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Abstract

We describe the innate and adaptive immune system trajectory in Multi-system inflammatory
syndrome of childhood (MIS-C), at acute (within 72 hours of hospitalization), resolution (at clinical
improvement) and convalescent phase. In our cohort, in the acute phase, 68% of the children were
SARS-CoV-2 seropositive, with hypercytokinenemia (high interleukin(IL)-1beta,IL-6,IL-8,IL-10,IL-17,
interferon gamma), procoagulant state, myocardial dysfunction, activated neutrophils and monocytes;
differential T and B cell subset lymphopenia; activated chemokine receptor type-7 positive and
gamma-delta T cell subsets; antigen presenting cells had reduced HLA-DR expression; and B-cell
class-switch responses occurred with illness resolution. MIS-C is an immunopathogenic iliness

associated with SARS-CoV-2 infections in children.
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Introduction

Children, compared to adults, have been less affected in the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic, causing coronavirus disease-19 (COVID-19). However,
recent reports highlight a new clinical syndrome in children, consisting of multiorgan dysfunction, and
systemic inflammation with cytokine excess''2, named as multisystem inflammatory syndrome in
children (MIS-C) / pediatric inflammatory multisystem syndrome temporally associated with SARS-

CoV-2 (PIMS-TS).

Although there are similarities between MIS-C and Kawasaki disease such as acute mucocutaneous
inflammation and shock, there are major epidemiological and clinical differences. Epidemiologically,
Kawasaki disease has a peak incidence around 10-months of age, is more prevalent in Asian children
and in Northeast Asian countries such as Japan, with seasonal variation'>'4. In contrast, MIS-C is
reported in older children, and thus far, almost exclusively in Europe and the United States™'2. Clinical
findings such as gastrointestinal symptoms, temporal association with the SARS-CoV-2 pandemic,
leukopenia, thrombocytopenia, excess cytokines and increase in biomarkers of heart failure (such as
natriuretic peptides) reported in MIS-C"'2, are unusual in Kawasaki disease''4. Therefore, MIS-C is
hypothesized as a distinct immunopathogenic iliness, resulting from either altered interferon
responses or antibody dependent enhancement (ADE), associated with SARS-CoV-2 infections's. We
surmised that understanding the leukocyte alterations in MIS-C would contribute towards
understanding these immunopathogenic mechanisms and, would inform clinical care of this new

illness.

In this context, we report a cohort study, describing the acute alterations in the circulating leukocytes
in children with a diagnosis of PIMS-TS'8, which is referred to as MIS-C in this manuscript. After
detailed description of clinical and laboratory characteristics similar to previous reports’'2, we
describe the immunophenotype of circulating leukocytes, at three clinically relevant iliness phases:
acute (within 72 hours of hospitalization), resolution (at clinical improvement defined as improved
respiratory status or cardiac support and C-reactive protein (CRP) <100mg/L) and convalescent (at

first outpatient follow-up after recovery).
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Results

Patient cohort

The study cohort consisted of 25 patients, with 23 patients in T1, 14 in T2 and 10 in T3 (eFigure-1;
eFigure-2). The median (IQR) age was 12.5 (7.7-14.4) years, 40% (n=10) were girls and 40% (n=10)
were of white ethnicity. In our cohort, 28% (n=7) had radiological evidence of pneumonia, 56% (n=14)
had vasoactive infusions, and 28% (n=7) had evidence of coronary artery aneurysm (Montreal Z-
score 22.0""). Gastrointestinal symptoms were present in 72% (n=18) of the study cohort. Respiratory
virus panel was negative in all patients and no bacterial infections were identified in this cohort, at
hospitalization (Table-1).

Table-1. Characteristics of the study cohort

Characteristic N = 25 patients
Age (Years, Median; IQR; Range) 12.5(7.7-14.4; 1.1-16.8)
Female (N; %) 10 (40%)
Self-reported ethnicity
Asian (N; %) 5 (20%)
Black (N; %) 9 (36%)
White (N; %) 10 (40%)
Other (N; %) 1 (4%)
Comorbidity* (N; %) 5 (20%)
Clinical features at presentation
Duration of fever prior to hospitalisation (Median; IQR; 5 (4-5; 0-9)
Range)
Patients meeting classical Kawasaki disease criteria (N; %) 3 (12%)
Oral mucocutaneous involvement (N; %) 6 (24%)
Bilateral non-purulent conjunctivitis (N; %) 10 (40%)
Polymorphous non-blanching rash (N; %) 12 (48%)
Erythema or oedema of hands or feet (N; %) 5 (20%)
Periungual desquamation (N; %) 0
Cervical lymphadenopathy (N; %) 4 (16%)
Respiratory distress (N; %) 4 (16%)
Tachycardia (N; %) 6 (24%)
Gastrointestinal symptoms (N; %) 18 (72%)
SOFA score at presentation (Median; IQR; Range)** 2 (1-3, 0-6)
Worst SOFA score (Median; IQR; Range)** 2 (1-5, 1-8)
Additional findings during admission
Primary endpoint pneumonia (N; %) 7 (28%)
Worst coronary artery Z-score (Median; IQR; Range) 1.6 (0.7-2.2; -2.0-4.6)
Worst left ventricular fractional shortening (Median; IQR; 27 (23-36; 15-47)
Range)

Carter M, Fish M, Jennings A et al. MIS-C Immunology 4


https://doi.org/10.20944/preprints202007.0252.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 July 2020 doi:10.20944/preprints202007.0252.v1

Treatments during admission

PICU admission (N; %) 21 (84%)
Mechanical ventilation (N; %) 2 (8%)
Vasoactive infusion (N; %) 14 (56%)
High dose corticosteroids (N; %) 21 (84%)
Intravenous immunoglobulin (N; %) 23 (92%)
Biologic immunomodulation (N; %)**** 15 (60%)
Outcome
PICU length of stay (Days; Median; IQR; Range) 3 (2-5; 0-18)
Hospital length of stay (Days; Median; IQR; Range) 8 (6-10, 2-25)
Presence of coronary artery aneurysms (N; %) 7 (28%)
Myocardial infarction (N; %) 1 (4%)
Pulmonary embolus or other significant thrombus (N; %) 2 (8%)
Significant acute mental health diagnosis (N; %) 1 (4%)
SARS-Cov-2 Status 1 (4%)
SARS-Cov-2 PCR positive (N; %) 1 (4%)
SARS-Cov-2 IgG antibody positive (N; %) 17 (68%)
ID50 in seropositive patients (median (IQR); range) 474 (355 — 644; 67 - 1905)

*2 children with asthma (1 with eczema and 1 with autistic spectrum disorder), 1 child with food
allergy, 1 child with haemoglobin C trait, and 1 child with aplastic anaemia and immunosuppression
(ciclosporin). **Variables adjusted by age group (see eTable-2 for details of SOFA score calculations).
***1 patient treated with anakinra, 4 patients with infliximab and 10 patients with tocilizumab. ****
Montreal Z-score'” = 2 on echocardiography or computed tomography. Primary end-point pneumonia
was defined as per Cherian T et al'®.

SARS-CoV-2 virology, antibodies and pseudoviral neutralization assays

One patient was RT-PCR positive for SARS-CoV-2 infection. Seventeen (68%) were seropositive.
Amongst the eight seronegative children, six had a clear history of either prior symptoms suggestive
of SARS-CoV-2 infection, close household contact with confirmed cases of SARS-CoV-2 infection,
presence at mass gatherings or parents who were health care workers. In seropositive patients, only
IgG to N protein was detected, IgG for S and RBD were higher than IgM and positively correlated
(Figure-1A; Figure-1B). The median (IQR) ID50 for pseudoviral neutralization assay was 474 (355 —
644) units in positive patients (eFigure-3) and positively correlated only with RBD and S IgG

concentrations (Figure-1C). These findings imply that SARS-CoV-2 infections had occurred =2 weeks

prior to clinical presentation®2°,
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Figure- 1 SARS-CoV-2 Serology and biomarkers of inflammation, coagulation and myocardium
Serology, and cytokine profiles (n=23) were measured at T1. Clinical biomarkers were measured at
acute (T1), resolution (T2) and convalescent (T3). The box and whisker plot with bottom border of the
box being 25th percentile; line bisecting the shaded region of each box, median; and top border of the
box, 75th percentile. For correlations spearman’s rank was performed. T1 Dots are coloured by
serology result; positive (red) and negative (blue). OD refers to optical density. Further details of
clinical biomarkers Ferritin, Troponin, D-Dimer and platelet counts are provided in eFigure-4.
Figure-IA: OD of IgG antibodies for N, RBD and S proteins were higher than their corresponding IgM,
confirming prior SARS-CoV-2 infection; Figure-IB: Positive correlations were observed between IgG
of N, RBD and S proteins and S IgM was also correlated to RBD IgM; Figure-IC: ID50 for S and RBD
were positively correlated with IgG S and RBD OD; Figure-ID: In most patients, the cytokine levels in
nanograms/Litre (IL-1beta; IL-17; IFN-G, IL-2RA, TNF-a, IL-18, IL-6, IL-8) were all log fold higher than
their corresponding laboratory reference normal ranges, which are shown as grey boxes for each
cytokine; Figure-IE: CRP levels were high in T1 and decreased over time; Figure-IF: Raised NT-
proBNP at the acute phase suggest myocardial dysfunction, when considered with reduced left
ventricular fractional shortening; Figure-IG: Fibrinogen levels were highest at T1 and decreased over
time, implies procoagulant state in the acute phase, when considered with raised D-Dimers and low
platelet counts. Abbreviations: Interleukin (IL), Interferon-Gamma (IFN-G), Tumor necrosis factor-
alpha (TNF-a), IL-2 receptor alpha (IL-2RA).

Evidence of inflammation, coagulation and myocardial dysfunction using biomarkers
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In the acute phase, all the cytokines measured (IL-1beta, IL-17, IFN-G, IL-2RA, TNF-a, IL-10, IL-6, IL-
8) were above the normal range (Figure-ID) alongside raised CRP and ferritin implied acute
inflammation in the cohort (Figure-1E; eFigure-4A). Raised NT-Pro-BNP (Figure-1F), and impaired
LV-shortening on echocardiogram (Table-1), implied myocardial dysfunction and raised troponin
implies myocardial injury (eFlgure-4B). Raised fibrinogen (Figure-1G), raised D-Dimer and low
platelets (eFigure-4C-D) in the acute phase, highlights a procoagulant state in these patients. These

changes normalized by the convalescent phase.

Neutrophil activation and impaired antigen presentation in antigen presenting cells (APCs)
Absolute neutrophil, monocyte, DC and natural killer (NK) cell counts were similar during the acute,
resolution and convalescent phases, and were similar to healthy controls (Figure-2A-D). The acute
phase was characterized by raised neutrophil CD64 MFI, compared with healthy controls, implying
activation, which normalized by the resolution phase (Figure-2E). The neutrophil activation inference
is also supported by high levels of IL-8 in these patients. There was a concomitant decrease in CD10
MFI on neutrophils (Figure-2F). Monocyte CD14MFl, toll like receptor-4 co-receptor?' was reduced
(eFlgure-5A) and CD64 MFI was increased (eFigure-5B), implying activation and cytokine
production??23, Significantly decreased HLA-DR and CD86 MFI in the overall monocyte population
(Figure2G-H), imply impaired antigen presentation. The classical monocyte proportions were
unchanged, with a decrease in CD86MFI (eFigure-5C-D). The myeloid (conventional) DC subset
decreased in the resolution phase, compared to the acute phase (Figure-2I). The DCs also had low
decreased HLA-DR and CD86 MFI (Figure-2J), suggesting impaired DC function such as antigen
cross presentation to CD8+ T cells and priming / polarizing of naive helper T cells?* (Figure-2J). There

was a positive correlation between HLA-DR and CD86 MFI in monocytes and DCs (Figure2-K-L).
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Figure-2 Innate immune cell alterations at T1, T2 and T3

Innate immune system changes were measured by flow cytometry in whole blood comparing;
hospitalised controls (n =7), acute MIS-C T1 (n = 23), resolution MIS-C T2 (n= 14) and convalescence
MIS-C T3 (n=10). The box and whisker plot with bottom border of the box being 25th percentile; line
bisecting the shaded region of each box, median; and top border of the box, 75th percentile. For
correlations spearman’s rank was performed. T1 Dots are coloured by serology result; positive (red)
and negative (blue). Boxplots are shaded by cohort; control (grey) and MIS-C (yellow). Further details
are provided in eFigure-6. In Figures, ® represents the only SARS-Co-V2 RT-PCR positive patient.
Figure-2A: The neutrophil counts were similar in MIS-C patients and controls; Figure-2B: The total
monocyte counts were similar in MIS-C patients and controls; Figure-2C: The Dendritic cell counts
were similar in MIS-C patients and controls; Figure-2D: The Natural Killer cell counts were similar in
MIS-C patients and controls; Figure-2E: The neutrophils were activated in MIS-C patients compared
to controls, as highlighted by the significantly higher CD64 MFI at T1, which decreased significantly
and normalised by T2; Figure-2F: The neutrophils CD10 MFI, was significantly reduced at T1 in MIS-
C patients compared to controls, and normalised by T3; Figure-2G: The monocytes HLA-DR was
significantly lower in MIS-C patients compared to controls, which normalised by T3; Figure-2H: The
monocytes CD86 was significantly lower in MIS-C patients compared to controls, which normalised by
T3. Figure-2I: The nadir in proportions of myeloid dendritic cells (mDCs) was in T2. Figure-2J: The
HLA-DR in DCs was significantly lower in MIS-C patients compared to controls, which normalised by
T3; Figure-2K: There was a positive correlation between monocyte HLA-DR MFI and the co-
stimulatory CD86 MFI also implies impaired antigen presentation function; Figure-2L: There was a
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positive correlation between DC HLA-DR MFI and the co-stimulatory CD86 MFI also implies impaired
antigen presentation function.

Differential T cell depletion with evidence of activation

Pan-T cell lymphopenia observed in the acute phase, were more consistent in the seropositive
patients and returned to normal by convalescence (Figure-3A-E). There were major differences in the
magnitude of change in counts, in the activation status and time to normalization between T cell
subsets. There were reductions in the helper (CD4+), cytotoxic (CD8+), and gamma-delta T cell
counts (Figure-3B-D; eFigure-6A-E). Although CD4 HLA-DR MFI was similar to healthy controls, the
CD4+CCR7+ T cells (mainly naive T cells and a small proportion of central memory T cells) had
significantly higher HLA-DR MFI, implying an activated state, during the acute phase (Figure-3F-G), in
contrast to the CD4+CCR?7- effector T cell subsets. The gamma-delta T cells, which have protective
immunosurveillance functions?®, were significantly reduced during the acute phase, with an increase
in HLA-DR MFI (Figure-3l), implying activation. By the convalescent phase, there was a significant
increase in regulatory T cell counts, but the proportion of activated regulatory T cells (HLA-DR+)%*
with immunosuppressive effector functions?’, were unchanged (eFigure-6H). There were no
correlations between S protein with gamma-delta T cells and with CD4+ CCR7- effector T cells
(Figure-3J-K). Although, HLA-DR MFI within CD8+ T cells did not differ by CCR7 status, HLA-DR

MFI on CD8+CCR7+ and CD4+CCR7+ cells were positively correlated (Figure-3L).
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Figure-3 T cell alterations at T1, T2 and T3

T cell changes were measured by flow cytometry in whole blood comparing; hospitalised controls (n
=7), acute MIS-C T1 (n = 23), resolution MIS-C T2 (n= 14) and convalescence MIS-C T3 (n=10). The
box and whisker plot with bottom border of the box being 25th percentile; line bisecting the shaded
region of each box, median; and top border of the box, 75th percentile. For correlations spearman’s
rank was performed. Dots are coloured by serology result; positive (red) and negative (blue). Boxplots
are shaded by cohort; control (grey) and MIS-C (yellow). OD refers to optical density concentrations.
Further details are provided in eFigure-10. In Figures, © represents the only SARS-Co-V2 RT-PCR
positive patient.

Figure-3A: The absolute T lymphocyte counts were lower in MIS-C patients, compared to controls,
which normalized by T2; Figure-3B: The total CD4+ counts were lower in MIS-C patients, compared
to controls, which normalized by T2; Figure-3C: The CD8+ cell counts were lower in MIS-C patients,
compared to controls, which normalized by T2; Figure-3D: The gamma-delta T cell counts had the
greatest decrease of the T cell subsets in MIS-C patients, compared to controls, which normalized by
T3; Figure-3E: The regulatory T cells were lower in MIS-C patients at acute phase, compared to
controls, which increased during follow-up; Figure-3F: The overall CD4+ HLA-DR MFI, was similar
between MIS-C patients and controls, at all-time points; Figure-3G: Importantly, CD4+ CCR7+
subsets had significantly higher HLA-DR MFI, implying activation, which decreased by T3; Figure-3H:
Proportions of CD4+ CCR7+ HLA-DR positive T cell were also higher in T1 implying more activated
cells; Figure-3l: Even though the gamma-delta T cell counts were lower in MIS-C patients, compared
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to controls, these cells had high HLA-DR MFI implying activation; Figure-3J: There was no
correlation between 1gG spike protein OD values and gamma-delta T cell HLA-DR MFI; Figure-3K:
There was no correlation between IgG spike protein and CD4+CC7+ HLA-DR MFI; Figure-3L: There
was positive correlation between HLA-DR MFI in cytotoxic CD8+CCRY7 T cells and helper CD4+CC7-
T cells.

Differential B cell depletion with evidence of previous SARS-CoV-2 infection

Total B cell counts were reduced in the acute phase and the time to normalization differed between B
cell subsets Figure-4A-D). The reduced natural effector cells and class switched memory B cell
counts (CD19+CD27+IgM- cells) increased over time (Figure-C-D). The transitional cells were
unchanged, with a progressive decrease in the proportion of B-cells with ability to produce low-affinity
polyreactive antibodies (CD5+ B cell subset)?® and an increase in the proportions of plasmablasts
(CD19+CD27+++CD38+++) in some patients (Figure-2E-G). As increases in plasmablasts and class-
switched memory cells were occurring in the context of profound helper T cell changes and with
impaired APCs, this potentially represents a germinal center independent memory B cell response?®.
Significantly decreased HLA-DR MFI on B cells during the acute phase provide further evidence for

decreased antigen presentation ability (Figure-4H). There were no correlations between S IgG and

class switched memory cells and with plasmablasts (Figure-41-J).
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Figure-4 B cell alterations at T1, T2 and T3
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B cell changes were measured by flow cytometry in whole blood comparing; hospitalised controls (n
=7), acute MIS-C T1 (n = 23), resolution MIS-C T2 (n= 14) and convalescence MIS-C T3 (n=10). The
box and whisker plot with bottom border of the box being 25th percentile; line bisecting the shaded
region of each box, median; and top border of the box, 75th percentile. Dots are coloured by serology
result; positive (red) and negative (blue). Boxplots are shaded by cohort; control (grey) and MIS-C
(vellow). In Figures, ® represents the only SARS-Co-V2 RT-PCR positive patient.

Figure-4A: The absolute B lymphocyte counts were lower in most MIS-C patients, compared to
controls, which normalized by T2; Figure-4B: The naive B cell counts were similar between MIS-C
patients and controls; Figure-4C: The natural effector B cell counts were lower in MIS-C patients in
T1, compared to controls, which normalized by T2; Figure-4D: The CD27+ IgM- cell counts were
similar between MIS-C patients and controls, which increased in MIS-C patients by T2, implying class
switching happening at this time point in resolution of iliness; Figure-4E: There was progressive
reduction in proportion of transitional cells in MIS-C patients, compared to controls; Figure-4F: The
proportion of plasmablasts were similar between MIS-C patients and controls, at T1 and there was an
increase in proportions corresponding to increase in CD19+CD27+IgM- cells; Figure-4G: The CD5+
B cell changes mirrored the changes in transitional cells; Figure-4H: The CD19 HLA-DR MFI was
lower than healthy controls in T1, which recovered to health controls MFIs by T3.

Discussion

Our study is the first report of cellular immune changes in children with a diagnosis of MIS-C. The
median age of our cohort was comparable to reported literature*58, though older than some other
cohorts"2%%1" There were more boys in our cohort, which is consistent with larger cohort studies®'",
but higher than other cohorts'?4810, White ethnicity was more common in our cohort, which is
different to other studies?’. Although the proportions of seroconverted patients in our cohort (68%)
was consistent with largest cohort study'’, it is lower than the reported prevalence between 80%"%8 to
90%°'°. However, it is recognized that seroconversion may not occur in asymptomatic infections®’.
Other clinical features of our cohort were similar to the published literature’'2, including acute
inflammation, cardiac dysfunction, procoagulant state, prevalence of coronary artery aneurysms, use
of intravenous immunoglobulins, use of corticosteroids and other immunomodulatory agents (eTable-
5; eTable-6). Kawasaki Disease is characterized by neutrophilia, eosinophilia, and activation of the
interleukin-1 pathways''#. In contrast we observed, that the neutrophils and monocytes were
activated. The APCs (monocytes, DCs, B cells) had reduced HLA-DR expression, due to raised IL-6.
There was pan lymphopenia. The CD4+CCR7+ T cells and gamma-delta T cells were the only
activated T cell subsets. The natural effector B cells were reduced, and the class-switch response
was observed in the resolution phase. There was no discernable grouping of the immune cell
changes by serological status. The major differences in the immunological changes between the

different phases of illness probably represents transmuted®' MIS-C iliness trajectory, secondary to
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immunomodulators administered in these patients. Studies thus far''2, have not performed similar
follow-up assessments to make direct comparisons of this trajectory we observed. Furthermore,
unlike previous studies’-'?, we report an extended cytokine profile, viral neutralization assays and in-
depth description of the changes in the innate and adaptive immune cell numbers along with selected

activation markers, at three clinically relevant time points.

The initiating trigger(s) and dominant immunopathogenic drivers of MIS-C iliness (such as altered
interferon responses and ADE'®), are likely to differ between patients. Virus infected non-APCs
recognize pathogens, triggers nuclear factor-kB (NF-kB) signaling to induce secretion of pro-
inflammatory cytokines and interferon regulatory factor 3 and 7 (IRF3, IRF7) signaling mediated
induction of interferon production, which helps to clear the virus and to recruit/activate further immune
cells®233, Altered interferon responses occur when either a high viral load at infection and/or genetic
factors delay this effective early interferon mediated viral clearance®, resulting in cytokine excess, as
adaptive immune responses act to clear the virus >33, Altered interferon responses may not require
seropositivity and has been reported in children with severe influenzae A illness®*%. Altered interferon
responses could be inferred in our cohort, as evidenced by raised IFN-G concentrations, and cytokine
excess in presence of circulating IgG to SARS-CoV-2 antigens. In SARS and MERS coronavirus
infections, ADE occurs by neutralizing antibodies mediating viral entry into Fc receptor-expressing
cells®” and IgG antibodies to S protein exacerbate lung injury in SARS infections®®. This is in contrast
to Dengue®® and Ebola*® infections, where sub or non-neutralizing antibodies facilitate viral entry into
host cells. Two-thirds of our cohort had neutralizing antibodies, and we observed activation of Fc
receptor expressing cells (high CD64 MFI in neutrophils and monocytes). Thus, although our data
could support both ADE and altered interferon responses hypotheses, further studies with targeted
experiments are required to confirm these mechanisms in SARS-CoV-2 infection. Larger cohort

studies are also needed to explore potential genetic susceptibility*'.

This is a small, single center study, from a tertiary pediatric center, serving an ethnically diverse
population. To state that MIS-C is truly distinct from Kawasaki disease, we require concurrent
immunophenotyping of children with Kawasaki disease. We highlight that most MIS-C patients have

evidence of SARS-CoV-2 infection, before they become acutely unwell, but did not undertake stool
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virology testing to rule out viral replication occurring in the gastrointestinal tract*2. Although an
argument could be made that sensitive tests could result in misclassification of seroconversion and
virology“®, none of the immune abnormalities we describe were skewed by seropositive status. We
have not explored the mechanisms for the immune cell abnormalities; as, functionality of immune

cells is not assessable with cells preserved in leukocyte stabilizing medium.

In conclusion, based on our cohort characteristics and the immune cell changes we observed, MIS-C
is likely to be a distinct immunopathogenic iliness associated with profound changes to the innate and
adaptive immune cells, in children infected with SARS-CoV-2 =2 weeks before the onset of acute

illness. Our data highlights that the value of targeted immunomodulation based on cytokine profile.
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Online Methods

Please see online supplement for additional description and data

Setting and approvals

Evelina London Children’s Hospital is a major tertiary referral center for pediatric infectious diseases,
cardiology and intensive care, and coordinates retrieval for 2 million children in South London and
Southeast England, a region which had the highest number of COVID-19 confirmed cases in the UK
during the pre-recruitment and recruitment window of our cohort (eFigure-7). Our institution identified
and reported one of the first cases series of MIS-C2. The current cohort study was approved by the
UK Health Research Authority (20/HRA/1714)*. Informed consent was obtained (from parents or

guardians of children < 16 years of age) by trained health professionals.

Case definitions, blood sampling and clinical data

We recruited patients to this prospective cohort study between 27" April 2020 and 25" May 2020.
Children included in this cohort have not previously been reported by our group®. Children under the
age of 18 years were potentially eligible for the study if febrile = 38.0°C. The Centre for Diseases
Control definition of MIS-C, the UK Royal College of Paediatrics and Child Health definition of PIMS-
TS™, and the World health Organization definitions are shown in eTable-1. We also recruited healthy
children (n=7) of similar age, without any history of recent infection or immunological comorbidity, and
collected blood samples as healthy controls for comparison during the study period (eTable-2). We
collected age, sex, self-reported ethnicity, comorbidity, clinical features at presentation, organ
dysfunction / support, immunomodulatory treatments given, worst sequential organ failure score
(Modified SOFA score; eTable-3) and the outcomes (hospital length of stay (LOS), admission to
critical care (PICU), cardiac abnormalities (including left ventricular dysfunction, myocardial infarction,
coronary artery dilation/aneurysms) and evidence of significant thrombi. We also collected leukocyte
counts, hemoglobin, inflammation markers (C-reactive protein (CRP), ferritin), coagulation markers
(D-Dimer, fibrinogen, platelets) and markers of myocardial injury / dysfunction (troponin, N-terminal
pro B-type natriuretic peptide (NT-proBNP)), at the three clinically relevant illness phases described
earlier: acute (referred as T1), resolution (T2) and convalescent (T3). Cytokine measurements

(interleukin-1beta (IL-1), IL-2 receptor agonist (IL-2RA), IL-6, IL-8, IL-10, IL-17, Tumor necrosis factor-
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alpha (TNF-a), and Interferon-gamma (IFN-G) were done only at T1. We ruled out other acute
infections using polymerase chain reaction (PCR) to respiratory viral pathogens on nasopharyngeal or
bronchoalveolar lavage (BAL), culture of blood and other relevant tissues including urine, BAL
specimens and cerebrospinal fluid as indicated. Only children meeting criteria for MIS-C were

included in this analysis.

SARS-CoV-2 virology, antibodies and pseudoviral neutralization assays

We assessed the SARS-CoV-2 infection status with reverse transcription real-time polymerase chain
reaction of respiratory samples (RT-PCR). We quantified immunoglobulin G (IgG) and M (IgM) for
Spike (S), Nucleocapsid (N), and Receptor Binding Domain (RBD) using in-house*® enzyme-linked
immunosorbent assay (ELISA) at T1 and defined a positive result as IgG to both N and S being at
least 4-fold above the background. We used a SARS-CoV-2 pseudotyped virus neutralization assay,

to report infectious dose-50 (ID50) measurements. Further details are provided in eMethods.

Leukocyte phenotyping

Briefly, we developed three different flow cytometry panels for standardized immunophenotyping of
innate, T and B lymphocyte subsets, as per the Human Immunology Project?®. As ADE occurs via Fc
receptors®, we considered median fluorescence intensity (MFI) of cluster of differentiation 64 (CD64),
an Fc gamma receptor*®4’, as a neutrophil activation marker, and surmised that activated neutrophils
could influence lymphocytes*®. Mature neutrophils express the metalloproteinase CD10 and decrease
in CD10 would enhance T cell activation*34°. We used Human Leukocyte Antigen-DR isotype (HLA-
DR) MFI on antigen presenting cells (APCs; monocytes, dendritic cells (DCs) and B lymphocytes) and
CD86 MFI on monocytes as surrogates of antigen presentation ability. HLA-DR MFI on T lymphocytes

was considered as an activation marker2®.

Blood sampling consisted of 0.5millilitres of whole blood in a leukocyte stabilizing medium (Cytodelics
AB, Stockholm, Sweden)®°, obtained with routine clinical samples, at the three clinically relevant
illness phases described earlier: acute (referred as T1), resolution (T2) and convalescent (T3). Whole
blood sample staining was performed as described by the manufacturer (Cytodelics AB, Stockholm,

Sweden)?. Briefly, frozen blood samples were thawed for 1 minute in a 37°C water bath by gently
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swirling. Then, 200microlitre of blood was added to a 96-well V-bottom plate and spun at 2000
revolutions per minute (rpm) for 2 minutes. Cells were resuspended in 100microlitre of staining mix
and incubated at room temperature for 20 minutes. All fluorochromes, clones and concentrations
used for whole blood surface staining for flow cytometry are reported in eTable 4. Flow Cytometry
Standard (FCS) files acquired using BD FACSDiva™ were analysed using FlowJo®'. Gating strategies
for all panels used the Human Immunology Project?® approach (eFigure 8-10). Event counts and
MFIs were calculated using FlowJo for relevant markers on specific populations. Absolute cell counts

were calculated using Biolegend Precision Count Beads™. Further details are provided in eMethods.

Statistical analysis

Continuous data were summarized as median and interquartile range (IQR) and categorical data
presented as frequency and percentage (%). We did not perform a-priori sample size calculations.
Due to limited sample size, the statistical significance reported should only be interpreted as indicative
of the direction of change in biological signals. To compare differences between healthy controls and
MIS-C iliness phases (T1, T2 and T3), we represented data using box and whisker plots showing all
the data points using Tidyverse package® and used Wilcoxon signed-rank test with Bonferroni
correction for multiple comparisons. The strength and direction of association between variables was
assessed using Spearman'’s correlation. All analyses were performed using R studio interface®® and

R4,
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