-
19, although cells infected by SARS-CoV-2 were rare. Cardiac infection was often
associated with myocardial inflammatory cell infiltration by macrophages and lym-
phocytes, alongside myocarditis, in rare cases.®’

Limitations of the study

Our study has several limitations, including the relatively low number of cases in each
group and lack of a comparison with asymptomatic or mildly symptomatic non-hospi-
talized children positive for SARS-CoV-2 and a longitudinal study of children with
“classic” KD enrolled before the COVID-19 pandemic. Our KD group was nothomoge-
neous because it included complete and incomplete KD; although we used the Amer-
ican Heart Association (AHA) algorithm and excluded other alternative diagnoses, we
cannot exclude thatincomplete KD cases were over-diagnosed and, therefore, misclas-
sified. However, comparison of their biological and cytokine data with those of com-
plete KD cases did not reveal any significant differences (data not shown), and we
thought it important to consider all KD cases with which clinicians are confronted in
their daily practice. Also, because of the severity of the illness in MIS-C, which requires
immediate treatment, blood samples were almost exclusively collected after immuno-
modulatory treatment with IVIG and, in some cases, following addition of glucocorti-
coids. Potential effects of treatments were discussed throughout the manuscript.
Differences in median age between groups exist and were taken into consideration dur-
ing analyses. All of our cellular data were generated from frozen peripheral mononu-
clear cells, which does not allow direct assessment of neutrophils and cannot exclude
any bias in cell proportions and immune analyses, although all samples were processed
using the same methods. A parallel analysis of polymorphonuclear leukocytes will be
required. Endothelial and myocardiac cells are at least targets of the disease but
may also contribute to the pathophysiology, as described above. Also, additional
data supporting gene expression findings will be necessary in future studies. Neverthe-
less, our study provides a further in-depth molecular analysis of MIS-C with severe
myocarditis. These severe forms were found to be associated with excessive activation
of the TNF-a and NF-kB signaling axis and poor response to type | and type Il [FNs in
monocytes and DCs, secretion of cytokines promoting angiogenesis, and chemotaxis
and potential migration of activated myeloid cells and neutrophils in the myocardiac
tissue. This may help to identify potential new clinical biomarkers and open new ther-
apeutic strategies, including drugs targeting the TNF-o. or NF-kB pathways.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-Human CD45 (HI30) - 89Y - 25 tests Fluidigm Cat#201325
Anti-Human CD196 /CCR6 (GO34E3) - 141Pr - Fluidigm Cat#201325
25 tests

Anti-Human CD123 (6H6) - 143Nd - 25 tests Fluidigm Cat#201325
Anti-Human CD19 (HIB19) - 144Nd - 25 tests Fluidigm Cat#201325
Anti-Human CD4 (RPA-T4) - 145Nd - 25 tests Fluidigm Cat#201325
Anti-Human CD8a (RPA-T8) - 146Nd - 25 tests Fluidigm Cat#201325
Anti-Human CD11c (Bu15) - 147Sm - 25 tests Fluidigm Cat#201325
Anti-Human CD16 (3G8) - 148Nd - 25 tests Fluidigm Cat#201325
Anti-Human CD45RO (UCHL1) - 149Sm - 25 Fluidigm Cat#201325
tests

Anti-Human CD45RA (HI100) - 150Nd - 25 tests Fluidigm Cat#201325
Anti-Human CD161 (HP-3G10) - 151Eu - 25 Fluidigm Cat#201325
tests

Anti-Human CD194/CCR4 (L291H4) - 152Sm - Fluidigm Cat#201325
25 tests

Anti-Human CD25 (BC96) - 153Eu - 25 tests Fluidigm Cat#201325
Anti-Human CD27 (0323) - 154Sm - 25 tests Fluidigm Cat#201325
Anti-Human CD57 (HCD57) - 155Gd - 25 tests Fluidigm Cat#201325
Anti-Human CD183/CXCR3 (G025H7) - 156Gd Fluidigm Cat#201325
- 25 tests

Anti-Human CD185/CXCR5 (J252D4) - 158Gd Fluidigm Cat#201325
- 25 tests

Anti-Human CD28 (CD28.2) - 160Gd - 25 tests Fluidigm Cat#201325
Anti-Human CD38 (HB-7) - 161Dy - 25 tests Fluidigm Cat#201325
Anti-Human CD56/NCAM (NCAM16.2) - Fluidigm Cat#201325
163Dy - 25 tests

Anti-Human TCRyd (B1) - 164Dy - 25 tests Fluidigm Cat#201325
Anti-Human CD294 (BM16) - 166Er - 25 tests Fluidigm Cat#201325
Anti-Human CD197/CCR7 (G043H7) - 167Er - Fluidigm Cat#201325
25 tests

Anti-Human CD14 (63D3) - 168Er - 25 tests Fluidigm Cat#201325
Anti-Human CD3 (UCHT1) - 170Er - 25 tests Fluidigm Cat#201325
Anti-Human CD20 (2H7) - 171Yb - 25 tests Fluidigm Cat#201325
Anti-Human CD66b (G10F5) - 172Yb - 25 tests Fluidigm Cat#201325
Anti-Human HLA-DR (LN3) - 173Yb - 25 tests Fluidigm Cat#201325
Anti-Human IgD (IA6-2) - 174Yb - 25 tests Fluidigm Cat#201325
Anti-Human CD127 (A019D5) - 176Yb - 25 Fluidigm Cat#201325
tests

Cell-ID Intercalator-103Rh - 103Rh - 25 tests Fluidigm Cat#201325
Biological samples

Human blood samples Adult and Pediatric patients This paper, Table S1
Chemicals, peptides, and recombinant proteins

Ficoll Eurobio Scientific Cat#CMSMSL01-01
Fetal Bovine Serum GIBCO, Thermo Fisher Scientific Cat#10270106
DMSO Sigma Aldrich Cat#D2650
Sodium Heparin Salt Sigma Aldrich Cat# H3149-10KU
TruStain FcX Biolegend Cat#422302
Cal-LyseTM Lysing Solution (with Thermo Fisher Scientific Cat# GAS-0105100 (100 ml)

formaldehyde and EGTA)

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

PierceTM 16% Formaldehyde (w/v), Methanol-
free

RNeasy Mini Kit (50)
EQ Beads
Universal Plus mRNA-Seq kit

Thermo Fisher Scientific

QIAGEN
Fluidigm
Nugen

Cat# 28906 (10 x 1 mL)

Cat# 74104
Cat# 201078
Cat# 0530-32

Critical commercial assays

Luminex multi-analyte assay
Homebrew assay

Triplex assay

Maxpar Direct Immune Profiling Assay

Biotechne, R&D systems
Quanterix

Quanterix

Fluidigm

Cat# LKTMO014
Cat# 101076
Cat# 101160
Cat# 201325

Chromium Single Cell 3’ Library & Gel Bead Kit 10X Genomics PN-1000075

v3

RNase-Free DNase Set QIAGEN Cat# 79254

Deposited data

Single-Cell RNA-sequencing data This paper GEO: GSE167029

Bulk RNA-sequencing data This paper GEO: GSE167028

Software and algorithms

Ingenuity Pathway Analysis v57662101 QIAGEN https://digitalinsights.qgiagen.com/products-

Seurat v3.1
Flowjo v10.7

Flowjo pluggin: Downsample v3.3
Flowjo pluggin: UMAP v3.1
Flowjo pluggin: FlowSom v2.9

Enrich R
CyTOF software version 6.7.1014
CellRanger V3.1

Hisat2
DESeq2 (version 1.28.1)

Qlucore OMICS explore
GraphPAD Prism

Stuart et al.®®
BD bioscience

BD bioscience

BD bioscience; Mclnnes et a
BD bioscience; Van Gassen et al.”®

Chen et al.**; Kuleshov et al.*®

Fluidigm
10X Genomics

Kim etal.”!

Love etal.”?

Qlucore
GraphPad

overview/discovery-insights-portfolio/analysis-
and-visualization/giagen-ipa/
https://satijalab.org/seurat/

https://www.flowjo.com/solutions/flowjo/
downloads

https://www.flowjo.com/exchange/#/plugin/
profile?id=25
https://www.flowjo.com/exchange/#/plugin/
profile?id=6
https://www.flowjo.com/exchange/#/plugin/
profile?id=7
https://maayanlab.cloud/Enrichr/
https://www.fluidigm.com/software

https://support.10xgenomics.com/single-cell-
gene-expression/software/downloads/latest

https://daehwankimlab.github.io/hisat2/

http://bioconductor.org/packages/release/
bioc/html/DESeg2.html

https://www.glucore.com/omics-explorer

https://www.graphpad.com/scientific-
software/prism/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact and corresponding author, Mickaél Ménager
(mickael.menager@institutimagine.org)

Material availability
This study did not generate new unique reagents.

Data and Code availability

Single-cell and bulk RNA-seq data have been deposited in GEO and are publicly
available. Accession numbers are listed in the key resources table. This paper
does not report original code. Any additional information required to reanalyze
the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients and cohorts

This prospective multicenter cohort study included children (age < 18 years at the
time of admission) suspected of infection with SARS-CoV-2 between April 6, 2020
and May 30, 2020. Clinical aspects of 22 of the included patients were previously re-
ported.'”"" Children admitted with fever in general pediatric wards or pediatric
intensive care units of Tertiary French hospitals involved in the research program,
suspected of SARS-CoV-2 related illness and who underwent routine nasopharyn-
geal swabs for SARS-CoV-2 RT-PCR (R-GENE, Argene, Biomerieux, Marcy |'Etoile)
or SARS-CoV-2 IgG serology testing (Architect SARS-CoV-2 chemiluminescent
microparticle immunoassay; Abbott Core Laboratory, IL, USA), were eligible. The
study was approved by the Ethics Committee (Comité de Protection des Personnes
Ouest IV, n° DC-2017-2987). All parents provided written informed consent.

Case definition for pediatric COVID-19 acute infection was presence of fever, fa-
tigue, neurological abnormalities, gastro-intestinal or respiratory signs, associated
with a concomitant nasopharyngeal swab positive for SARS-CoV-2 RT-PCR, and
absence of MIS-C criteria.”” Case definition for postacute hyperinflammatory illness
(Figure 1) was presence of fever, laboratory evidence of inflammation and clinically
severe illness with multisystem involvement, during the SARS-CoV-2 epidemic
period.” This may include children with features of KD; criteria of the American Heart
Association was used to define for complete (Fever > 4 days and > 4 principal
criteria) or incomplete KD (Fever > 4 days and 2 or 3 principal criteria, and without
characteristics suggestive of another diagnosis).'* Among cases with postacute hy-
perinflammatory illness, children with a positive SARS-CoV-2 testing (RT-PCR or
serology) were considered to have MIS-C according to CDC and WHO criteria to
define MIS-C.”* Patients with postacute hyperinflammatory illness, negative SARS-
CoV-2 testing (RT-PCR or serology), and criteria for KD, were considered as patients
with KD-like illness. Patients with MIS-C with clinical signs of circulatory failure
requiring intensive care, with elevated high-sensitivity cardiac troponin | levels (>
26 ng/mL) and/or decreased cardiac function (diastolic or systolic ventricular
dysfunction at echocardiography), were considered to have MIS-C with severe

myocarditis.”>”¢

For each included patient, we collected demographic data, symptoms, results of
SARS-CoV-2 testing and other laboratory tests, echocardiograms, and treatments.
All patient data are available in Table S1. Introduction of specific treatments for
MISC and KD cases was decided by the pediatrician in charge of the patient; it
generally consisted of intravenous polyvalent immunoglobulins [IVIG] alone (2g/
kg in one or two infusions), or IVIG associated with methylprednisolone (2-10 mg/
kg/day for atleast 3 days) as first or second-line therapy. Patients with negative initial
serology testing were retested after an interval of at least 3 weeks (Architect SARS-
CoV-2 chemiluminescent microparticle immunoassay; Abbott Core Laboratory).

Healthy controls were recruited before the COVID-19 pandemic (before November
2019).

Samples

For each patient and healthy donor, peripheral blood samples were collected on
EDTA and lithium heparin tubes. After a centrifugation of the EDTA tube at
2300rpm for 10 minutes, plasma was taken and stored at —80°C before cytokine
quantification. PBMCs were isolated from the lithium heparin samples, frozen as
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described below and stored at —80°C and were used for both bulk and single-cell
RNaseq, as well as cell phenotyping by CyTOF. The number of samples included
in each dataset is summarized in the metadata table (Data S1) and the workflow is
summarized in Figure 1B.

METHOD DETAILS

Isolation of PBMCs

Peripheral blood samples were collected on lithium heparin. PBMCs were isolated
by density gradient centrifugation (2,200 rom without break for 30 minutes) using Fi-
coll (Eurobio Scientific, Les Ulis, France). After centrifugation, cells were washed with
Phosphate-buffered saline (PBS) (Thermo Fisher scientific, llikirch, France). The pel-
let was resuspended in PBS and cells were centrifuged at 1,900 rpm for 5 minutes.
Finally, the PBMCs pellet was frozen in a medium containing 90% of Fetal Bovine
Serum (FBS) (GIBCO, Thermo Fisher scientific, lllkirch, France) and 10% of dimethyl
sulfoxide (DMSO) (Sigma Aldrich, St. Quentin Fallavier, France).

Cytokine measurements

Prior to protein analysis plasma samples were treated in a BSL3 laboratory for viral
decontamination using a protocol previously described for SARS-CoV,”” which we
validated for SARS-CoV-2. Briefly, samples were treated with TRITON X100
(TX100) 1% (v/v) for 2h at Room Temperature. IFN-a2, IFN-y, IL-17A, (triplex) and
IFN-B (single plex) protein plasma concentrations were quantified by Simoa assays
developed with Quanterix Homebrew kits as previously described.”® The limit of
detection of these assays were 0.6 pg/mL for IFN-B, 2 fg/mL for IFN-a2, 0.05 pg/
ml for IFN-y and 3 pg/mL for IL-17A including the dilution factor. IL-6, TNF-a, and
IL-10 were measured with a commercial triplex assay (Quanterix). Additional plasma
cytokines and chemokines (44 analytes) were measured with a commercial Luminex
multi-analyte assay (Biotechne, R&D systems).

Serology assays

SARS-CoV-2 specific antibodies were quantified using assays previously
described.”” Briefly, a standard ELISA assay using as target antigens the extracellular
domain of the S protein in the form of a trimer (ELISA tri-S) and the S-Flow assay,
which is based on the recognition of SARS-CoV-2 S protein expressed on the surface
of 293T cells (293T-S), were used to quantify SARS-CoV-2 specific IgG and IgA sub-
types in plasma. Assay characteristics including sensitivity and specificity were pre-
viously described.”’

Cell Phenotyping

To perform high-dimensional immune profiling of PBMCs, we used the Maxpar®
Direct Immune Profiling System (Fluidigm, Inc France) with a 30-marker antibody
panel, for CyTOF (Cytometry by Time Of Flight). Briefly, 3x10° PBMCs resuspended
in 300 pl of MaxPar Cell Staining Buffer were incubated for 20 minutes at room tem-
perature after addition of 3 pL of 10 KU/mL heparin solution and 5 pl of Human TruSt-
ain FcX (Biolegend Europ, Netherland). Then 270 uL of the samples were directly
added to the dry antibody cocktail for 30 minutes. 3 mL of MaxPar Water was added
to each tube for an additional 10-min incubation. Three washes were performed on
all the samples using MaxPar Cell Staining Buffer and they were fixed using 1.6%
paraformaldehyde (Sigma-Aldrich, France). After one wash with MaxPar Cell Stain-
ing Buffer, cells were incubated one hour in Fix and Perm Buffer with 1:1,000 of
Iridium intercalator (pentamethylcyclopentadienyl-Ir (ll)-dipyridophenazine, Fluid-
igm, Inc France). Cells were washed and resuspended at a concentration of 1 million
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cells per mL in Maxpar Cell Acquisition Solution, a high-ionic-strength solution, and
mixed with 10% of EQ Beads immediately before acquisition.

Acquisition of the events was made on the Helios mass cytometer and CyTOF soft-
ware version 6.7.1014 (Fluidigm, Inc Canada) at the “Plateforme de Cytométrie de la
Pitié-Salpetriere (CyPS).” An average of 500,000 events were acquired per sample.
Dual count calibration, noise reduction, cell length threshold between 10 and 150
pushes, and a lower convolution threshold equal to 10 were applied during acquisi-
tion. Mass cytometry standard files produced by the HELIOS were normalized using
the CyTOF Software v. 6.7.1014. For data cleaning, 4 parameters (center, offset, re-
sidual and width) are used to resolve ion fusion events (doublets) from single events
from the Gaussian distribution generated by each event.®® After data cleaning, the
program produces new FCS files consisting of only intact live singlet cells. These
data were analyzed in FlowJo v10.7.1 using 3 plugins (DownSampleV3, UMAP and
FlowSOM) with R v4.0.2. To increase efficiency of the analysis, samples were down-
sampled to 50,000 cells, using the DownSample V3 plugin. All samples were concat-
enated and analyzed in an unsupervised manner. Anti-CD127 antibody had to be
excluded due to poor staining. Clustering was performed using FlowSOM.”? The
number of clusters was set to forty-five in order to overestimate the populations
and detect smaller subpopulations. Grid size of the self-organizing map was set to
20x20. Resulting clusters were annotated as cell populations following the kit man-
ufacturer’s instruction. When several clusters were identified as the same cell types,
they were concatenated into a single cell population. For visualization purposes,
UMAP was computed with the UMAP pluggin®” with the following parameters:
metric (Euclidean), nearest neighbors (15), minimum distance (0.5) and number of
components (2).

Single-cell transcriptomic (scRNA-SEQ)

scRNA-SEQ analyses were performed on frozen PBMCs isolated from heparin blood
samples. PBMCs were thawed according to 10X Genomics protocol. The scRNA-
SEQ libraries were generated using Chromium Single Cell 3’ Library & Gel Bead
Kit v.3 (10x Genomics) according to the manufacturer’'s protocol. Briefly, cells
were counted, diluted at 1,000 cells/uL in PBS+0.04% and 20,000 cells were loaded
in the 10x Chromium Controller to generate single-cell gel-beads in emulsion. After
reverse transcription, gel-beads in emulsion were disrupted. Barcoded complemen-
tary DNA was isolated and amplified by PCR. Following fragmentation, end repair
and A-tailing, sample indexes were added during index PCR. The purified libraries
were sequenced on a Novaseq 6000 (lllumina) with 28 cycles of read 1, 8 cycles of
i7 index and 91 cycles of read 2.

Sequencing reads were demultiplexed and aligned to the human reference genome
(GRCh38, release 98, built from Ensembl sources), using the CellRanger Pipeline
v3.1. Unfiltered RNA UMI counts were loaded into Seurat v3.1%° for quality control,
data integration and downstream analyses. Apoptotic cells and empty sequencing
capsules were excluded by filtering out cells with fewer than 500 features or a mito-
chondrial content higher than 20%. Data from each sample were log-normalized and
scaled, before batch correction using Seurat’s FindIntegratedAnchors. For compu-
tational efficiency, anchors for integration were determined using all control samples
as reference and patient samples were projected onto the integrated controls space.
On this integrated dataset, we computed the principal component analysis on the
2000 most variable genes. UMAP was carried out using the 20 most significant prin-
cipal components (PCs), and community detection was performed using the graph-
based modularity-optimization Louvain algorithm from Seurat's FindClusters
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function with a 0.8 resolution. Cell types labels were assigned to resulting clusters
based on a manually curated list of marker genes as well as previously defined sig-
natures of the well-known PBMCs subtypes.®’ Despite filtering for high quality cells,
five clusters out of the twenty-six stood out as poor quality clusters and were
removed from further analysis, namely: one erythroid-cell contamination; one low
UMI cluster from a single control; two clusters of proliferating cells originating
from a patient with EBV co-infection and one megakaryocytes cluster. In total
152,201 cells were kept for further analysis.

After extraction and reclustering of high-quality cells, differential expression was
performed separately on all PBMCs, monocytes/DCs, T cells or B cells. Differential
expression testing was conducted using the FindMarkers function of Seurat on the
RNA assay with default parameters. Genes with log(FC) > 0.25 and adjusted p values
<0.05 were selected as significant. Differential analysis results and links to the path-
ways analysis in EnrichR***° can be found in Data S2. Transcriptomic signatures for
Type | and Type Il interferon signaling were performed using Seurat’s AddModule-
Score function, based on interferon-stimulated gene lists extracted from Rosenberg
et al.” and Reactome database respectively. Violin plots were performed using
Seurat’s VInPlot function.

Bulk RNA-sequencing (Bulk-RNA-SEQ)

Bulk-RNA-SEQ analyses were performed on frozen PBMCs extracted from heparin
samples. RNA was extracted from PBMCs following the instructions of RNeasyR
Mini kit (QIAGEN, Courtaboeuf, France). To note, the optional step with the DNase
was performed. RNA integrity and concentration were assessed by capillary electro-
phoresis using Fragment Analyzer (Agilent Technologies). RNaseq libraries were
prepared starting from 100 ng of total RNA using the Universal Plus mRNA-Seq kit
(Nugen) as recommended by the manufacturer. The oriented ¢cDNA produced
from the poly-A+ fraction was sequenced on a NovaSeqé000 from Illumina
(Paired-End reads 100 bases + 100 bases). A total of ~50 million of passing-filters
paired-end reads was produced per library.

Paired-end RNA-seq reads were aligned to the human Ensembl genome GRCh38.91
using Hisat2 (v2.0.4)"" and counted using featureCounts from the Subread R pack-
age. The raw count matrix was analyzed using DESeq2 (version 1.28.1).”* No pre-
filtering was applied to the data. Differential expression analysis was performed us-
ing the "DESeq"” function with default parameters. For visualization and clustering,
the data was normalized using the ‘variant stabilizing transformation’ method imple-
mented in the “vst” function. Plots were generated using ggplot2 (version 3.3.2),
and pheatmap (version 1.0.12).

During exploratory analyses, it was noted that the clustering was mainly driven by
the sex of the patients. To remove this effect, it was included in the regression for-
mula for DESeq (~sex + groups), and then removed following vst transformation, us-
ing “removeBatchEffect” from the “limma" package (version 3.44.3).

Gene signature analysis

To identify genes that could be used as markers of severe myocarditis in the SC-
RNA-SEQ dataset, three initial strategies were used, all based on differential expres-
sion and selection of the upregulated genes. First, we performed the differential
expression between MIS-C_MYO (CoV-2") samples and all other samples. Second,
differential analysis was computed between MIS-C_MYO (CoV-2") and other sam-
ples with postacute hyperinflammatory illness. In the last strategy, we selected
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genes that were upregulated between the MIS-C_MYO (CoV-2*) and the CTL, but
not upregulated in any other group compared to the CTL (Figure 7A). These three
strategies allowed us to identify 329 unique genes.

To further explore whether these genes could be considered as markers of severe
myocarditis, we analyzed their expression profile in our bulk RNA-SEQ dataset.
This dataset excluded samples from patients of the MIS-C_MYO (CoV-2") that
were included in the SC-RNA-SEQ cohort. Vst-transformed counts were log2-
normalized and converted to Z score using the scale function in R (v 4.0.2). A Gene-
SCORE was computed for each group as the mean Z score of the samples of a group.
Heatmaps representing this GeneSCORE g, were performed using pheatmap. Hi-
erarchical clustering of the 329 previously identified genes was performed using the
complete method on the distance measured using Pearson’s correlation, as imple-
mented by pheatmap. The hierarchical clustering was divided into 15 main clusters,
4 of which had the expected pattern of expression: Clusters that had a higher expres-
sion in MIS-C_MYO (CoV-2") than any other group were selected, resulting in 116
genes. A signature score for each sample was performed on these genes, corre-
sponding to the mean expression (Z score) of these N genes in each sample
(SignatureSCORE).

These genes were subsequently ranked based on the following equation:

RankingSCORE = GeneSCOREws_c_myo (cov2+)
— (GGHGSCOREMIS,C (Cov2+) * GeneSCOREKD (CoVZ—))

where the SCOREs represent the mean expression (Z score) in each disease groups,
and the SignatureScore was computed on the top 25 genes. All gene lists and scores
can be found in Data S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cytokine heatmaps were made with Qlucore OMICS explore (version 3.5(26)) and
dot plots with GraphPad Prism (version 8). Differentially secreted cytokines were
included in the heatmaps based on a 1.5-Fold Change (FC) comparison between
groups as indicated. Dot plot differences between each group were identified by
Kruskal-Wallis tests followed by post hoc multiple comparison Dunn’s test.

Statistical tests for cellular composition analysis in both the CyTOF and SC-RNA-
SEQ datasets were performed in R v3.6.1. Kruskal-Wallis test followed by post hoc
multiple comparison Dunn's test was applied to assess differences in cell population
proportions (*: p < 0.05; **: p < 0.01; ***: p < 0.001).

Differential expression testing in the SC-RNA-SEQ dataset was conducted using the Find-
Markers function in Seurat, with default Wilcoxon testing. p values were controlled using
Bonferroni correction. Genes with an absolute log(fold-change) > 0.25 and an adjusted p
value < 0.05 were selected as differentially expressed. Pathways analysis was performed
using both the Ingenuity pathway analysis v57662101 software (IPA (QIAGEN Inc.) and
EnrichR.***> Heatmaps were extracted from the comparison module in IPA. Pathways
with an absolute Z score lower than 2 or a Bonferroni-Hochberg corrected p values higher
than 0.05 were filtered out. Reactome 2016 and Molecular Signature DataBase Hallmark
2020 (MSigDB Hallmark 2020) pathway enrichment analysis was performed using En-
richR. The TRRUST transcription factors 2019”" used for the transcription factors enrich-
ment analysis was performed using Enrich R. All differential analysis performed and the
links to the EnrichR results are indicated in Data S2.
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