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Peripheral immunophenotypes in children with
multisystem inflammatory syndrome associated
with SARS-CoV-2 infection
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Stuart Neil*, Michael H. Malim

Recent reports highlight a new clinical syndrome in children
related to severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2)'—multisystem inflammatory syndrome in
children (MIS-C)—which comprises multiorgan dysfunction
and systemic inflammation?", We performed peripheral leu-
kocyte phenotyping in 25 children with MIS-C, in the acute
(n=23; worst illness within 72h of admission), resolution
(n=14; clinical improvement) and convalescent (n=10; first
outpatient visit) phases of the iliness and used samples from
seven age-matched healthy controls for comparisons. Among
the MIS-C cohort, 17 (68%) children were SARS-CoV-2 sero-
positive, suggesting previous SARS-CoV-2 infections''*, and
these children had more severe disease. In the acute phase
of MIS-C, we observed high levels of interleukin-1p (IL-18),
IL-6, IL-8, IL-10, IL-17, interferon-y and differential T and B
cell subset lymphopenia. High CD64 expression on neutro-
phils and monocytes, and high HLA-DR expression on y6 and
CD4+*CCR7" T cells in the acute phase, suggested that these
immune cell populations were activated. Antigen-presenting
cells had low HLA-DR and CD86 expression, potentially
indicative of impaired antigen presentation. These features
normalized over the resolution and convalescence phases.
Overall, MIS-C presents as an immunopathogenic illness’ and
appears distinct from Kawasaki disease.

The study cohort, recruited during the pandemic, consisted
of 25 patients (Extended Data Fig. 1) with pediatric multisys-
tem inflammatory syndrome in children (MIS-C) temporally
associated with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (also known as PIMS-TS'S; Supplementary Tables 1
and 2). Table 1 summarizes the characteristics of the study cohort.
The median (interquartile range (IQR)) age of our cohort was
12.5years (7.7-14.4 years), of whom 40% (n=10) were girls, 40%
(n=10) were of white ethnicity, 72% (n=18) had gastrointestinal
symptoms, 28% (n=7) had radiological evidence of pneumonia,
56% (n=14) had vasoactive infusions and 28% (n=7) had coro-
nary artery dilatation or aneurysm (Montreal Zscore >2.0; ref. 7).
Respiratory virus panels and bacterial infection screens were nega-
tive in all patients at hospitalization (Methods). Seventeen (68%)
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patients were seropositive for SARS-CoV-2-specific antibodies,
including one patient who was positive for SARS-CoV-2 by PCR
with reverse transcription (RT-PCR). Among the eight (32.0%)
seronegative children, six had a clear history of either previous
symptoms suggestive of SARS-CoV-2 infection, close household
contact with confirmed cases of SARS-CoV-2 infection, pres-
ence at mass gatherings or parents who were health care workers.
Seropositive status was associated with greater prevalence of gas-
trointestinal symptoms, worse left ventricular fractional shorten-
ing and increased use of immunomodulatory treatment. Coronary
artery aneurysms were only observed in seropositive children.
Previous MIS-C cohorts have not stratified clinical features and
sequelae by seropositive status alone, so we were unable to make
direct comparisons®"*.

Overall, the clinical features of our cohort are comparable to
those previously reported in the MIS-C literature* . In addition,
our MIS-C cohort appears clinically distinct from Kawasaki dis-
ease, with only two patients within our MIS-C cohort meeting the
criteria for complete Kawasaki disease (Table 1 and Extended Data
Fig. 1¢,d). The median age of our cohort (which was comparable to
the median ages reported previously in the MIS-C literature*”°) was
considerably older than that of Kawasaki disease, where the peak
incidence is 1-3years of age'®?'. Gastrointestinal symptoms and
myocardial dysfunction are uncommon in Kawasaki disease, both
of which were more prevalent in our seropositive MIS-C cases. In
contrast with Kawasaki disease, MIS-C has not yet been described
in Northeast Asian countries, such as Japan, despite the prevalence
of SARS-CoV-2 in this region'®" (Extended Data Fig. 1). The pro-
portion of seroconverted patients in our cohort (68%; 95% confi-
dence interval =46.5-85.1%) was consistent with previous MIS-C
reports**~'2l. However, only one patient (4%) in our cohort was
positive for SARS-CoV-2 by RT-PCR, which is much lower than
other MIS-C studies*>>*"'*'2"_ It is possible that the seronegative
patients in our cohort were either never infected with SARS-CoV-2
or their antibodies declined rapidly following mild or asymptomatic
infections™.

For further biological characterization of MIS-C, we outlined three
clinically relevant illness phases: acute (T1; worst illness within 72h
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Table 1| Characteristics of the study cohort

Characteristics All patients (n=25) SARS-CoV-2 serology
Negative (n=8) Positive (n=17)
Age (years) (median (IQR)) 12.5 (7.7-14.4) 10.1(3.9-12.9) 13.0 (11.4-15.6)
Age >5years (n (%)) 21(84%) 5(63%) 16 (94%)
Female (n (%)) 10 (40%) 6 (75%) 4 (24%)
Self-reported ethnicity
Asian (n (%)) 5(20%) 1(13%) 4 (24%)
Black (n (%)) 9 (36%) 1(13%) 8 (47%)
White (n (%)) 10 (40%) 5 (63%) 5(29%)
Other (n (%)) 1(4%) 1(13%) 0
Comorbidity? 5(20%) 3(38%) 2 (12%)
Clinical features at presentation
Duration of fever before hospitalization (d) (median (IQR)) 5(4-5) 5(3.3-5.3) 5(4-5)
Oral mucocutaneous involvement (n (%)) 6 (24%) 4 (50%) 2 (12%)
Bilateral non-purulent conjunctivitis (n (%)) 10 (40%) 3 (38%) 7 (41%)
Polymorphous non-blanching rash (n (%)) 12 (48%) 6 (75%) 6 (35%)
Erythema or edema of hands or feet (n (%)) 5 (20%) 3 (38%) 2 (12%)
Periungual desquamation (n (%)) 0 0 0
Cervical lymphadenopathy (n (%)) 4 (16%) 1(13%) 3 (18%)
Respiratory distress (n (%)) 4 (16%) 1(13%) 3 (18%)
Tachycardia (n (%))® 6 (24%) 2 (25%) 4 (24%)
Gastrointestinal symptoms (n (%)) 18 (72%) 4 (50%) 14 (82%)
SOFA score (median (IQR)) 2(1-3) 1(1-2.3) 2 (2-3)
Complete Kawasaki disease criteria (including fever >5d) 2 (8%) 1(13%) 1(6%)
Additional findings during admission
Primary end-point pneumonia (n (%)) 7 (28%) 1(13%) 6 (35%)
Worst coronary artery Zscore (median (IQR)) 1.6 (0.7-2.2) 1.3(0.9-1.5) 1.7 (0.6-3.0)
Coronary artery aneurysms (n (%))¢ 7 (30%) 0 7 (41%)
Worst left ventricular fractional shortening (median (IQR)) 27 (23-36) 39 (36-41) 25 (21-27)
Treatments during admission
Mechanical ventilation (n (%)) 2 (8%) 1(13%) 1(6%)
Vasoactive infusion (n (%)) 12 (48%) 2 (25%) 10 (59%)
High-dose corticosteroids (n (%)) 20 (80%) 4 (50%) 16 (94%)
Intravenous immunoglobulin (n (%)) 23 (92%) 7 (88%) 16 (94%)
Biologic immunomodulation (n (%)) 14 (56%) 1(13%) 13 (76%)
Outcome
Hospital length of stay (d) (median (IQR)) 8 (6-10) 6 (5-7) 8 (8-11)
PICU admission (n (%)) 21(84%) 6 (75%) 15 (88%)
PICU length of stay (d) (median; IQR) 3(2-5) 2.0 (1.3-4.3) 3(2.0-5.0)
Myocardial infarction (n (%)) 1(4%) 0 1(6%)
Pulmonary embolus or other significant thrombus (n (%)) 2 (8%) 1(13%) 1(6%)
Significant acute mental health diagnosis (n (%)) 1(4%) 1(13%) 0
SARS-CoV-2 PCR positive (n (%)) 1(4%) 0 1(6%)
SARS-CoV-2 IgG antibody positive (n (%)) 17 (68%) = =

#Two children had asthma (one with eczema and one with autistic spectrum disorder), one had a food allergy, one had hemoglobin C trait and one had aplastic anemia and immunosuppression (treated with
ciclosporin). "Tachycardia was determined using thresholds developed for the UK National Institute of Health and Clinical Excellence Guidelines for the Recognition and Management of Sepsis. “Variables
adjusted by age group (see Supplementary Table 2 for further details). “Montreal Zscore >2 on echocardiography or computed tomography. °One patient was treated with anakinra, four with infliximab and
ten with tocilizumab. SOFA, sequential organ failure assessment.

of admission); resolution (T2; at clinical improvement, defined as  follow-up after recovery). We monitored SARS-CoV-2 serology, bio-
improved respiratory status or cardiac support and C-reactive pro-  markers and immunophenotyped leukocytes at all three phases and
tein (CRP)<100mgl™); and convalescence (T3; at first outpatient select cytokines at T1. The timings of immunomodulatory treatments,
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which were prescribed agnostic of seroconversion status, are summa-
rized in Fig. 1a.

In our cohort, immunoglobulin G (IgG) antibodies to
SARS-Cov-2 nucleocapsid, the receptor-binding domain (RBD) of
the spike protein and the spike protein itself were higher than their
corresponding IgM titers, suggesting that SARS-CoV-2 infections
had occurred >2weeks before clinical presentation'*" (Fig. 1b).
The median (IQR) median infectious dose (ID,,) for pseudoviral
neutralization assay at T1 was 474 (355-644) units and positively
correlated with RBD and spike protein IgG optical density values
(Fig. 1c). There were no discernable trends in neutralizing antibody
concentrations and the corresponding ID;, over the illness phases
(Extended Data Fig. 2).

The acute phase was characterized by increased levels of cyto-
kines, including interleukin-1p (IL-1pB), IL-6, IL-8, tumor necrosis
factor-a, IL-10, IL-17, interferon-y (IFN-y) and IL-2 receptor ago-
nist (Fig. 1d), with raised CRP (Fig. le) and ferritin, confirming
acute inflammation. Raised amino (N)-terminal pro B-type natri-
uretic peptide (NT-proBNP; Fig. 1f) and troponin are indicative of
myocardial dysfunction and injury, respectively'>'*. Raised fibrino-
gen (Fig. 1g), raised D-dimer and low platelets in the acute phase
suggest a procoagulant state. These changes normalized by conva-
lescence. Although acute inflammation is common in Kawasaki dis-
ease, the procoagulant state seen in MIS-C patients is not a common
feature of Kawasaki disease'®*' (Extended Data Fig. 3).

We immunophenotyped innate, T and B cells using three sepa-
rate flow cytometry panels (Methods). For immunophenotyping, 23
patients had T1 samples, 14 had T2 samples and ten had T3 samples.
Eighteen patients had matched samples between at least two phases
(Fig. 1a). For comparison, we recruited seven children of similar
age who were SARS-CoV-2 RT-PCR negative and/or serology nega-
tive and had been admitted for planned diagnostic or interventional
procedures (Supplementary Table 3).

Absolute neutrophil, monocyte, dendritic cell and natural killer
cell counts were similar during the acute, resolution and conva-
lescence phases and were similar to counts in healthy controls
(Fig. 2a-d). We considered the median fluorescence intensity (MFI)
of cluster of differentiation 64 (CD64) as a neutrophil activation
marker”. In the acute phase, the neutrophil CD64 MFI was notably
increased compared with healthy controls but normalized by the
resolution phase (Fig. 2e). The neutrophil activation inference was
supported by high levels of IL-8. There was a concomitant decrease
in the CD10 MFI on neutrophils, suggestive of a decrease in the fre-
quency of mature neutrophils and potentially linked to the observed
enhancement in T cell activation*** (Fig. 2f). Activated neutrophils
could influence the functionality of T cells and B cells®.

In the acute phase, the monocyte CD14 (a Toll-like recep-
tor 4 co-receptor®) MFI was reduced, while the CD64 MFI was
increased (Extended Data Fig. 4), implying activation and cyto-
kine production®**. We used the human leukocyte antigen-DR
isotype (HLA-DR) MFI on antigen-presenting cells (APCs; that

is, monocytes, dendritic cells and B cells) and the CD86 MFI as
surrogates of antigen presentation ability. We observed decreased
HLA-DR and CD86 MFIs in the overall monocyte population
(Fig. 2g,h) in the acute phase, although the classical monocyte
proportions were unchanged (Extended Data Fig. 4). The fre-
quency of conventional dendritic cells decreased in the resolution
phase (Fig. 2i). The dendritic cells also had decreased HLA-DR
and CD86 MFIs (Fig. 2j), which could be indicative of impaired
antigen cross-presentation to CD8" T cells and priming/polar-
izing of naive helper T cells®. There was a positive correlation
between HLA-DR and CD86 MFIs in monocytes and dendritic
cells (Fig. 2k,1).

We observed helper (CD4"), cytotoxic (CD8%) and y8 T cell lym-
phopenia in the acute phase, which returned to normal by convales-
cence (Fig. 3a—d). There were notable differences in the magnitude
of lymphopenia, the activation status and the time to normaliza-
tion between T cell subsets (Fig. 3a—-d). The HLA-DR MFI on
T cells is considered indicative of activation®. Although the over-
all CD4* T cell 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 MFIs
during the acute phase, in contrast with the CD4*CCR?7~ effector
T cell subsets and CD8 subsets (Fig. 3f,g and Extended Data Fig. 5).
Consistent with the previous literature’’, we observed higher pro-
portions of CD4*CCR7* T cells in our cohort. y8 T cells, which have
antiviral properties including IFN secretion, pathogen killing and
cytotoxicity®’, were significantly reduced during the acute phase,
with an increase in the HLA-DR MFI (Fig. 3h). There was a notable
increase in regulatory T cell counts in the convalescence phase, but
the proportion of activated regulatory T cells (HLA-DR*)* with
immunosuppressive effector functions” was unchanged. There
were no correlations between antibody titers and yd T cells or with
CD4*"CCR7~ effector T cells. Although the HLA-DR MFI within
CD8" T cells did not differ by CCR7 status, the HLA-DR MFIs
on CD8*CCR7* and CD4*CCR7* cells were positively correlated
(Extended Data Fig. 5).

In the acute phase, total B cell counts and natural effector
(CD19*CD27*IgM*IgD*) cells were notably reduced (Fig. 3i,j).
Class-switched memory B cell counts (CD19*CD27*IgM~ cells)
were higher in the resolution phase compared with the acute phase
(Fig. 3k). The HLA-DR MFI was notably reduced in B cells in the
acute phase (Fig. 31). The transitional cells were unchanged, with
a progressive decrease in the proportion of B cells with the abil-
ity to produce low-affinity polyreactive antibodies (CD5* B cell
subset)* and an increase in the proportions of plasmablasts
(CD19*CD27+++CD38***) in some patients. The lack of correla-
tions between spike protein-specific IgG titers and either plasma-
blasts or class-switched memory cells (Extended Data Fig. 5) has
similarities to the COVID-19 immune responses in adults**°. The
significance and mechanisms underpinning these B cell changes in
MIS-C require further evaluation.

\

Fig. 1| Cohort description, SARS-CoV-2 serology and biomarkers of inflammation, myocardial dysfunction and coagulation. a, Clinical time course of
the patients recruited to the study. The place of care and clinical status of each child is indicated by color. Sampling phase and treatments administered
are indicated by shapes. Patients are grouped vertically by serological status. IVIg, intravenous immunoglobulin. b, Correlation plots between IgG of
nucleocapsid, RBD and spike protein and pseudoviral neutralization assays (IDs). The regression line (solid) and 95% Cl (gray shading) are shown.

¢, Serum cytokine concentrations in the acute phase (T1; n=15 samples), measured from samples taken before any immunomodulatory treatment. The
gray bars represent the laboratory normal range. d, Optical density of IgM and IgG antibodies for nucleocapsid, RBD and spike. e-g, Serum CRP (e), serum
NT-proBNP (f) and fibrinogen concentrations (g) during illness phases. For all box and whisker plots, the bottom border represents the 25th percentile,
the line bisecting the shaded region of the box represents the median, the upper border of the box represents the 75th percentile, the whiskers represent
extreme values (1.5x the 75th (highest) and 25th (lowest) percentile values) and markers beyond the extreme line are outliers. Dots are colored by
serology result (red: positive; blue: negative), with the red asterisk indicating the patient who was positive by RT-PCR for SARS-CoV-2. Further details on
the clinical biomarkers ferritin, troponin, D-dimer and platelet counts are provided in Extended Data Figs. 1-3. A Spearman’s rank test was used for the
correlations. Significance testing between patients by phase of illness (T1 (n=25 samples), T2 (n=15 samples) and T3 (n=6 samples)) was performed
using two-sided Wilcoxon rank-sum tests with correction for multiple comparisons.
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We evaluated the clinical relevance of the illness phases we out-
lined earlier using principal component analysis and hierarchi-
cal clustering of the immunophenotyping markers we measured

NATURE MEDICINE

(Extended Data Fig. 6). There were differences in the immuno-
logical features between illness phases. Innate and T cell activation
features were dominant in the acute phase, but regulatory T cells
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Fig. 2 | Innate immune cell alterations in patients with MIS-C at T1, T2 and T3 phases compared with age-matched healthy controls. a-d, Total neutrophil
(a), monocyte (b), dendritic cell (€) and natural killer cell counts (d) per microliter of blood at each phase of disease. C, control. e-l, Neutrophil activation
(CD64 MFI) (e), neutrophil CD10 expression (f), monocyte HLA-DR expression (g) and monocyte CD86 expression (h) at each phase of disease, myeloid
dendritic cells (mDCs) as a percentage of total dendritic cells (DCs) (i), HLA-DR expression on dendritic cells (j), correlation between monocyte CD86
expression and monocyte HLA-DR expression (k), correlation between dendritic cell CD86 expression and dendritic cell HLA-DR expression (I). Ink and I,
the regression line (solid) and 95% CI (gray shading) are shown. For the box and whisker plots, the bottom border represents the 25th percentile, the line
bisecting the shaded region of the box represents the median, the upper border of the box represents the 75th percentile, the whiskers represent extreme
values (1.5x the 75th (highest) and 25th (lowest) percentile values) and markers beyond the extreme line are outliers. Dots are colored by serology result
(red: positive; blue: negative), with the red asterisk indicating the patient who was positive by RT-PCR for SARS-CoV-2. Gray shading represents healthy
controls and yellow shading represents patients with MIS-C. Further details are provided in Extended Data Fig. 4. A Spearman’s rank test was used for the
correlations. Significance testing between patients by phase of illness (T1 (n=23 samples), T2 (n=14 samples) and T3 (n=10 samples)) was performed

using two-sided Wilcoxon rank-sum tests with correction for multiple comparisons.

were the strongest features in later phases. We postulate that these
represent either immunomodulatory treatment effects (reported in
Fig. 1a and Table 1) or illness trajectory. Although previous MIS-C
studies’ " included similar immunomodulatory treatments to those
used in our cohort, they did not report corresponding longitudinal
immunological assessments, to enable direct comparisons.
Immunologically, our MIS-C cohort appears distinct from
Kawasaki disease as we did not observe neutrophilia and raised
monocyte counts, which are features of Kawasaki disease. In
Kawasaki disease, the CD4 and CD8 counts are higher’” than the
T cell counts observed in our MIS-C cohort, and the proportions
of HLA-DR-positive CD4* T cells are lower in Kawasaki disease.
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Activation of CD4*CCR7* T cells and y8 T cell subsets has not been
reported in Kawasaki disease. Finally, Kawasaki disease is also char-
acterized by activation of the IL-1 pathways'®"’, whereas altered IFN
responses well described in COVID-19 may be more relevant in
MIS-C, such as the increased IFN-y levels observed in our cohort
(Fig. 1d). Immunologically, although MIS-C shares features of adult
COVID-19, such as cytokine excess and lymphopenia, there are dif-
ferences, such as the higher neutrophil count and the increase in
non-naive CD4 T cells with evidence of T cell exhaustion®*. These
differences indicate that MIS-C may be a distinct immunopatho-
genic illness, but concurrent immunophenotyping of Kawasaki dis-
ease and adult COVID-19 are needed for confirmation.
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Fig. 3| T and B cell alterations in patients with MIS-C at T1, T2 and T3 phases compared with age-matched healthy controls. a-e, Total T cells

(a), CD4+ T cells (b), CD8* T cells (), yd T cells (d) and regulatory T cells (T,

cells) (e) per microliter of blood. f, CD4*CCR7* T cell HLA-DR MFI

(activation marker). g, Percentage of HLA-DR expressing CD4+CCR7+ T cells. h, y8 T cell HLA-DR MFI (activation marker). i-k, Total B cells (i) per
microliter of blood, natural effector cells (j) per milliliter of blood and CD27+IgM- (naive) B cells (k) per microliter of blood. I, Total B cell HLA-DR
expression (MFI). For all box and whisker plots, the bottom border represents the 25th percentile, the line bisecting the shaded region of the box represents
the median, the upper border of the box represents the 75th percentile, the whiskers represent extreme values (1.5x the 75th (highest) and 25th (lowest)
percentile values) and markers beyond the extreme line are outliers. Dots are colored by serology result (red: positive; blue: negative), with the red asterisk
indicating the patient who was positive by RT-PCR for SARS-CoV-2. Gray shading represents healthy controls and yellow shading represents patients

with MIS-C. Further details are provided in Extended Data Fig. 5. Significance testing between patients by phase of illness (T1(n=23 samples), T2 (n=14
samples) and T3 (n=10 samples)) was performed using two-sided Wilcoxon rank-sum tests with correction for multiple comparisons.

Our study was limited by the assessment of a small cohort from
a tertiary pediatric center, the lack of testing for viral replication
in the gastrointestinal tract®, the sole use of HLA-DR as a T cell
activation marker and the lack of an evaluation of potential genetic
susceptibilities”. In addition, cell functionality and mechanisms of
immune abnormalities were not measurable with cells preserved in
leukocyte-stabilizing medium, which should be considered in future
studies. The initiating trigger(s) for MIS-C are unclear. The two pro-
posed immunopathogenic drivers of MIS-C (altered IFN responses
and antibody-dependent enhancement of disease (ADE) ') may
differ between patients. While altered IFN responses have indirect
evidence from adult COVID-19 illness**, it is currently unclear
whether ADE is a relevant mechanism in SARS-CoV-2-mediated
immunopathogenesis in MIS-C. It is worth noting that in SARS and
Middle East respiratory syndrome coronavirus infections, one of the
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mechanisms exacerbating lung injury is ADE-mediated viral entry
into Fc receptor-expressing cells*>*!. Further studies are required to
confirm whether these mechanisms are relevant to MIS-C.

In conclusion, based on our cohort characteristics and the
immune cell changes we observed, MIS-C is likely to be a distinct
immunopathogenic illness associated with SARS-CoV-2, with more
severe illness in seropositive children. The mechanisms underpin-
ning these immune abnormalities are of priority for further research.
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Methods

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—the region that had the highest number of COVID-19 confirmed cases
in the United Kingdom during the pre-recruitment and recruitment window of
our cohort (Extended Data Fig. 1). Our institution identified and reported one of
the first case series of MIS-C°. The current cohort study was approved by the UK
Health Research Authority (20/HRA/1714; for further details, please see https://
www.diamonds2020.eu/about/). Informed consent was obtained (from parents
or guardians of children <16 years of age) by trained health professionals. The
STROBE (Strengthening the Reporting of Observational Studies in Epidemiology)
checklist compliance is provided in the Supplementary Information.

Case definitions. We recruited patients to this prospective cohort study between
27 April 2020 and 25 May 2020. The clinical features of 11 children included in this
cohort have been previously been reported by the UK Paediatric Intensive Care
Audit Network (PICANet) as part of a national cohort*. Children under the age

of 18 years were potentially eligible for the study if febrile (>38.0°C). The Centres
for Disease 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 Supplementary Table 1.

Clinical data. We collected data on age, sex, self-reported ethnicity, comorbidity,
clinical features at presentation, organ dysfunction/support, immunomodulatory
treatments given, worst sequential organ failure score (modified sequential organ
failure assessment score variables were adjusted by age group; see Supplementary
Table 2 for further details*) and the outcomes (hospital length of stay, admission
to critical care (pediatric intensive care unit (PICU)), cardiac abnormalities
(including left ventricular dysfunction, myocardial infarction and coronary artery
dilation/aneurysms (defined as a Montreal Zscore'” of >2 on echocardiography or
computed tomography)) and evidence of significant thrombi). Primary end-point
pneumonia was defined per Cherian et al.”’. We also collected leukocyte counts,
hemoglobin, inflammation markers (CRP and ferritin), coagulation markers
(D-dimer, fibrinogen and platelets) and markers of myocardial injury/dysfunction
(troponin and NT-proBNP) at the three clinically relevant illness phases described
earlier: acute (referred as T1); resolution (T2); and convalescent (T3).

Testing for other infections. We ruled out other acute infections using PCR to

a panel of respiratory viral pathogens consisting of influenza A, influenza B,
respiratory syncytial virus, enterorhinovirus, parainfluenza, adenovirus, human
metapneumovirus, Bordetella species, Bordetella pertussis and Mycoplasma
pneumoniae on nasopharyngeal or bronchoalveolar lavage culture of blood and
other relevant tissues including urine, bronchoalveolar lavage specimens and
cerebrospinal fluid, as indicated. Thus, only children meeting the criteria for
MIS-C were included in this analysis.

Cytokine measurements in the MIS-C cohort at T1. Cytokines were all
measured before the administration of intravenous immunoglobulin or

other immunomodulatory treatment. Acute serum samples (pre-intravenous
immunoglobulin administration) from 15 of the 25 children recruited had
cytokines measured. The following cytokines were measured only at the T1 phase
and only in the MIS-C cohort: IL-2 receptor agonist, IFN-y, IL-10, IL-17, IL-1p,
IL-6, IL-8 and tumor necrosis factor-«. Serum was initially diluted 1:2 in distilled
water. We used the Ella 600-100 (R&D Systems) automated enzyme-linked
immunosorbent (ELISA) platform within the Viapath laboratories at King’s
College Hospital, London, United Kingdom. This performs a sandwich ELISA
using a microfluidics Simple Plex cartridge. This immunoassay works by routing
the sample through a microfluidic channel that binds the protein of interest. The
unbound analyte is removed by washing, before a detection antibody is added.
Because each channel has three glass nano reactors coated with a capture antibody,
a triplicate set of results are produced for each sample. Results were then generated
using the manufacturer-calibrated standard curve.

SARS-CoV-2 infection status, serology and pseudoviral neutralization assays.
We assessed the SARS-CoV-2 infection status of all patients by RT-PCR of
respiratory samples.

Serology. We quantified IgG and IgM for spike protein, nucleocapsid and RBD
using an in-house* ELISA at T1, T2 and T3. We defined seropositivity as the IgG
to both nucleocapsid and spike protein being at least fourfold above the assay
background.

The nucleocapsid protein (comprising residues 48-365 and both ordered
domains with the native linker, with an N-terminal uncleavable hexahistidine tag)
was expressed in Escherichia coli using autoinducing media for 7h at 37°C. Protein
was purified using immobilized metal affinity chromatography, size exclusion and
heparin chromatography. The nucleocapsid protein was provided by L. James and J.
Luptak at the Laboratory of Molecular Biology, Cambridge.

NATURE MEDICINE

The spike protein (pre-fusion spike protein ectodomain residues 1-1,138,
with a GGGG substitution at the furin cleavage site (amino acids 682-685),
proline substitutions at amino acid positions 986 and 987 and an N-terminal T4
trimerization domain followed by a Strep-tag II) was expressed in HEK293F cells
(Invitrogen). Briefly, a 11 culture (density 1.5 million cells per ml) was transfected
with 325 ug DNA using PEI MAX (1 mgml~'; Polysciences; 1:3 ratio) and cultured
for 7d. Protein was purified using Strep-TactinXT Superflow high-capacity
50% suspension according to the manufacturer’s protocol by gravity flow (IBA
Lifesciences). The plasmid was provided by P. Brouwer, M. van Gils and R. Sanders
at the University of Amsterdam.

The RBD was encoded by residues 319-541 and a carboxy-terminal
hexahistidine tag for purification and expressed in HEK293F cells (Invitrogen). A
500-ml culture (density of 1.5 million cells per ml) was transfected with 1,000 pug
DNA using PEI MAX (1 mgml~'; Polysciences; 1:3 ratio) and cultured for 7d.
Protein was purified using Ni-NTA agarose beads. The RBD plasmid was provided
by F. Krammer at Mount Sinai University.

High-binding ELISA plates (Corning; 3690) were coated with SARS-CoV-2
antigen (nucleocapsid, spike protein or RBD) at 3 ugml™ (25l per well) in
phosphate-buffered saline (PBS), either overnight at 4°C or for 2h at 37°C. Wells
were washed with PBS containing 0.05% Tween 20 (PBS-T) and blocked with
5% milk in PBS-T (100 pl) for 1h at room temperature. Wells were emptied and
sera diluted at 1:50 in milk were added (25 ul) and incubated for 2h at room
temperature. All sera used in this study were heat inactivated at 56 °C for 30 min
before use in the ELISA. The control reagents included CR3022 (0.2ugml™
spike protein- and RBD-specific monoclonal antibody), CR3009 (2 pugml
nucleocapsid-specific monoclonal antibody), negative control human plasma (1:25
dilution), positive control plasma (1:50) and blank wells (background control).
Wells were washed five times with PBS-T. Secondary antibody was added (25 ul)
and incubated for 1 h at room temperature. IgM binding was detected using goat
anti-human IgM-HRP (1:1,000; Sigma-Aldrich: A6907) and IgG binding was
detected using goat anti-human Fc-AP (1:1,000; Jackson: 109-055-043-JIR). Wells
were washed five times with PBS-T, and either alkaline phosphatase substrate
(Sigma-Aldrich) was added (25 ul) and read at 405nm (goat anti-human Fc-AP)
or one-step TMB substrate (Thermo Fisher Scientific) was added (25ul) and
quenched with H,SO, (25 ul at 0.5 M) before reading at 450 nm (goat anti-human
IgM-HRP)*.

Pseudoviral neutralization assays. ID,, measurements were determined using a
virus neutralization assay with human immunodeficiency virus 1 (HIV-1) virus
pseudotyped with SARS-CoV-2 full-length spike protein. Pseudotyped virus was
expressed in HEK293T/17 cells. The day before transfection, 3.5x 10° HEK293T/17
cells were seeded in a 10-cm dish in complete Dulbecco’s modified Eagle’s
medium (DMEM-C; 10% (vol/vol) fetal bovine serum, 100 IU ml~! penicillin and
100 pg ml~* streptomycin). Cells were transfected with HIV-luciferase plasmid
(1,500ng), HIV 8.91 gag/pol plasmid (1,000 ng) and SARS-CoV-2 full-length spike
protein plasmid (900 ng; provided by N. Temperton)* using 35 pg PEI MAX (at

1 mgml™'; Polysciences). DMEM-C media was replaced 18 h post-transfection.
Virus particles were harvested after 48 h, filtered through a 0.45-pm filter and
stored at —80 °C. For the neutralization assays, sera (heat inactivated at 56 °C for
30 min) was serially diluted (DMEM-C) in 96-well plates and incubated with
pseudovirus for 1h at 37°C. HeLa-ACE2 cells (HeLa cells stably expressing the
angiotensin-converting enzyme 2 receptor provided by J. Voss at The Scripps
Research Institute) were added. The infection level was assessed after 72h in lysed
cells with the Bright-Glo luciferase kit (Promega) using a VICTOR X3 multilabel
reader (PerkinElmer)".

Leukocyte phenotyping. Healthy control for flow cytometry. We 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 with the MIS-C cohort, during the study period (Supplementary
Table 3).

Blood sampling. Blood sampling consisted of 0.5 ml whole blood in a
leukocyte-stabilizing medium (Cytodelics AB; http://www.cytodelics.com/
uploads/1/2/3/5/123585057/whole_blood_processing_kit_protocol_ver106.

pdf), 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. Briefly, frozen blood samples
were thawed for 1 min in a 37 °C water bath by gently swirling. Then, 200 pl blood
was added to a 96-well V-bottom plate and spun at 2,000 r.p.m. for 2 min. Cells
were resuspended in 100 pl staining mix and incubated at room temperature

for 20 min. All fluorochromes, clones and concentrations used for whole-blood
surface staining for flow cytometry are described. Flow Cytometry Standard files,
acquired using BD FACSDiva, were analyzed using FlowJo (version 10.6.2). Gating
strategies for all panels used the Human Immunology Project” approach. Event
counts and MFIs were calculated using Flow]o for relevant markers on specific
populations. Absolute cell counts were calculated using BioLegend Precision
Count Beads.
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Whole-blood stabilization. Whole blood was collected on the PICU. Each 0.5-ml
sample of blood was immediately mixed with 0.5 ml Cytodelics Stabilizer buffer
(1:1 ratio), incubated at room temperature for 10 min and stored at —80°C, as
described by the manufacturer (Cytodelics AB)*.

Immune cell panels. We designed three different flow cytometry panels for
standardized immunophenotyping of innate, T and B lymphocyte subsets, per
the Human Immunology Project™. All fluorochromes were purchased from BD
Biosciences-EU.

The innate immune cell panel consisted of the following targets (fluorochrome;
clone; catalog number; antibody volume in ul per 100 pl): CD15 (BV786; HI9S;
563838; 1.0); CD14 (BV421; M5E2; 565283; 1.0); CD56 (BB515; B159; 564489;
2.0); CD86 (BUV737; 2331; 612784; 1.0); CD68 (PE-CF594; Y1/82A; 564944; 1.0);
HLA-DR (BV510; G46-6; 563083; 1.0); CD11c (BV650; B-1y6; 563404; 1.0); CD123
(PerCP-Cy5.5; 7G3; 560904; 1.0); CD16 (Pe-Cy7; 3G8; 560918; 1.0); CD64 (AF700;
10.1; 561188; 2.0); CD161 (PE; DX12; 556081; 1.0); CD10 (BUV395; HI10a;
563871; 3.0); CD19 (APC-Cy7; SJ25C1; 557791; 1.0); and CD3 (APC-Cy7; SK7;
560176; 1.0).

The T cell panel consisted of the following targets (fluorochrome; clone; catalog
number; antibody volume in pl per 100 ul): CD3 (BUV395; SK7; 564001; 2.0); CD4
(BV786; SK3; 563877; 2.0); CD8 (BV605; SK1; 564116; 2.0); gamma-delta TCR
(PE-Cy7; 11F2; 655410; 5.0); CCR7 (CD197) (BV421; 2-L1-A; 566743; 2.0); CCR4
(CD194) (PE-CF594; 1G1; 565391; 2.0); CCR6 (CD196) (BB515; 11Ag; 564479;
2.0); CD45RO (PE;UCHLLI; 555493; 5.0); CD45RA (APC; HI100; 550855; 5.0);
CXCR3 (CD183) (BB700; 1C6; 566532; 2.0); CD25 (BV510; M-A251; 563352; 2.0);
CD25 (BV510; 2A3; 740198; 2.0); HLA-DR (APC-R700; G46-6; 565127; 2.0); and
CD127 (BUV737; HIL-7R-M21; 612794; 2.0).

The B cell panel consisted of the following targets (fluorochrome; clone;
catalog number; antibody volume in pl per 100 ul): CD19 (BV711; SJ25C1; 563038;
2.0); CD27 (BV786; L128; 563327; 2.0); CD43 (BV421; 1G10; 562916; 2.0); CD24
(BUV395; ML5; 563818; 2.0); IgG (APC; G18-145; 550931; 5.0); IgD (BUV737;
1A6-2; 612798; 2.00); IgM (BB515; G20-127; 564622; 2.0); CD38 (PE; HIT-2;
555460; 10.0); CD5 (PE-Cy7; L17F12; 348810; 2.0); CD25 (APC-R700; 2A3;
565106; 2.0); and HLA-DR (BV510; G46-6; 563083; 2.0).

Flow cytometry and acquisition. Whole-blood sample staining was done using a
Cytodelics processing kit (Cytodelics AB). Frozen blood samples were thawed for
1 min in a 37 °C water bath by gently swirling. Then, 200 ul of blood was added for
each panel (innate, T cell and B cell) to a 96-well V-bottom plate and centrifuged
at 2,000 r.p.m. for 2min (centrifugation settings remained the same throughout).
Cells were resuspended in 100 pl of the respective antibody cocktail and incubated
at room temperature for 20 min. All flow cytometry antibodies and concentrations
used for whole-blood surface staining can be found in Supplementary Table

4. PBS (100 ul; Gibco) was added to each well and the plate was centrifuged.
Supernatant was removed and 200 pl fixative buffer (Cytodelics; 1:1 dilution of
Fix Concentrate in Fix Diluent) was added. The plate was incubated at room
temperature for 15min and centrifuged and the supernatant was removed. Cells
were resuspended in 200 ul lysis buffer (Cytodelics; 1:4 dilution of lysis buffer

in distilled H,0) and incubated at room temperature for 15 min. The plate was
centrifuged and the supernatant was removed. Cells were resuspended in 200 ul
wash buffer (Cytodelics; 1:5 dilution of wash buffer concentrated in distilled H,0)
and centrifuged. The supernatant was removed and the cells were resuspended in
175 pl sterile PBS. Before acquisition, 25 pl Precision Count Beads (BioLegend)
were added to each sample. All samples were analyzed on a five-laser BD Fortessa
flow cytometer equipped with a BD High Throughput Sampler with a flow rate of
1uls™. The flow cytometer was set up with application settings using cytometer set
up and tracking beads (Becton Dickson).

Flow cytometry data analysis. Flow Cytometry Standard files were acquired using
BD FACSDiva and analyzed using Flow]Jo (10.6.2; Treestar). Gating strategies

for all panels are outlined in Supplementary Fig. 1 for innate immune cells,
Supplementary Fig. 2 for T cells and Supplementary Fig. 3 for B cells. Event counts
and median fluorescence intensities were calculated using Flow]Jo for relevant
markers on specific populations. Absolute cell counts using BioLegend Precision
Count Beads were calculated using the following equation:

Absolute cell count(cells per pl) =
(cell count x Precision Count Beads volume)
(Precision Count Beads count x whole blood volume)

x bead concentration

Statistical analysis. Continuous data were summarized as medians and IQRs and
categorical data are presented as frequencies and percentages. We did not perform
a priori sample size calculations. Due to the 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 illness phases (T1, T2 and T3), we represent data using box and whisker
plots showing all of the data points using the Tidyverse package*, and used the
Wilcoxon signed-rank test with Bonferroni correction for multiple comparisons.
The strength and direction of association between variables was assessed using
Spearman’s correlation. We performed a principal component analyses (colored
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by illness phases and by receipt of immunomodulation) implemented using
the Factoextra R package*’. We generated a heatmap of all of the reported
immunophenotyping parameters using the pheatmap R package™. All analyses
were performed using the R studio interface” and R*™.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

We have provided all of the deidentified raw data used in this report in the
Supplementary Data, representing data in the figures and tables reported in the
manuscript.
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Extended Data Fig. 1| Context of the study cohort. a, Epidemiology of SARS-CoV-2 infection in England prior to, and during the study period by region.
Evelina London Children’s Hospital is in central London and provides tertiary immunology, infectious diseases, cardiology and intensive care to children in
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continental European cohorts (Supplementary Table 4)) and two recent European Kawasaki disease (KD) cohorts. d, Clinical features of MIS-C / PIMS-TS
in comparison with two recent European KD cohorts.
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Extended Data Fig. 5 | Additional information on adaptive immune system alterations in patients with MIS-C at T1, T2 and T3 phases compared to
age-matched healthy controls. a, HLA-DR expression (MFI) on total CD8+ T cells; b, CD8+ CCR7- T cells; and ¢, CD8+ CCR7+ T cells; d, The percentage

of CD8+ CCR7+ T cells; e, The percentage of CD8+ CCR7+ HLA-DR+; f, HLA-DR expression (MFI) on CD4+ CCR7- T cells; g, The percentage of

CD4+ CCR7+ T cells; h, The percentage of HLA-RDR+ T regulatory cells (Treg); i, HLA-DR expression (MFI) on total CD4+ T cells; j, HLA-DR MFI on
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by RT-PCR for SARS-CoV-2. Healthy Controls are shaded as grey and patients with MIS-C as yellow. Spearman'’s rank test was used for correlations.
Significance testing between patients by phase of iliness (T1(n=23 samples), T2 (n=14 samples), T3 (n=10 samples) was using two-sided Wilcoxon
rank sum tests, with correction for multiple comparisons.
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biologic, none, and steroids only. Arrows represent transition of the same patient between serial sampling time points. ¢, Contributions of the top 20
variables within the dataset to PC1and PC2. d, Hierarchal clustering of flow cytometry immune parameters in MIS-C and healthy controls. The left-hand

y axes denote immunotherapy administered; time point (T1, T2 or T3) or healthy control; and serological status. The right-hand y axis denotes patient
number (P; as in main Fig. 1a). Abbreviations: IVIg, intravenous immunoglobulin; P. Biologics administered included tocilizumab, infliximab and anakinra

(see main Fig. 1a).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

lXI The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[X] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

lXI For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|X| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Flow Cytometry was performed on BD Fortessa using FACS DIVA Software. FCS files were exported and analysed in FlowJo. Statistical analysis
and graphing was performed in R Studio using standard functions in Tidyverse and corrplot packages. No custom algorithms were used.
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Data analysis The code used are available from the corresponding author upon request.

SOFTWARE:
Flow cytometry: FACS DIVA and FlowJo.

R version 3.6.1 (2019-07-05) -- "Action of the Toes"
Copyright (C) 2019 The R Foundation for Statistical Computing
Platform: x86_64-apple-darwinl15.6.0 (64-bit)

RStudio
Version 1.2.1335

R packages:
—tidyverse
— stats

— corrplot

— factoextra
— pheatmap

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data presented in this manuscript is provided as a supplementary dataset.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size This is an exploratory analysis of a novel syndrome and sample size was not predetermined. Due to limited sample size, the statistical
significance reported should only be interpreted as indicative of the direction of change in biological signals. However, these data represent
the first month of the study at our institution.

Data exclusions  Recruitment to the cohort is detailed in eFigure-1. With the exception of one child (aged <6 months, in comparison to a median cohort age of
12.5 years) all children who were sampled have flow cytometry data presented here. At the time of analysis not all children had completed
the time course of disease (detailed as numbers of samples at T1, T2 and T3 in eFigure-1 and eFigure-2). For analysis of serum cytokines, 15 of
25 children had acute serum available prior to administration of intravenous immunoglobulin therapy. Data from these samples are detailed
in Figure-1 D.

Replication Standardized sampling, storage and laboratory techniques were used for all patient samples. Batch effects were minimized by the random
allocation of samples for processing on sequential days. Due to the limited volume of sample, direct replicates from each sample for flow
cytometry was not possible (eMethods 3). For laboratory measurements of immunoglobulin G and M to SARS-CoV-2 using ELISA,
measurements were done in duplicate and the mean of the two values was used. For the SARS-CoV-2 pseudotyped virus neutralization assay,
measurements were perfromed in duplicate and the duplicates used to calculate IDS0. For the cytokine assays using Ella (R&D Systems)
measurements were done in duplicate and the mean of the two values was used. For cytokine assays, three results (on two separate patients)
had values beyond the limit of quantitation at standard 1:2 dilution; these samples were repeated at 1:4 dilution.

Randomization  Participants were not randomized as this was a descriptive cohort study, with the same measurements applied to all patients/samples. The
study cohort is described in Table 1 and case definitions in eTable-1. The recruitment of healthy controls is detailed in Methods and described
in eTable-2.

Blinding This was a descriptive cohort study for which all patients with the clinical syndrome (MIS-C) were eligible following informed (parental if <16
years of age) consent. Blinding was therefore not possible for study recruitment. Laboratory measurements (done by MF, AJ, KID, IS, SA, ET)
were made blinded to the clinical status of patients recruited to the study.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI D ChlIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology IZI D MRI-based neuroimaging

Animals and other organisms

Human research participants
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Clinical data

Dual use research of concern
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Antibodies

Antibodies used Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) State the source of each cell line used.
Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.
Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for

mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pome any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

Population characteristics Please see Table 1 in the main manuscript for all population characteristics and relevant co-variates. Timing of treatments
(and site of care) is detailed in Figure 1a.

Recruitment Participants were recruited from the Paediatric Intensive Care and Paediatric Wards at Evelina London Children's Hospital.
Recruitment is detailed in Extended Data Figure 1. Recruitment was of consecutive patients with a presumptive diagnosis of
MIS-C/PIMS-TS admitted to our institution, following consent and sampling.

Ethics oversight This descriptive cohort received UK HRA approval (20/HRA/1714) following Research Ethics Committee review (London —
Dulwich REC). The IRAS ID is 278651.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  This descriptive cohort received UK HRA approval (20/HRA/1714). The IRAS ID is 278651.

0202 [1dy

Study protocol The study protocol is the same as the Diamonds Study (https://www.diamonds2020.eu/about/), which was the study to which the
patients we report were co-recruited.

Data collection The study began recruitment on 28th April 2020, and patients included in this cohort were recruited up until 25th May 2020.
Participants were recruited from the Paediatric Intensive Care and Paediatric Wards at Evelina London Children's Hospital. Details of
the site of care at each stage of sampling are noted in Figure 1a. Recruitment is detailed in Extended Data Figure 1.




Outcomes This is a descriptive cohort study. The pre-defined outcomes of interest were cytokines, serological status, neutralization assay of
SARS-CoV-2 antibodies, and major innate and adaptive immune cell subsets. These primary outcomes (i.e. cytokines, serological
status, neutralization assays and immune cell subsets) were defined on the basis of published literature from Covid-19 infections.

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.
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|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Whole blood was collected and stored in cytodelics stabilisation buffer at -802C until analysis. Samples were thawed, stained,
fixed and lysed prior to analysis.

Instrument Samples were analysed on a BD Fortessa

Software DIVA was used for sample acquisition on the Fortessa.
FlowJo Version 10.6.2. Becton Dickinson and Company; 2019

Cell population abundance Fractions and absolute counts whole blood were measured by flow cytometry analysis. For absolute counts Biolegend
Precision count beads were added prior to acquisition.

Gating strategy Gating strategies for all panels are shown in the supplementary material.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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