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Neutrophil profiles of pediatric COVID-19 and
multisystem inflammatory syndrome in children
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In brief

Boribong, LaSalle, et al. extensively
profile gene expression, protein
production, and functionality of
neutrophils from children with acute
COVID-19 or multisystem inflammatory
syndrome in children (MIS-C) to define
neutrophil responses driving distinct
SARS-CoV-2 disease states. They
propose a model whereby neutrophil
activation elicits endothelial dysfunction
and cardiovascular complications within
MIS-C.
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SUMMARY

Multisystem inflammatory syndrome in children (MIS-C) is a delayed-onset, COVID-19-related hyperinflam-
matory illness characterized by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antigenemia,
cytokine storm, and immune dysregulation. In severe COVID-19, neutrophil activation is central to hyperin-
flammatory complications, yet the role of neutrophils in MIS-C is undefined. Here, we collect blood from
152 children: 31 cases of MIS-C, 43 cases of acute pediatric COVID-19, and 78 pediatric controls. We find
that MIS-C neutrophils display a granulocytic myeloid-derived suppressor cell (G-MDSC) signature with high-
ly altered metabolism that is distinct from the neutrophil interferon-stimulated gene (ISG) response we
observe in pediatric COVID-19. Moreover, we observe extensive spontaneous neutrophil extracellular trap
(NET) formation in MIS-C, and we identify neutrophil activation and degranulation signatures. Mechanisti-
cally, we determine that SARS-CoV-2 immune complexes are sufficient to trigger NETosis. Our findings
suggest that hyperinflammatory presentation during MIS-C could be mechanistically linked to persistent
SARS-CoV-2 antigenemia, driven by uncontrolled neutrophil activation and NET release in the vasculature.

INTRODUCTION likely caused by SARS-CoV-2 antigenemia originating from

gastrointestinal sources of virus leaking across a permeable

Neutrophil activation is a central component of the immune
response against severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) infection; however, excessive neutrophil hy-
peractivation can contribute to severe COVID-19 in adults.'™
The role of neutrophils in pediatric SARS-CoV-2 infections has
not been defined. Children are less likely to suffer serious symp-
toms of acute COVID-19, but some children can develop a
severe, life-threatening hyperinflammatory iliness called multi-
system inflammatory syndrome in children (MIS-C) weeks to
months after the resolution of upper respiratory tract symp-
toms.® MIS-C is defined by sepsis-like physiology with high
fevers, systemic inflammation, and multiorgan involvement,

Gheck for
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mucosal barrier into circulation.® Children with MIS-C display
signs of vascular injury, including elevated C-reactive protein,
erythrocyte sedimentation rate, and D-dimer. 80% of children
with MIS-C develop cardiac complications, including myocar-
ditis, ventricular dysfunction, and coronary aneurysms,7'8
although mechanisms of cardiovascular injury are unclear.
Neutrophils play a significant role in innate immune responses
against bacterial, fungal, and viral infections.® However, at the
same time, hyperactivation of neutrophils has been shown to be
detrimental in severe diseases, including sepsis, acute respiratory
distress syndrome (ARDS), and severe acute COVID-19 in
adults.”®"%"" Not only can hyperactivation of polymorphonuclear
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Table 1. Patient demographics and distribution of pediatric blood samples used for each assay

Total enrolled (n = 152) Pediatric controls (n = 78) COVID-19 (n = 43) MIS-C (n = 31)
Age, mean years (min, max) 10.9 (1.2, 20) 14.2 (0.04, 22.2) 7.4 (0.17, 21)
Female gender, n (%) 39 (50) 14 (33) 9 (29)

Male gender, n (%) 39 (50) 29 (67) 22 (71)
Race, n (%)

White 43 (55) 15 (34) 13 (42)

Black or African American 3(4) 4(9) 5(16)

Asian 7(9) 2(5) 2 (6)
Ethnicity, n (%)

Hispanic or Latino 28 (36) 21 (51) 13 (42)
Samples used in assays, n

RNA sequencing 12 19 17
Proteomics 23 19 13

Cell-free DNA 21 23 19
Spontaneous NETosis 14 0 7

See also Tables S1 and S2.

leukocytes (PMNs) result in vascular and organ injury, but they
can also contribute to hypercoagulation and thrombus forma-
tion." Understanding neutrophil activation in acute pediatric
COVID-19 and MIS-C is essential to developing clinical guidelines
and advances in treatment recommendations.

Extensive immune profiling has shown distinct hyperinflam-
matory patterns distinguishing acute pediatric COVID-19 from
MIS-C;"*~'® however, very little information on neutrophil activa-
tion has been included in these reports. This paucity of research
on neutrophil activation in acute pediatric COVID-19 and MIS-C
may be due to technical challenges with studying neutrophils:
neutrophils have a very short lifespan and are extensively
damaged by freezing. In contrast to peripheral blood mononu-
clear cells (PBMCs), neutrophils require isolation and fixation
or analysis within hours of blood collection. Thus, a significant
knowledge gap exists between pediatric COVID-19 and MIS-C
and the contribution of neutrophils to disease pathogenesis.

Here, we isolated neutrophils immediately after blood collection
from children with acute COVID-19 and MIS-C and healthy
controls. We also extensively profiled gene expression, protein
production, and neutrophil functionality to define neutrophil
responses driving these distinct SARS-CoV-2 disease states in
children.

RESULTS

Cohort characteristics

Blood was collected from 152 children, including 43 children with
COVID-19 confirmed by RT-PCR (Table S1), 31 children clinically
diagnosed with MIS-C (Table S2), and 78 pediatric controls,
including healthy children, children with convalescent COVID-
19, and children with non-COVID-19 iliness. The average ages of
the acute pediatric COVID-19 cohort, the MIS-C cohort, and the
pediatric control cohort were 14.2, 7.4, and 10.9 years, respec-
tively. Gender, race, and ethnicity are shown in Table 1. Immedi-
ately after blood collection, plasma was collected, and neutrophils
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were enriched by negative selection. Neutrophils from each cohort
were used for bulk RNA sequencing (RNA-seq; n = 48) and neutro-
phil extracellular trap (NET) assays (spontaneous NET, n =21, and
microfluidics, n = 24); plasma was used for proteomics (n = 55) and
cell-free DNA measurements (n = 63) (Figure 1; Table 1).

Transcriptional profiling of neutrophils from pediatric
COVID-19 and MIS-C
To confirm the successful negative selection enrichment of neu-
trophils, we used a digital cytometry method, CIBERSORTX, to
estimate the fractions of major cell-type lineages in each bulk
RNA-seq sample.'® We used the single-cell RNA-seq COVID-19
Bonn Cohort 2 reference dataset to generate cell-type-specific
signatures for mature neutrophils, immature neutrophils, mono-
cytes, T/natural killer (NK) cells, B cells, and plasmablasts.” The
total neutrophil fraction was defined as the sum of mature and
immature neutrophils. High purity of neutrophils was confirmed
in all samples that passed quality control (Figure S1A;
Table S3), and the majority of samples had high mature-to-imma-
ture neutrophil ratios. Notably, there were no significant differ-
ences in any CIBERSORTX fractions between the patient cohorts
(Figure S1B). Additionally, flow cytometry confirmed high neutro-
phil purity with minimal monocyte and lymphocyte contamination
(Figure S1C) and no eosinophil contamination (Figure S1D).
Uniform manifold approximation and projection (UMAP)
visualization of bulk RNA-seq samples did not reveal distinct
groupings based on patient cohort or CIBERSORTXx-estimated
cell-type percentages. Though we did not perform clustering an-
alyses due to the small number of rare samples, the UMAP land-
scape was broadly characterized by two major groupings, which
represent distinct transcriptional profiles (Figure S1E).

Acute COVID-19 infection is associated with neutrophil
interferon response signatures in children

To identify differentially expressed genes and pathways in neu-
trophils associated with acute SARS-CoV-2 infection in children,



Cell Reports Medicine

PEDIATRIC CONTROLS

ACUTE COVID-19

-

O2 treatment

MIs-C

€ g

cardiac
symptoms

no cardiac
symptoms

Figure 1. Overview of cohort and experimental schematic

PLASMA ISOLATION

CCC

¢? CellPress

OPEN ACCESS

CELL-FREE DNA
= i
S
T ]‘4
r

PROTEOMICS

BULK RNA SEQUENCING

NET FORMATlON ASSAYS
_ JEEN A

¢ © A

NEUTROPHIL ENRICHMENT ~

Whole blood samples were collected from three cohorts: (1) pediatric healthy controls, (2) pediatric acute COVID-19 infection, and (3) multisystem inflammatory
syndrome in children (MIS-C). Plasma collected from whole-blood samples was used in proteomic assays to quantify levels of protein and cell-free DNA. Isolated
neutrophils were used in bulk RNA sequencing and NETosis assays. Patient samples were used in individual or multiple assays.

See also Figure S1 and Tables S1 and S2.

we performed differential expression analysis and gene set
enrichment analysis (GSEA) between COVID-19-positive sam-
ples and healthy samples (Table S4). The most highly upregu-
lated gene in COVID-19-positive samples was CCRL2, a gene
critical for CXCR2-dependent neutrophil recruitment and p2-in-
tegrin activation'” (Figure 2A). Following closely were other
genes implicated in neutrophil chemotaxis, activation, and type
I and Il interferon responses such as ELMO2, GPR84, IRF7,
IFIT3, and MX1. Overall, COVID-19-positive samples showed
strong enrichment of pathways involved in antiviral response,
including responses to interferon gamma (IFNy) and IFNo
(Figure 2B; Table S4).

In order to identify bulk neutrophil gene expression subtypes
involved in response to SARS-CoV-2 infection in children, we uti-
lized the bulk neutrophil gene signatures defined by an identical
protocol in a large adult cohort,’ as well as previously defined
neutrophil signatures from single-cell and bulk RNA-seq
data.'®'® Pre-defined signatures included progenitor neutro-
phils (NMF1: Pro-Neu), nuclear factor kB (NF-«xB)-activated neu-
trophils (NMF2: NF-«B+), IFN-stimulated neutrophils with high
expression of PD-L1 (NMF3: PD-L1+ ISG+), immature activated
neutrophils (NMF4: Immature), granulocytic myeloid-derived
suppressor cell-like (G-MDSC) neutrophils (NMF5: G-MDSCs),

and a second IFN-stimulated neutrophil signature with lower
expression of PD-L1 and a non-overlapping set of IFN-stimu-
lated genes (ISGs) (NMF6: ISG+)""*"® (Figure 2C). Since these
signatures were also derived from bulk RNA-seq data, they
represent transcriptional profiles of a mixture of neutrophil states
rather than one specific subpopulation. When scoring each sam-
ple based on their average expression of NMF genes compared
with their average expression of a control gene set (method de-
tails), we found that many of the NMF signatures produced
groupings on the UMAP (Figure 2D), indicating the utility of these
bulk signatures in defining neutrophil state signatures in children
with COVID-19.

Next, we performed GSEAs comparing neutrophil subtype
signature gene sets from children with COVID-19 and healthy
controls (Table S4). Briefly, genes were ranked by signed
log(p values) of the DESeq?2 differential expression analysis be-
tween acute pediatric COVID-19 and healthy controls, and an
enrichment score was calculated to indicate the degree to
which the gene set was overrepresented at the top or bottom
of the ranked list. We found significant enrichment of the
NMF3: PD-L1+ ISG+ and the NMF6: ISG+ neutrophil subtypes
in COVID-19 (Figure 2E), plus a weak enrichment for
the NMF5: G-MDSC subtype in COVID-19. Conversely, the
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Figure 2. Acute pediatric COVID-19 neutrophils are marked by a robust interferon-stimulated gene signature
(A) Volcano plot showing differentially expressed genes between pediatric acute COVID-19 and healthy control samples. Color-coded points indicate genes that

pass false discovery rate (FDR) correction with g < 0.05.

(B) Gene set enrichment analysis for the differentially expressed genes in (A). Bar lengths correspond to normalized enrichment score (NES), with positive NES
values indicating enrichment in COVID-19 and negative values indicating enrichment in healthy pediatric controls. Asterisks denote significance as defined in the

figure.

(legend continued on next page)
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NMF1: Pro-Neu signature was slightly enriched in the healthy
controls compared with pediatric COVID-19 (Figure 2E). Taken
together, these results confirm that acute COVID-19 infection
in children induces an ISG signature in neutrophils similar to early
stages of infection in adults.’

MIS-C is associated with a strong G-MDSC signature
having similarities to severe COVID-19 in adults and
sepsis

To define neutrophil activation in MIS-C, we performed differen-
tial expression analysis and GSEAs comparing MIS-C samples
with healthy pediatric controls (Table S4). The most highly upre-
gulated gene in MIS-C neutrophils was GPR84, a gene involved
in reactive oxygen species (ROS) production and neutrophil acti-
vation'® (Figure 3A). Following closely was ACER3, a gene that
has been shown to be upregulated in blood neutrophils of adult
patients with ARDS, and several genes involved in glucose meta-
bolism including LDHA and ENO1 and the complement C3 re-
ceptor C3AR1, which may modulate neutrophil recruitment,
were also elevated in neutrophils from patients with MIS-C.?°

The most highly enriched pathway in MIS-C was ARDS Up -
Juss, a collection of genes that were found to be upregulated
at least 3-fold in adult ARDS blood neutrophils compared with
healthy controls'® (Figure 3B; Table S4). Accordingly, healthy
control samples relative to MIS-C most prominently expressed
the ARDS Down - Juss pathway, containing genes upregulated
at least 3-fold in healthy controls over ARDS samples. In agree-
ment with the top differentially expressed genes, the next most
highly enriched pathways in MIS-C were oxidative phosphoryla-
tion, glycolysis, and mTORC1 signaling, suggesting that MIS-C
neutrophils are highly metabolically active. Finally, MIS-C sam-
ples were also enriched for neutrophil degranulation, tumor ne-
crosis factor (TNF) signaling, and interleukin-1 (IL-1) signaling,
suggesting a mechanism by which neutrophils contribute to
tissue damage in this highly inflammatory disease.

Next, we sought to determine which neutrophil subtypes were
enriched in MIS-C. GSEA revealed a strong enrichment of the
NMF5: G-MDSC subtype in MIS-C, the subtype that was most
strongly associated with severe disease and death in adult pa-
tients with COVID-19"*?" (Figure 3C; Table S4), and NMF4, sug-
gesting that a proportion of patients with MIS-C may have high
levels of a specific population of immature neutrophils (pre-neu-
trophils) that have been linked to increased NETosis, neutrophil
degranulation, and activation.’

We performed a direct comparison of MIS-C and acute pedi-
atric COVID-19 neutrophils to validate our findings from the indi-
vidual healthy control comparisons (Table S4). Indeed, we
observed a host of upregulated ISGs in acute COVID-19 that
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vanish in MIS-C, suggesting that the acute antiviral response
has subsided in this late stage of disease, and instead, we find
several markers of increased cellular metabolism consistent
with neutrophil activation (Figure S2A; Table S4). In agreement
with these gene markers, the ISG+ neutrophil states (NMF3
and NMF6) were found to be consistently highly enriched in
acute pediatric COVID-19, while immature, NETosis-associated,
and G-MDSC states (NMF1, NMF4, and NMF5, respectively)
were enriched in MIS-C, albeit with more heterogeneity
(Figures S2B, S2C, and S3). We confirmed the enrichment of
these states in acute pediatric COVID-19 versus MIS-C using a
second gene set analysis technique called sigPathway””
(Table S4; method details). Additional markers for pediatric acute
COVID-19 and MIS-C are highlighted in Figure 3D.

Cardiac involvement is often associated with MIS-C but is not
required for diagnosis; several patients in our cohort had either
myocarditis, ventricular dysfunction, or coronary arterial aneu-
rysm, with two patients requiring extracorporeal membrane
oxygenation (ECMO). Thus, we next performed a hypothesis-
generating differential expression analysis to identify neutro-
philic transcriptional differences between patients with (n = 13)
or without (n = 4) cardiac symptoms of MIS-C (Figure S3A).
Several hallmark genes of sepsis and antigen presentation
were enriched in cardiac MIS-C (Figure S3B), including several
of the MHC Il genes (HLA-DQB1, HLA-DRA, HLA-DMB). Other
potential markers of severe cardiac MIS-C are CD163, which
has been shown to be upregulated in PMNs of children with
sepsis,”® ZBTB16, which is high in adults with sepsis and severe
COVID-19,""° and OLAH, which is high in complex disease
courses in sepsis.”’

Neutrophils from children with MIS-C undergo high
levels of spontaneous NETosis
As many of the highly upregulated genes and pathways from
children with MIS-C are involved in neutrophil activation and
potentially destructive neutrophil effector functions such as
NET formation, granule release, and ROS production, we sought
to verify that the findings from the gene expression analysis cor-
responded to functional changes in neutrophils. We visualized
neutrophil activation by studying spontaneous NET formation
by neutrophils from patients with MIS-C compared with those
from healthy donors. NETs were observed by microscopy using
microfluidic technology; Neutrophils stimulated with 100 nM
phorbol myristate acetate (PMA), a known, potent stimulator of
NET formation, served as a positive control.

Neutrophils were isolated immediately after phlebotomy,
plated without any added stimulants or neutrophil activators,
and visualized via time-lapse microscopy for 4 h (experimental

(C) UMAP of neutrophil bulk RNA sequencing (RNA-seq) samples from adults with acute COVID-19 and healthy controls from LaSalle et al." UMAP is color coded
by cluster designation. Bottom, schematic illustrating several top genes associated with each neutrophil subtype. Neu-Lo, samples excluded from clustering

based on estimated low neutrophil fraction by CIBERSORTXx.

(D) (Top) UMAP plots of neutrophil bulk RNA-seq data. Each point is one bulk sample, and points are color coded according to disease status. (Bottom) UMAPs of
all neutrophil samples that were sequenced with bulk RNA-seq. Samples are colored according to their expression score of each neutrophil state metagene.

(E) GSEA enrichment plots for the NMF1 (Pro-Neu), NMF3 (PD-L1+ ISG+), NMF5 (G-MDSC), and NMF6 (ISG+) signatures, the four NMF neutrophil signatures that
passed FDR correction. Each point represents one gene in the gene signature. Positive scores denote enrichment in acute pediatric COVID-19, and negative

scores denote enrichment in healthy controls.
See also Tables S3, S4, and S5.
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Figure 3. Neutrophils from patients with MIS-C display a strong G-MDSC signature and are characterized by altered metabolism

(A) Volcano plot showing differentially expressed genes between MIS-C and pediatric healthy control samples. Color-coded points indicate genes that pass FDR
correction with q < 0.05.

(B) Gene set enrichment analysis for the differentially expressed genes in (A). Bar lengths correspond to NES, with positive NES values indicating enrichment in
MIS-C and negative values indicating enrichment in healthy controls. Asterisks denote significance as defined in the figure.

(C) GSEA enrichment plots for the NMF4 (Immature) and NMF5 (G-MDSC) signatures, the two NMF neutrophil signatures that passed FDR correction.

(D) Heatmap displaying scaled RNA-seq expression values for gene markers distinguishing pediatric acute COVID-19 and MIS-C. The color coding on the right of
the heatmap indicates whether the gene was differentially expressed in MIS-C versus COVID-19 and healthy or COVID-19 versus MIS-C or healthy. Color-coded
bars above indicate disease status, cardiac involvement for patients with MIS-C, course of treatment, and days since the administration of steroids.

See also Figures S2 and S3 and Tables S3, S4, and S5.
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Figure 4. Fluorescence microscopy, cell-free DNA, and plasma protein markers implicate high levels of NETosis in MIS-C disease pathology
(A) Neutrophils were isolated from patients with MIS-C or healthy controls and plated on a 96-well plate without any stimulus to measure neutrophil activation via

spontaneous NET release. Scale bar: 50 pM.
(B) Temporal dynamics of NET release in unstimulated neutrophils from healthy children (n = 7) and children with MIS-C (n = 7), as well as healthy neutrophils

stimulated with 100 nM PMA (n = 7).
(C) End-point percentage of NETosis in unstimulated neutrophils from healthy children and children with MIS-C and healthy neutrophils stimulated with 100 nM

PMA.

(legend continued on next page)
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overview in Figure 4A). While neutrophils from healthy pediatric
controls showed minimal spontaneous NETosis over the 4 h
(Video S1, top), neutrophils isolated from children with MIS-C
showed ~500-fold higher rates of spontaneous NETosis
(percentage of neutrophils undergoing NETosis: MIS-C 52% +
7% versus healthy controls 0.17% + 0.21%, p < 0.0001;
Figures 4B and 4C; Video S1, bottom). The spontaneously
formed NETs in MIS-C neutrophils were similar to PMA-stimu-
lated NETs from healthy pediatric children, reaching markedly
elevated levels of NET formation (69% =+ 4% NETosis;
Figures 4B and 4C).

To corroborate evidence of NETosis in MIS-C, we probed for
markers of NET release. We found that children with MIS-C
had significantly higher levels of relative cell-free DNA within their
plasma compared to children with acute COVID-19, children
with convalescent COVID-19 (p = 0.0160) and healthy children
(p < 0.0001) (Figure 4D). Though cell-free DNA is non-specific
and could come from other forms of cell death, recent studies
showed that circulating cell-free DNA in severe adult COVID-
19 is primarily derived from hematopoietic cells, specifically neu-
trophils.® We also used mass spectrometry to quantify levels of
protein markers of NET release. When comparing plasma from
children with acute COVID-19, MIS-C, and non-COVID-19
illnesses, significant differences were detected in levels of
myeloperoxidase (MPO) (p = 0.0163); lactoferrin (p < 0.0182);
collagenase matrix metallopeptidase 9 (MMP9) (p = 0.0006);
and cathelicidin anti-microbial peptide (CAMP) (p = 0.0287)
(Figures 4E-4H), with children with MIS-C displaying elevated
levels of each of these enzymes in circulation.

Circulating anti-SARS-CoV-2 immune complexes
stimulate NETosis

Current models of MIS-C pathogenesis suggest that the charac-
teristic immune hyperactivation of the disease is driven by
persistent circulating spike antigenemia® without viremia®®
months after the initial SARS-CoV-2 infection. In one study, viral
persistence in the gastrointestinal (Gl) tract led to the release of
zonulin, a biomarker of intestinal permeability, which subse-
quently led to leakage of viral antigens into the bloodstream
and subsequent immune hyperactivation.® Thus, we hypothe-
sized that SARS-CoV-2 antigen:antibody immune complexes
(ICs) could be responsible for triggering NETosis in the vascula-
ture, contributing to cardiovascular pathology seen in MIS-C. To
probe this mechanism of increased NET formation in children
with MIS-C, neutrophils isolated from healthy controls were
treated for 4 h with ICs generated by incubating patient-derived
plasma with SARS-CoV-2 spike antigen (experimental overview,
Figures 5A and S4). We observed low levels of NETosis when
neutrophils were stimulated with spike antigen plus buffer
(12% =+ 3%; Figures 5B and 5C) or plasma from non-COVID-19
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controls without spike antigen (12% + 2%) and with spike anti-
gen (14% + 4%, likely due to the absence of spike-specific an-
tibodies and ICs in these children (Figures 5B and 5C). We then
stimulated neutrophils with convalescent COVID-19 plasma,
both in the presence and in the absence of spike antigen, to
determine if SARS-CoV-2 antibodies alone could induce
NETosis, and we again observed low levels of NETs in these
stimulated neutrophils (11% + 3%; Figures 5B and 5C), indi-
cating that neither antibodies nor antigen alone will induce
NETosis.

However, the addition of spike antigen to convalescent COVID-
19 plasma induced significant NETosis (30% + 3%) (Video S2,
top) compared with convalescent COVID-19 plasma alone
(p < 0.0001) (Figures 5B and 5C). This level of NETosis was com-
parable with that seen when healthy neutrophils were stimulated
with MIS-C plasma (30% =+ 1%; Video S2, bottom). This increase
in NET formation is likely due to the formation of SARS-CoV-2-
specific antibody:antigen ICs in the sample. To further verify this
claim, we added additional spike antigen to MIS-C plasma, which
stimulated an even greater amount of NET formation (40% + 8%;
Figures 5B and 5C). Similarly, we found that plasma from healthy,
vaccinated children alone did not stimulate neutrophils but that
the exogenous addition of spike beads to their vaccine-generated
antibodies stimulated NETosis (29% + 5%; Figure S4). These re-
sults provide further evidence of circulating spike antigen in pa-
tients with MIS-C, which triggers the formation of inflammatory
ICs and subsequent neutrophil activation.

To better understand which antibody class of anti-spike ICs
was driving NETosis in MIS-C, we depleted either immunoglob-
ulin G (IgG)-ICs, IgA-ICs, or both IgG- and IgA-ICs from MIS-C
plasma and quantified NETosis. Compared with non-depleted
MIS-C plasma (29% =+ 5%), IgA depletion (14% + 3%) resulted
in the greatest decrease in NET formation (p < 0.0001),
although IgG depletion (22% + 3%) contributed to a lesser de-
gree (p = 0.0145) (Figures 5D and 5E).

Together, these results suggest that SARS-CoV-2 antigene-
mia in the setting of a mature humoral response appears to insti-
gate excessive neutrophil activation with hyperinflammatory and
detrimental intravascular NET formation in MIS-C.

DISCUSSION

In this study, we report the first in-depth characterization of
neutrophils in pediatric acute COVID-19 and MIS-C. Utilizing
neutrophil bulk RNA-seq, plasma protein expression, and func-
tional analyses of neutrophils, we highlight major differences in
the neutrophil response that help to explain the divergent pre-
sentations of these SARS-CoV-2-related diseases and provide
mechanistic insight into neutrophil activation by SARS-CoV-2
antigen:antibody ICs in MIS-C.

(D) Quantification of circulating cell-free DNA in plasma of healthy patients (n = 10), children with COVID-19 (n = 19), children with convalescent COVID-19 (n=11),
and children with MIS-C (n = 19). Displayed as fold increase from baseline (healthy controls).

(E-H) Peak values of myeloperoxidase (E), lactoferrin (F), cathelicidin antimicrobial peptide (G), and collagenase matrix metallopeptidase 9 (H) quantified in
plasma from pediatric controls (n = 23), children with acute COVID-19 (n = 19), and children with MIS-C (n = 13).

(B) Mean values and SD are presented. (C) One-way ANOVA with multiple comparisons. Mean values and SD are presented. (D)-(H) Median values are shown
with interquartile ranges; significance was determined by Kruskal-Wallis. Statistical significance is defined as *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.

See also Video S1.
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Figure 5. SARS-CoV-2 spike immune complexes trigger NETosis

(A) Plasma was collected from several children with non-COVID-19 iliness, convalescent COVID-19, and MIS-C and pooled together. Pooled plasma was diluted
at 1:10 and incubated with beads coated with spike proteins to generate immune complexes or without the presence of spike protein to measure the stimulation
of plasma alone. Neutrophils were isolated from healthy children, stimulated, and visualized within four viewing channels of a microfluidic device.

(B) Temporal dynamics of NET release in neutrophils (n = 8) stimulated with PBS, PBS-treated spike beads, non-COVID-19 plasma, non-COVID-19-plasma-
coated spike beads, convalescent COVID-19 plasma, convalescent COVID-19-plasma-coated spike beads, MIS-C plasma, and MIS-C-plasma-coated spike
beads.

(C) End-point percentage of NET release in neutrophils (n = 8) stimulated with conditions described in (B).

(D) Temporal dynamics of NET release in neutrophils (n = 8) stimulated with non-depleted MIS-C plasma, IgG-depleted MIS-C plasma, IgA-depleted MIS-C
plasma, and MIS-C plasma depleted of both IgG and IgA.

(E) End-point percentage of NET release in neutrophils (n = 8) stimulated with plasma as described in (D).

(B-E) Mean values and SD are presented. (C and D) Significance was determined by one-way ANOVA with multiple comparisons. Statistical significance is
defined as *p < 0.05, *p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figures S4 and S5 and Videos S2 and S8.

Cell Reports Medicine 3, 100848, December 20, 2022 9




¢? CellPress

OPEN ACCESS

Antiviral State from
Interferon Signaling

o0® i IFNs
(9]

ISG+ Neutrophils

Cell Reports Medicine

Antigenemia from
Increased Gut Permeability

Sy

Immune
Complexes

in Circulation

Endothelial Dysfunction,
Cardiovascular Complications

Figure 6. Schematic of the role of neutrophils in pediatric COVID-19 and MIS-C

Acute SARS-CoV-2 infection begins in the respiratory epithelium, and interferon signaling induces ISG+ neutrophils in circulation. Weeks later, viral persistence in
the gut lumen results in zonulin release from gut epithelial cells, leading to loss of tight junctions and SARS-CoV-2 antigen leakage. Finally, immune complexes
trigger NETosis and induce G-MDSCs, resulting in endothelial dysfunction and cardiovascular complications.

MIS-C, though SARS-CoV-2-related, presents as a completely
distinct set of symptoms and neutrophil phenotypes from acute
COVID-19 in both children, shown here, and previous reports in
adults.” MIS-C occurs weeks to months after the initial infection,
with a notable absence of viremia,?® in contrast to acute severe
COVID-19.”7 Instead, MIS-C is linked to SARS-CoV-2 antigene-
mia without replication-competent virus in a mature humoral
response setting. Studies have demonstrated that viral RNA is still
detected in the stool weeks after infection or exposure.®*® In chil-
dren who develop MIS-C, viral persistence is associated with

10 Cell Reports Medicine 3, 100848, December 20, 2022

increased gut permeability through zonulin release by gut epithe-
lial cells,® allowing viral antigens to escape into the bloodstream,
where primed antibodies await. The formation of ICs triggers a hy-
perinflammatory immune response with neutrophil activation and
NET formation within the vasculature (Figure 6).

As aresult of this distinct mechanism, neutrophils in MIS-C are
characterized by upregulated genes and pathways associated
with G-MDSCs and the formation of NETs, which is highly
distinct from the antiviral gene signature seen in acute pediatric
COVID-19. Neutrophils in patients with MIS-C more closely
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resemble those found in patients with non-viral ARDS'™® or
sepsis,”! rather than mild acute COVID-19, in that they appear
to take on an immature, T cell-suppressive phenotype. This acti-
vated and destructive phenotype is hypothesized to cause the
systemic damage seen in patients with MIS-C, with potential
mechanisms being the interaction of neutrophil Fc receptors
with SARS-CoV-2 antigen ICs, or TNF-a signaling via NF-«B,
which in excess can dysregulate T cells®® or activate further
NETosis. Indeed, increased NF-kB signaling has been shown
to be upregulated in monocytes and dendritic cells in MIS-C,
especially in severe cardiac MIS-C,*° but prior reports have
not examined neutrophils. Activated neutrophils have been
implicated in the pathology of myocarditis through infiltration
into the heart, with evidence of NETs found in endomyocardial
biopsies from patients with myocarditis.>' > As activated neu-
trophils and viral particles have been found in the myocardium
postmortem in patients with MIS-C,***° increased antigen pre-
sentation by neutrophils and upregulation of septic responses
by neutrophils may play a role in pathology driving severe
cardiac complications of MIS-C. Importantly, this neutrophil
activation can modulate B cell function, promoting autoimmune
processes and contributing to immune activation in MIS-C*°
and potentially long COVID-19.%" The role of the neutrophils
in autoimmunity has already been established in conditions
like anti-neutrophil cytoplasmic antibody-associated (ANCA-
associated) vasculitis, Behcet’s disease, and systemic lupus
erythematosus.*®

In this study, we also provide visual evidence of high rates of
spontaneous NETosis in neutrophils from children with MIS-C
with imaging experiments performed within hours of fresh
whole-blood collection. Furthermore, we provide mechanistic
insight into the abundant NET formation by showing that SARS-
CoV-2 antigen:patient-derived antibody ICs, predominantly anti-
spike IgA-ICs, can trigger NETosis in healthy donor neutrophils.
While IgA plays a key role in neutralizing SARS-CoV-2 at the
mucosal surface,® increased levels of IgA in circulation have
been associated with severe COVID-19 in adults, with a corre-
sponding increase in neutrophilic inflammatory responses.*%*
IgA can be a potent inducer and potentiator of NET formation
but has not previously been implicated in MIS-C pathogenesis.

The observed NETosis has several implications for the disease
pathology observed in MIS-C. Although NETs are effective at
capturing and destroying pathogens at mucosal barriers, they
can be a source of excessive inflammation and coagulation
when released in circulation. First, NET components such as
MPO can generate ROS and directly damage endothelium
through several mechanisms, leading to tissue factor (TF)
release. NETs themselves often contain TFs;** thus, both NETs
and the damaged endothelium can initiate the extrinsic coagula-
tion cascade. Second, the abundant extracellular DNA can serve
as a damage-associated molecular pattern (DAMP),*® triggering
additional inflammation alongside inflammatory cytokine pro-
duction, and the negative charge can initiate the intrinsic coagu-
lation cascade.*® Taken together, these mechanisms can serve
as a scaffold for platelets, induce hypercoagulability and endo-
thelial dysfunction and lead to thrombosis, vasculitis, and car-
diovascular complications, providing a uniting framework for
MIS-C pathogenesis (Figure 6).

42,43

¢ CellP’ress

Neutrophil activation in MIS-C starkly contrasts the ISG profile
seen in neutrophils from children with acute COVID-19. In chil-
dren, the antiviral response to SARS-CoV-2 is sufficient to clear
the acute infection without severe symptoms, as evidenced by
the mild or asymptomatic presentations in most cases. While
live, infectious SARS-CoV-2 can be detected in the upper air-
ways of children,”” accounting for the antiviral response, there
is little to no viremia detected in pediatric COVID-19.2° This pic-
ture may be similar to that seen in adults with mild COVID-19.
However, in adults with moderate to severe disease, impaired
antiviral signaling can lead to viremia in a larger fraction of cases,
resulting in a more severe presentation of acute COVID-19 in
these individuals.*®*~°° Thus, containment of the virus in the up-
per respiratory tract in children likely prevents the progression
to more severe circulating neutrophil phenotypes seen in life-
threatening COVID-19 in adults, and it is unlikely that circulating
neutrophils alone determine disease severity in acute pediatric
COVID-19.

There is an increasing appreciation of neutrophil activation in
severe COVID-19 in adults, and therapies are being designed
to target neutrophil hyperactivation. However, in most children,
their immune system can already manage SARS-CoV-2 due to
a strong IFN-mediated antiviral response.'*' In both adults
and children, SARS-CoV-2 viremia or antigenemia and the resul-
tant ICs appear to be responsible for deleterious NET formation.
While therapies blunting excessive neutrophil activation could
improve clinical outcomes in severe disease, mitigating the anti-
genemia or viremia will be critical. Previous studies have indi-
cated that preventing SARS-CoV-2 antigen leakage from the
gut with the zonulin antagonist larazotide may be effective in pre-
venting antigenemia-included hyperinflammation in MIS-C.%*"
While vaccination and avoidance of infection are the best pre-
vention strategies, if SARS-CoV-2 infection does occur and
MIS-C ensues, future studies may explore combination thera-
pies that both prevent antigenemia by enhancing tight junctions
in gut epithelium and simultaneously inhibiting systemic NET for-
mation to improve upon the current treatment paradigm.

In summary, our study provides much-needed mechanistic
insight into the drivers of pathology in MIS-C and its departure
from mild acute SARS-CoV-2 infection in children. We link exist-
ing knowledge of gut mucosal breakdown and antigenemia in
MIS-C to increased IC-dependent NETosis and a shift away
from the antiviral state toward a sepsis-like G-MDSC phenotype,
highlighting potential connections between neutrophil activation
and the characteristic cardiovascular pathology to suggest path-
ways of intervention to improve the standard of care.

Limitations of the study

We acknowledge several limitations of our study. First, because
of the nature of the pandemic and logistics around sample
collection and processing of neutrophils, we chose to utilize
bulk transcriptomics due to the technical challenges of perform-
ing single-cell RNA-seq on neutrophils, so each sample repre-
sents a mixture of neutrophils with distinct gene expression pro-
grams. However, our high-purity double isolation method left
little contamination with other cell types. Second, we acknowl-
edge the small cohort size, although it represents the largest
cohort of its kind, due to the low incidence rate of the disease.
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Third, based on the sample size limitation, we were unable to
define new gene expression states that may have been specific
to pediatric neutrophils and had to rely on the adult-derived sig-
natures. However, that work demonstrated a relatively small set
of conserved neutrophil states across many different disease
contexts. Relatedly, we used GSEA to determine the enrichment
of these previously defined states. This method can only indicate
relative enrichment and may overestimate effect sizes; however,
it currently remains an integral component of RNA-seq analysis.
Fourth, MIS-C can present heterogeneously, and there was a
mixture of treatment regimens and disease duration among the
patients, which may have resulted in greater heterogeneity in
the gene expression profiles. Fifth, we acknowledge that the
concentration of spike protein used to elicit NETosis may not
directly align with levels of antigenemia in patients with MIS-C;
however, these spike beads allowed us to test the impact of
ICs on neutrophil activation. All limitations considered,
numerous technical challenges and time-sensitive issues were
overcome in this study to allow for deep characterization of
neutrophil profiles in acute pediatric COVID-19 and MIS-C,
which can guide future studies, including utilizing single-cell
technologies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FITC anti-human CD66b BioLegend CAT# 305103; RRID:AB_314495
Pacific Blue™ anti-human CD14 Antibody BioLegend CAT# 325615; RRID:AB_830688

Biological samples

Patient samples used in this study are described Massachusetts General N/A

in Tables 1, S3, and S4 Hospital

Chemicals, peptides, and recombinant proteins

DRAQ5® Cell Signaling Technology  CAT #4084
SYTOX™ Green Nucleic Acid Stain Invitrogen CAT# S7020
Phorbol 12-myristate 13-acetate Sigma Aldrich CAT# P1585
Ficoll® Paque Plus Cytiva CAT# 17-1440-03
Buffer TCL Qiagen CAT# 1031576
B-mercaptoethanol Sigma Aldrich CAT# M6250
Hoechst 33,342 Solution Thermo Fisher Scientific CAT# 62249
Critical commercial assays

EasySep'™ Direct Human Neutrophil Isolation Kit STEMCELL Technologies  CAT# 19666
HetaSep™ STEMCELL Technologies =~ CAT# 07806
Qubit dSDNA High Sensitivity Assay Kit Invitrogen CAT #Q32854
High-Sensitivity DNA Bioanalyzer Kit Agilent CAT# 5067-4626
Nextera XT Library Prep kit lllumina CAT# FC-131-1024

Deposited data

Neutrophil bulk RNAseq analyzed data

Adult COVID-19 Neutrophil bulk RNA-seq data
COVID-19 Neutrophil scRNA-Seq data

Sepsis Neutrophil scRNA-seq data

ARDS Neutrophil RNA-Seq
Lung cancer single-cell neutrophil RNA-seq data

This manuscript

LaSalle et al. 2022

Schulte-Schrepping
et al. 2020

Reyes et al. 2021

Juss et al. 2016
Zilionis et al. 2019

GEO: GSE217370 https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE217370

GEO: GSE212041
EGA accession -EGAS00001004571

https://singlecell.broadinstitute.org/single_cell/study/
SCP1492/

GEO accession GSE76293
GEO: GSE127465

Oligonucleotides

RT primer (DNA oligo)
TSO primer (RNA oligo with LNA)

ISPCR (DNA oligo)

IDT
Qiagen

IDT

5-AAGCAGTGGTATCAACGCAGAGTACT30VN-3’
5-AAGCAGTGGT

ATCAACGCAGAG

TACATrGrG + G-3

5-AAGCAGTGGT

ATCAACGCAGAG

T-3

Software and algorithms

Code and Data from this manuscript

FIJI Is Just ImageJ
IntelliCyt ForeCyt (v8.1)

INSPIRE software
IDEAS software
AutoCAD

This manuscript

NIH
Sartorius

EMD Millipore
EMD Millipore
Autodesk
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https://doi.org/10.5281/zenodo.7277479
https://doi.org/10.5281/zenodo.7277353

https://imagej.net/software/fiji/

https://www.sartorius.com/en/products/
flow-cytometry/flow-cytometry-software

https://www.emdmillipore.com/US/en/20150212_143429
https://www.emdmillipore.com/US/en/20150212_144049
https://www.autodesk.com/products/autocad/overview
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GTEx-TOPMed RNA-Seq pipeline Broad Institute https://github.com/broadinstitute/gtexpipeline/

STAR v2.5.3a Dobin et al., 2013 https://github.com/alexdobin/STAR/releases/tag/2.5.3a
RSEM v1.3.0 Lietal., 2011 https://github.com/deweylab/RSEM/releases/tag/v1.3.0
RNA-SeQC 2 Graubert et al. 2021 https://github.com/getzlab/raseqc

CIBERSORTXx Newman et al., 2019 https://cibersortx.stanford.edu

DESeq2 v1.30.1

Fgsea

Love et al., 2014

Korotkevich et al., 2019

https://bioconductor.org/packages/release/bioc/html/
DESeq2.html
http://bioconductor.org/packages/release/bioc/html/
fgsea.html

Prism 9.3.1 (471) GraphPad https://www.graphpad.com/scientific-software/prism/

sigPathway v1.64.0 Lai et al., 2022 https://bioconductor.org/packages/release/bioc/html/
sigPathway.html

Other

FluoSpheres™ NeutrAvidin™-Labeled Microspheres,  Invitrogen CAT #F8776

1.0 pm, yellow-green fluorescent (505/515), 1% solids

CaptureSelect™ IgA Affinity Matrix Thermo Fisher Scientific CAT #194288010

Protein G Resin GenScript CAT #L.00209

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lael

Yonker (lyonker@mgh.harvard.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o Due to IRB consent limitations, raw sequencing data is not publicly available. However, the read count matrix and TPM matrix
used in this study will be publicly available in GEO (Gene Expression Omnibus) under accession number GSE217370 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE217370) and Table S5. Additional Supplemental ltems are available from
Zenodo Data: https://doi.org/10.5281/zenodo.7277479. Raw sequencing data can be made available from the lead contact

upon request.

@ All code required to run the analyses in this manuscript is deposited in Zenodo Data: https://doi.org/10.5281/zenodo.7277479
based on the associated Github repository (https://github.com/lasalletj/Pediatric_COVID_MISC_Neutrophils).
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

MGH patient cohort description

Biospecimens were obtained from pediatric patients at Massachusetts General Hospital (MGH) under the institutional review board
(IRB) approved ‘MGH Pediatric COVID-19 Biorepository’ (no. 2020P000955). Healthy pediatric controls were collected under the
IRB-approved ‘the Center for Celiac Research Pediatric Biorepository’ (no. 2016P000949). Informed consent, and assent, when
appropriate, were obtained in accordance with IRB guidelines from patients and/or parents/guardians before study enrollment. Pa-
tients classified as COVID-19 positive had positive SARS-CoV-2 RT-PCR results upon enroliment. Patients classified as MIS-C were
diagnosed per CDC guidelines. Healthy children were children presenting for well-child visits, a vaccine appointment, or an endos-
copy (with normal pathology), and are otherwise healthy. Non-COVID-19 pediatric controls were children that were sick (hospitalized
or outpatient) during the pandemic but tested negative for SARS-CoV-2.
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METHOD DETAILS

Neutrophil isolation and lysis

Blood samples were processed as previously described.'*> Briefly, blood samples were collected in vacutainer tubes containing
EDTA anticoagulant. Whole blood was centrifuged at room temperature at 1000g for 10 min with breaks activated to allow for plasma
collection. The remaining blood was mixed 1:1 with HBSS and gently layered on top of Ficoll at a 2:1 ratio. This was centrifuged at
room temperature at 1000g for 30 min with the brakes off. PBMCs were then removed, and neutrophils were isolated from the re-
maining blood pellet via negative selection using the EasySep Direct Neutrophil Isolation Kit (STEMCELL Technologies, Cat#
19666), following manufacturer’s directions. 1x10° cells were centrifuged at 300g for 5 min at room temperature with soft brakes acti-
vated. Neutrophils were lysed with 100 pL of RNA lysis buffer (TCL) (Qiagen, Cat# 1031576) with 1% B-mercaptoethanol and frozen
at —80°C.

Validation of isolated neutrophil purity

Nucleated cells were collected from whole blood via red blood cell sedimentation using HetaSep solution (STEMCELL Technologies,
Cat# 07906). Neutrophils were isolated as previously described (plasma centrifuged, PBMCs isolated and collected, and neutrophils
isolated from remaining red blood cell pellet). Isolated neutrophils and nucleated cells were centrifuged at 300g for 5 min at room
temperature with the brakes off. The cells were resuspended in 50 uL of FACS buffer (0.5% BSA in PBS) and then fixed in 1% para-
formaldehyde in PBS. All fixed cells were then stained with CD66b (1:200 dilution) (Biolegend, Cat# 305103), CD14 (1:20 dilution)
(Biolegend, Cat# 325615), and DRAQS (1:2000 dilution) (Cell Signaling Technology, Cat# 4084S). Data was obtained through the
Amnis ImageStreamX Mark Il imaging flow cytometer and INSPIRE software (EMD Millipore). The accompanying IDEAS software
(EMD Millipore) was used to perform data analysis. Additionally, Giemsa staining was performed on the isolated neutrophils to ensure
no contamination of eosinophils. The isolated neutrophil solution was prepared in PBS at a concentration of 1x10° cells/mL. Cytospin
preparations were made at 600 RPM for 5 min, and the cells allowed to air dry overnight. The next morning, cells were stained with
fixative, eosin, and methylene blue (Thermo Fisher Scientific, Cat# 9990701), washed with DI water, and left to dry overnight. The cells
and slide were mounted in the morning. Images were captured using a ZEISS Stemi 305 stereo microscope.

Patient matched plasma isolation

Blood samples were processed as previously described.®? Briefly, blood samples were collected in EDTA vacutainer tubes. Plasma
was collected by centrifuging tubes at 1000g for 10 min at room temperature with brakes activated. Aliquoted plasma was stored
at —80°C.

Smart-Seq2 cDNA preparation

cDNA was prepared from bulk populations of 1x1 0° neutrophils as recently described’ using a modified reverse transcription step.53
Neutrophil lysates were thawed on ice, and 20 pL per sample was added to a 96-well plate prior to brief centrifugation. Following RNA
purification with Agencourt RNAClean XP SPRI beads (Beckman Coulter, Cat# A63987), samples were resuspended in 4 uL of Mix-1
[Per 1 sample: 1 pL (10 pM) RT primer (DNA oligo) 5'-AAGCAGTGGTATCAACGCAGAGTACT30VN-3’; 1 uL (10 uM) dNTPs; 1uL (10%,
4 U/uL) recombinant RNase inhibitor; 1 uL nuclease-free water], denatured at 72°C for 3 min and immediately cooled on ice for 1 min.
Next, 7 uL of Mix-2 [Per 1 sample: 0.75 pL nuclease-free water; 2 uL 5X RT buffer (Thermo Fisher Scientific, Cat# EP0753); 2 uL (5 M)
betaine; 0.9 uL (100 mM) MgCI2; 1 pL (10 uM) TSO primer (RNA oligo with LNA) 5'-AAGCAGTGGTATCAACGCAGAGTACATrGrG +
G-3';0.25 pL (40 U/uL) recombinant RNase inhibitor; 0.1 pL (200 U/uL) Maxima H Minus Reverse Transcriptase] was added. Reverse
transcription was performed at 50°C for 90 min, followed by a 5-min incubation at 85°C. Next, 14 uL of Mix-3 [Per 1 sample: 1 uL
nuclease-free water; 0.5 pL (10 pM) ISPCR primer (DNA oligo) 5'-AAGCAGTGGTATCAACGCAGAGT-3’; 12.5 uL 2X KAPA HiFi
HotStart ReadyMix] was added to each well and amplification was performed at 98°C for 3 min, followed by 16 cycles of [98°C
for15s,67°C for 20 s, and 72°C for 6 min], and final extension at 72°C for 5 min. Primer removal and cDNA purification was performed
using AgencourtAMPureXP SPRI beads (Beckman Coulter, Cat# A63881). Concentration measurements were determined with the
Qubit dsDNA high sensitivity assay kit (Invitrogen, Cat# Q32854) on the Cytation 5 Microplate Reader (BioTek), and cDNA size dis-
tribution was measured using the High-Sensitivity DNA Bioanalyzer Kit (Agilent, Cat# 5067-4626).

Library construction and sequencing

Libraries were constructed with the Nextera XT Library Prep kit (llumina, Cat# FC-131-1024) using custom indexing adapters®® in a
384-well PCR plate. Residual primer dimers were removed with an additional cleanup step. One pooled library containing 26 samples
were sequenced on a NextSeq 500 sequencer (lllumina) using paired-end 38-base reads. Following quality control and acquisition of
additional samples, a second pooled library containing 40 samples was sequenced using the same method.

Spontaneous NET release fluorescence microscopy data acquisition

Blood was processed from healthy pediatric and MIS-C patients as previously described.®? An aliquot of 1x10” cells in 50 L. RPMI
(no FBS) was collected from the isolated neutrophils. Neutrophils were plated in a single well of a black, clear-bottom 96-well plate.
50 uL of RPMI was added to the well for the unstimulated neutrophils. For the stimulated neutrophils, 50 uL of phorbol myristate
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acetate (PMA) (Sigma Aldrich, Cat# P1585) was added to a final concentration of 100 nM. 50 L of SYTOX green (Thermo Fisher Sci-
entific, Cat# S7020) in RPMI was added to a final concentration of 2 uM. NETosis was imaged using the Personal AUtomated Lab
Assistant (PAULA) Cell Imager (Leica Microsystems) placed in a 37°C incubator with 5% CO.. Brightfield and FITC images were taken
every 10 min for 4 h to allow for temporal imaging of NET formation.

Cell-free DNA quantification

cfDNA quantification was performed using the Qubit dsDNA High Sensitivity Assay Kit (Invitrogen, Cat# Q32854) according to the
manufacturer’s protocol. 98 pL of Qubit DNA dye was aliquoted per well of a 96-well black clear bottom plate (Corning, Cat#
3904). 2 uL of plasma sample was added to each well of the assay plate, and fluorescence was measured on a Cytation 5 Microplate
reader at 523 nm. The concentration of cell-free DNA was analyzed relative to the average concentration of the healthy controls.

Plasma protein measurement

Samples were prepared as previously described.® 100 png were denatured, reduced, alkylated, and purified using solid-phase-
enhanced sample-preparation (SP3) technology before lysc and tryptic digest.>*>° 25 g of the resulting peptides were subsequently
labeled using TMTpro reagents (Thermo Fisher Scientific) according to the manufacturer’s instructions.*®°” Labeled samples were
combined and fractionated using a basic reversed phase HPLC.** The fractions were analyzed via reversed phase LC-M2/MS3 on
either an Orbitrap Fusion Lumos or an Orbitrap Eclipse mass spectrometer using the Simultaneous Precursor Selection (SPS) sup-
ported MS3 method®®*° essentially as described previously®® and using Real-Time Search when using the Orbitrap Eclipse.®' MS2
spectra were assigned using a SEQUEST-based®? in-house built proteomics analysis platform® using a target-decoy database-
based search strategy to assist filtering for a false-discovery rate (FDR) of protein identifications of less than 10%.* Searches
were done using the Uniprot human protein sequence database (UP000005640)°* using an in-house-built platform.®® Search strat-
egy included a target-decoy database-based search in order to filter against a false-discovery rate (FDR) of protein identifications of
less than 1%.%* An average signal-to-noise value of larger than 10 per reporter ion as well as with an isolation specificity>® of larger
than 0.75 were considered for quantification. Lysozyme, Myeloperoxidase, collagenase matrix metallopeptidase 9, Lactoferrin, and
Cathelicidin antimicrobial peptide were quantified. Protein concentration data were normalized as previously described.®

Design and fabrication of the microfluidic devices

Microfluidic devices used for time-lapse imaging of NETosis were designed using AutoCAD (Autodesk) and fabricated using standard
photolithographic and soft lithography approaches (Figures S5A and S5B). Briefly, a master negative mold was prepared by spin-
coating a silicon wafer with negative photoresist (SU-8, Microchem) to a thickness of 100 um. The design was patterned onto the
wafer by exposure to UV light through a mylar mask (Fineline Imaging) and developing away the unexposed areas. The silicon wafer
was then used as a template for casting PDMS devices. PDMS base and primer were mixed at a ratio of 10:1 and poured over the
wafer, degassed for at least 1 h, then baked overnight at 65°C. Inlets and outlets were punched using a 1 mm diameter biopsy punch
(Harris UniCore, Millipore Sigma), and the entire device was liberated from the PDMS block using an 8 mm diameter punch. PDMS
devices were treated with oxygen plasma and bonded irreversibly to oxygen plasma-treated glass-bottom well plates (Mattek) by
heating to 75°C for 10 min.

Immune complex generation
Immune complexes were generated as previously described.*® Briefly, SARS-CoV-2 Spike proteins were biotinylated, conjugated to
NeutrAvidin beads, and incubated with 1:10 diluted plasma samples.

Plasma IgG and IgA depletion

IgG and IgA were depleted from MIS-C plasma samples as previously described.*® Briefly, IgG was depleted using Protein A/G
Agarose (Fisher Scientific, Cat# NC1466772) and IgA using CaptureSelect IgA Affinity Matrix (Thermo Fisher Scientific, Cat#
194288010). Pierce Centrifuge Columns were washed with 1X PBS and incubated overnight with the plasma samples. Depleted
plasma was collected the following day by centrifugation of the columns. Control of a non-depleted plasma sample was treated iden-
tically but without adding the affinity matrix.

NETosis assay

10 pL of RPMI was loaded into the inlet port of the microfluidic device until a droplet was formed on the outlet port. RPMI was added
to the wells until the devices were submerged. The plate was placed in a 37°C, 5% CO2 incubator until the neutrophil solution was
prepared to be loaded. Neutrophils were isolated from a healthy patient cohort. 1-2 mL of whole blood was collected in EDTA va-
cutainer tubes, and neutrophils were isolated via negative selection using the Easysep Direct Neutrophil Isolation Kit, following
the manufacturer’s directions. Isolated neutrophils were stained with 32 uM Hoechst 3342 dye for 10 min at 37°C, with 5% CO2.
Stained neutrophils were resuspended in RPMI (no FBS) to a concentration of 1x10 7 cells/mL. 10 pL of cells were mixed with
10 pL of stimulant and 10 pL of SYTOX green in RPMI (no FBS) to a final concentration of 2 pM. 5 pL of this solution was loaded
into the inlet port of the microfluidic device using a standard pipette tip until cells were observed to exit the outlet port. Brightfield
and FITC fields were imaged at 10x magnification using a fully automated fluorescent Nikon TiE inverted wide-field microscope
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with a bio chamber heated to 37°C with 5% CO2. Each device was imaged every 12 min for 4 h to allow for temporal imaging of NET
formation (Figure S5C). An initial image was taken with brightfield and DAPI at the beginning of the experiment to count fluorescently
stained neutrophils.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq alignment

Raw FASTAQ files were aligned to a custom genome using the Terra platform of the Broad Institute. Alignment was performed using
STAR v2.5.3a, and expression quantification was performed using RSEM v1.3.0. The custom FASTA was generated from the Homo
sapiens genome assembly GRCh38 (hg38, excluding ALT, HLA, and Decoy contigs according to the Broad Institute GTEx-TOPMed
RNA-seq pipeline, https://github.com/broadinstitute/gtex-pipeline/) with an appended SARS-CoV-2 genome. GENCODE v35 with
the appended SARS-CoV2 GTF was used for annotation.

Quality control

RNA-SeQC 2°° (https:/github.com/getzlab/rnaseqc) was used to calculate quality control metrics for each sample. Samples were
excluded if they did not meet the following criteria: 1) percentage of mitochondrial reads less than 20%, 2) greater than 10,000 genes
detected with at least 5 unambiguous reads, 3) median exon CV less than 1, 4) exon CV MAD less than 0.75, 5) exonic rate greater
than 25%, 6) median 3’ bias less than 90%. One sample was excluded for having low neutrophil content and high B cell contamination
as estimated by CIBERSORTX, described in the next section. Only one sample was kept per patient: if more than one passed quality
control, the earlier or pre-treatment sample was selected. Thus, out of 55 sequencing reactions, 48 samples were carried forward for
analysis. Genes were included in the analysis if they were expressed at a level of 0.1 TPM in at least 20% of samples and if there were
at least 6 counts in 20% of samples. In total, 15,406 genes passed the filtration criteria.

Neutrophil fraction estimation and contamination control

CIBERSORTX'® was used to estimate total neutrophil, mature neutrophil, immature neutrophil, T/NK cells (either T or NK, due to
similar gene expression profiles), B, plasmablast, and monocyte content in each sample. We generated a signature matrix from
the single-cell RNA-seq data of PBMCs and neutrophils from whole blood from Cohort 2 of the Schulte-Schrepping et al. dataset
(2)* using the pseudobulking method previously described.’ CIBERSORTx was run using default parameters.

Dimensionality reduction and visualization
PCA and UMAP were performed in R using prcomp() and umap() with default parameters.

Differential expression analysis
Differential expression analyses were performed using the DESeq2 package in R®® without additional covariates.

Gene set enrichment analysis and sigPathway

Gene set enrichment analysis was performed using the fgsea package in R using MSigDB Release v7.2 pathways from the H, C5 GO
BP databases. We also added custom MSigDB pathways using the keyword “neutrophil,” and the gmt file is available on Zenodo. In
addition, we added gene sets defining neutrophil states in ARDS,'° blood and lung tissue of lung cancer patients,'® sepsis (20), sin-
gle-cell neutrophil clusters in COVID-19 #, and bulk RNA-seq signatures of neutrophils in COVID-19 . sigPathway was performed
using the sigPathway v1.64.0 package in R using the custom neutrophil state gene sets described above with all other parameters
set to default.

Sample pathway scoring

Bulk RNA-seq samples were scored according to their expression of NMF neutrophil state gene signatures according to a previously
described method used to control for sample complexity.®” We defined the pathway score for each sample as the average expres-
sion of the genes in the gene set minus the average expression of genes in a control gene set. Genes were ranked according to
average expression across all samples and divided into 25 bins, and for each gene in the NMF signature, 100 different genes
were selected from the same bin to create a control gene set with comparable expression levels which is 100-fold larger.

Disease marker gene selection and heatmap

To identify genes uniquely associated with acute pediatric COVID-19 or MIS-C, we performed three differential expression analyses:
MIS-C vs. COVID-19 and controls, COVID-19 vs. MIS-C and controls, and controls vs. MIS-C and COVID-19. We filtered the results
for padj >0.05 and only selected positive markers (log(fold-change) greater than 0) and capped the lists at 50 genes. There were no
significant marker genes for control neutrophils. Heatmaps of the gene markers for the two diseases were generated with the pheat-
map package in R. Row (genes) are ordered according to p value, and columns are ordered according to the clinical subtypes shown
in the legend.
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Quantification of NETosis

Detection of NETs was performed automatically on the FITC channel using the TrackMate plugin in FIJI.%3%° As neutrophils undergo
NETosis, the nucleus undergoes condensation, followed by decondensation of the chromatin. Next, the cell’s nuclear membrane
breaks down, allowing for SYTOX green to stain the DNA and (Figure S5D). NETs are quickly dispersed, and the fluorescence is
diffused (Figure S5E). Non-NETosis cellular death can become stained with SYTOX green as the membrane breaks down, however,
the fluorescence signal is stable and long-lasting (Figure S5F). The methodology was validated using manual tracking within FIJI®® to
determine the average length of time of cells undergoing NETosis against cells undergoing non-NETosis cellular death. A cutoff
differentiating the two was defined at 1.5 h (Figure S4G). Thus, NETs were defined as tracked cells with a duration <1.5 h, and
non-NETosis cellular death was defined as tracked cells with a course> 1.5 h (Movie S3). A total number of neutrophils was counted
using the DAPI channel at time t = 0 ®®. The percentage of NETs was calculated using the number of NETs released at a specific time
point divided by the total number of neutrophils.

Statistical analysis

To compare multiple groups, results were compared by 1-way ANOVA with multiple comparisons or by Kruskal-Wallis with post-hoc
comparisons between the groups completed using Dunn’s test and corrected for multiple comparisons with Tukey’s method in
GraphPad Prism v9. Statistical tests used are noted in the figure caption. Statistical significance is defined as *p < 0.05,
**p < 0.01, ™p < 0.001, and ***p < 0.0001, unless otherwise noted in the figure.
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