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One Sentence Summary: Circulating SARS-CoV-2 antigen:antibody immune complexes in
Multisystem Inflammatory Syndrome in Children (MIS-C) drive hyperinflammatory and
coagulopathic neutrophil extracellular trap (NET) formation and neutrophil activation pathways,
providing insight into disease pathology and establishing a divergence from neutrophil signaling
seen in acute pediatric COVID-19.

Abstract:

Multisystem Inflammatory Syndrome in Children (MIS-C) is a delayed-onset, COVID-19-
related hyperinflammatory systemic illness characterized by SARS-CoV-2 antigenemia, cytokine
storm and immune dysregulation; however, the role of the neutrophil has yet to be defined. In
adults with severe COVID-19, neutrophil activation has been shown to be central to overactive
inflammatory responses and complications. Thus, we sought to define neutrophil activation in
children with MIS-C and acute COVID-19. We collected samples from 141 children: 31 cases of
MIS-C, 43 cases of acute pediatric COVID-19, and 67 pediatric controls. We found that MIS-C
neutrophils display a granulocytic myeloid-derived suppressor cell (G-MDSC) signature with
highly altered metabolism, which is markedly different than the neutrophil interferon-stimulated
gene (ISG) response observed in pediatric patients during acute SARS-CoV-2 infection.
Moreover, we identified signatures of neutrophil activation and degranulation with high levels of
spontaneous neutrophil extracellular trap (NET) formation in neutrophils isolated from fresh
whole blood of MIS-C patients. Mechanistically, we determined that SARS-CoV-2 immune
complexes are sufficient to trigger NETosis. Overall, our findings suggest that the
hyperinflammatory presentation of MIS-C could be mechanistically linked to persistent SARS-
CoV-2 antigenemia through uncontrolled neutrophil activation and NET release in the
vasculature.
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Main Text:
INTRODUCTION

Neutrophil activation is a central component of the immune response against SARS-CoV-2
infection; however, excessive neutrophil hyperactivation can contribute to severe COVID-19 in
adults (1-4). The role of neutrophils in pediatric SARS-CoV-2 infections has not been defined.
Children are less likely to suffer serious symptoms of acute COVID-19, but some children can
develop a severe, life-threatening hyperinflammatory illness called Multisystem Inflammatory
Syndrome in Children (MIS-C) weeks to months after the resolution of upper respiratory tract
symptoms (5). MIS-C is defined by sepsis-like physiology with high fevers, systemic
inflammation, and multi-organ involvement, likely caused by SARS-CoV-2 antigenemia
originating from gastrointestinal sources of virus leaking across a permeable mucosal barrier into
circulation (6). Children with MIS-C display signs of vascular injury, including elevated C-
reactive protein, erythrocyte sedimentation rate, and D-dimer. Eighty percent of children with
MIS-C can develop cardiac complications including myocarditis, ventricular dysfunction, and
coronary aneurysms (7, 8), although mechanisms of cardiovascular injury are unclear.

Neutrophils play a major role in innate immune responses but hyperactivation of neutrophils has
been shown to be detrimental in severe diseases including sepsis, ARDS, and severe acute
COVID-19 in adults (1, 9, 10). Not only can hyperactivation of polymorphonuclear leukocytes
(PMNs) result in vascular and organ injury, but they can also contribute to hypercoagulation and
thrombus formation (11). 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 hyperinflammatory patterns distinguishing acute
pediatric COVID-19 from MIS-C (12-14); however, very little information on neutrophil
activation 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 with peripheral blood mononuclear cells (PBMCs), neutrophils require isolation and
fixation or analysis within hours of blood collection. Thus, there is still a need for a thorough
profiling of neutrophils in pediatric COVID-19 and MIS-C to elucidate their role in disease
pathogenesis.

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

Blood was collected from 141 children, including 43 children with COVID-19 confirmed by RT-
PCR (Table S1), 31 children clinically diagnosed with MIS-C (Table S2), and 67 non-COVID-
19 pediatric controls. Subsets of each group were used for bulk RNA sequencing (RNA-seq) (n =
48), proteomics (n = 55), cell-free DNA measurements (n = 48), and neutrophil extracellular
traps (NET) assays (n = 14) (Fig. 1; Table 1). The average age of the acute pediatric COVID-19
cohort, MIS-C cohort, and non-COVID-19 pediatric control cohort was 14.2 years, 7.4 years,
and 10.2 years, respectively. Sex, race, and ethnicity are shown in Table 1.

Transcriptional profiling of neutrophils from pediatric COVID-19 and MIS-C

To confirm successful negative selection enrichment of neutrophils, we used a digital cytometry
method, CIBERSORTYX, to estimate the fractions of major cell type lineages in each bulk RNA-
seq sample (15). We used the single-cell RNA-sequencing COVID-19 Bonn Cohort 2 reference
dataset to generate cell-type-specific signatures for mature neutrophils, immature neutrophils,
monocytes, T/NK cells, B cells, and plasmablasts (2). 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 (Fig. S1A, Data File S1), and the majority of samples had
high mature-to-immature neutrophil ratios. Notably, there were no significant differences in any
CIBERSORTX fractions between any of the disease categories (Fig. S1B). Additionally, flow
cytometry confirmed high neutrophil purity with minimal monocyte and lymphocyte
contamination (Fig. S1C).

Uniform manifold approximation and projection (UMAP) visualization of bulk RNA-seq
samples did not reveal distinct groupings based on disease status; rather, the landscape was
defined by a larger mature neutrophil grouping and a smaller immature neutrophil group (Fig.
S1D-E).

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

To identify differentially expressed genes and pathways in neutrophils associated with acute
SARS-CoV-2 infection in children, we performed differential expression analysis and gene set
enrichment analysis (GSEA) between COVID-19-positive samples and healthy samples (Data
File S2). The most highly upregulated gene in COVID-19-positive samples was CCRL2, a gene
critical for CXCR2-dependent neutrophil recruitment and f2-integrin activation (16) (Fig. 2A).
Following closely were other genes implicated in neutrophil chemotaxis, activation, and type |
and Il interferon response such as ELMO2, GPR84, IRF7, IFIT3, and MX1. Overall, COVID-19-
positive samples showed strong enrichment of pathways involved in viral response, including
response to IFNy and IFNa (Fig. 2B, Data File S2).
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In order to identify bulk neutrophil gene expression subtypes involved in response to SARS-
CoV-2 infection in children, we utilized 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 (10, 17). Pre-defined signatures included progenitor
neutrophils (NMF1: Pro-Neu), NF-kB-activated neutrophils (NMF2: NF-kB+), interferon-
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-MDSC), and a second interferon-stimulated neutrophil signature
with lower expression of PD-L1 and a non-overlapping set of interferon-stimulated genes (ISGs)
(NMF6: ISG+) (1, 10, 17) (Fig. 2C). When scoring each sample, we found that many of the
NMF signatures produced groupings on the UMAP (Fig. 2D), indicating the utility of these bulk
signatures in defining neutrophil state signatures in children with COVID-19.

Next, we performed gene set enrichment analysis comparing neutrophil subtype signature gene
sets from children with COVID-19 and healthy controls (Data File S2). We found significant
enrichment of the NMF3: PD-L1+ ISG+ and the NMF6: ISG+ neutrophil subtypes in COVID-19
(Fig. 2E), plus a weak enrichment for the NMF5: G-MDSC subtype in COVID-19. Conversely,
the NMF1: Pro-Neu signature was slightly enriched in the healthy controls as compared to
pediatric COVID-19 (Fig. 2E). Taken together, these results confirm that acute COVID-19
infection in children induces an interferon-stimulated gene signature in neutrophils, similar to
early stages of infection in adults (1).

MIS-C is associated with a strong granulocytic myeloid-derived suppressor cell signature
having similarities to severe COVID-19 in adults and sepsis

To define neutrophil activation in MIS-C, we performed differential expression analysis and
gene set enrichment analysis comparing MIS-C samples with healthy pediatric controls (Data
File S2). The most highly unregulated gene in MIS-C neutrophils was GPR84, a gene involved
in ROS production and neutrophil activation (18) (Fig. 3A). Following closely was ACER3, a
gene which has been shown to be upregulated in blood neutrophils of adult ARDS patients,
several genes involved in glucose metabolism including LDHA and ENO1, and the complement
C3 receptor C3AR1 which may modulate neutrophil recruitment (19).

The most highly enriched pathway in MIS-C was ARDS Up - Juss, a collection of genes which
were found to be upregulated at least three-fold in adult ARDS blood neutrophils compared to
healthy controls (10) (Fig. 3B, Data File S2). Accordingly, healthy control samples relative to
MIS-C most prominently expressed the ARDS Down - Juss pathway, containing genes
upregulated at least three-fold in healthy controls over ARDS samples. In agreement with the top
differentially expressed genes, the next most highly enriched pathways in MIS-C were oxidative
phosphorylation, glycolysis, and MTORC1 signaling, suggesting that MIS-C neutrophils are
highly metabolically active. Finally, MIS-C samples were also enriched for neutrophil
degranulation, TNF signaling, and IL-1 signaling, suggesting a mechanism by which neutrophils
contribute to tissue damage in this highly inflammatory disease.
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Next, we sought to determine which neutrophil subtypes were enriched in MIS-C. Gene set
enrichment analysis revealed a strong enrichment of the NMF5: G-MDSC subtype in MIS-C, the
subtype which was most strongly associated with severe disease and death in adult COVID-19
patients (1, 2, 20) (Fig. 3C, Data File S2), and NMF4, representing high levels of immature
neutrophils that have been linked to increased NETosis, neutrophil degranulation, and activation

(1).

We performed a direct comparison of MIS-C and acute pediatric COVID-19 neutrophils to
validate our findings from the individual healthy control comparisons (Data File S2). Indeed, we
observed a host of upregulated interferon-stimulated genes in acute COVID-19 that 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 (Fig. S2A, Data File S2). In agreement with these gene markers, the ISG+ neutrophil
states (NMF3 and NMF6), were found to be 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 (Fig. S2B). Additional markers for pediatric acute COVID-19 and MIS-
C were highlighted in Fig. S3.

MIS-C with cardiac involvement is associated with increased neutrophil antigen
presentation and septic responses

Cardiac involvement is often associated with MIS-C but not required for diagnosis; several
patients in our cohort had either myocarditis, ventricular dysfunction, or coronary arterial
aneurysm, with two patients requiring ECMO. Thus, we next performed differential expression
analysis to identify neutrophilic transcriptional differences between patients with (n = 13) or
without (n = 4) cardiac symptoms of MIS-C (Fig. 3D). Several hallmark genes of sepsis and
antigen presentation were enriched in cardiac MIS-C (Fig. 3E), including several of the MHC II
genes (HLA-DQB1, HLA-DRA, HLA-DMB). While neutrophils are not conventional antigen
presenting cells, MHC Il genes can be upregulated in PMNs by GM-CSF and IFNy (21), and
may compensate for decreased HLA-DR expression reported in conventional antigen-presenting
cells (monocytes, DCs, and B cells) (22). In contrast to our findings in severe cardiac MIS-C,
MHC Il genes were found to be downregulated in neutrophils from adults with severe COVID-
19 relative to adults with mild COVID-19. This could indicate a difference in the role of
neutrophils between acute viral response in COVID-19 adults (23) and delayed onset
antigenemia associated with MIS-C (6). Other markers of severe cardiac MIS-C are CD163
which has been shown to be upregulated in PMNs of children with sepsis (24), ZBTB16 which is
high in adults with sepsis and severe COVID-19 (1, 10), and OLAH which is high in complex
disease courses in sepsis (25).

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 visualize neutrophil activation by


https://doi.org/10.1101/2021.12.18.473308
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.18.473308; this version posted December 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

studying spontaneous NET formation by MIS-C neutrophils compared to healthy donor
neutrophils. 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 and plated without any added
stimulants or neutrophil activators (experimental overview in Fig. 4A). While neutrophils from
healthy pediatric controls showed minimal spontaneous NETosis over the four-hour period
(Movie S1), neutrophils isolated from children with MIS-C showed high levels of spontaneous
NETosis (percent of neutrophils undergoing NETosis: MIS-C 51.63+7.19% vs. healthy controls
0.17£0.21%, P < 0.0001; Fig. 4, B and C; Movie S2). The spontaneously formed NETs in MIS-
C neutrophils were similar to PMA-stimulated NETs from healthy, pediatric children, reaching
markedly elevated levels of NET formation (68.64+4.32% NETosis; Fig. 4, B and C; Movies S2
and S3).

To corroborate evidence of NETosis in MIS-C, we probed for markers of NET release. We
found children with MIS-C had significantly higher levels of cell-free DNA within their plasma
(0.031£0.29 ng/ul) compared to children with acute COVID-19 (-0.22+0.16 ng/ul) (P = 0.002)
and healthy children (-0.3757+0.11 ng/ul) (P < 0.0001) (Fig. 4D). Though cell-free DNA is
nonspecific 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 neutrophils (26). We also used mass spectrometry to quantify levels of protein
markers of NET release. In comparison to pediatric controls and children with COVID-19,
children with MIS-C displayed high levels of neutrophil granule release, including significantly
elevated levels of myeloperoxidase (MPO) (P = 0.0079), lactoferrin (LTF) (P < 0.0001),
cathelicidin antimicrobial peptide (CAMP) (P = 0.0234), and matrix metallopeptidase 9 MMP9
(MMP9) (P = 0.0036) (Fig. 4, E, F, G, and H), supporting evidence of NET formation. Pediatric
controls and children with acute COVID-19 had no detectable differences in these plasma
markers of NET formation (Fig. 4, E, F, G, and H).

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

Current models of MIS-C pathogenesis suggest that the characteristic immune hyperactivation of
the disease is driven by persistent antigenemia months after the initial SARS-CoV-2 infection
(6). In one study, viral persistence in the Gl tract led to the release of zonulin, a biomarker of
intestinal permeability, which subsequently led to leakage of viral antigens into the bloodstream
and subsequent immune hyperactivation (6). Thus, we hypothesized that SARS-CoV-2
antigen:antibody immune complexes (ICs) could be responsible for triggering NETosis in the
vasculature, 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 with immune complexes that were generated by incubating patient-derived plasma
with SARS-CoV-2 Spike antigen (experimental overview, Fig. 5A, S4, and S5). We observed
low levels of NETosis when neutrophils were stimulated with Spike antigen plus buffer
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(12.54+3.08%; Movie S4) or plasma from non-COVID-19 healthy controls (13.70+£3.94%;
Movie S5), likely due to the absence of Spike-specific antibodies and ICs in these children (Fig.
5, B and C). We then stimulated neutrophils with convalescent COVID-19 plasma, in the
absence of Spike antigen, to determine if SARS-CoV-2 antibodies alone could induce NETosis,
and we again observed low levels of NETSs in these stimulated neutrophils (13.31+£1.86%; Movie
S6, Fig. 5, B and C), indicating that neither antibodies nor antigen alone will induce NETosis.

However, the addition of Spike antigen to convalescent COVID-19 plasma, allowing formation
of SARS-CoV-2 specific antibody:antigen ICs, induced significant NETosis (29.89+1.62%)
(Movie S7) in comparison to convalescent COVID-19 plasma alone (P = 0.0005) (Fig. 5, B and
C). This level of NETosis was comparable to that seen when healthy neutrophils were stimulated
with MIS-C plasma (30.69+1.46%; Movie S8). Adding additional Spike antigen to MIS-C
plasma stimulated an even greater amount of NET formation (40.61+8.10%; Fig. 5, B and C;
Movie S9). These results indicate that SARS-CoV-2 antigenemia in the setting of a mature
humoral response appears to instigate excessive neutrophil activation with hyperinflammatory
and detrimental intravascular NET formation in MIS-C.
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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
functional analyses of neutrophils from children with acute COVID-19, MIS-C, and pediatric
controls, we highlight major differences in the neutrophil response that help to explain the
divergent presentations of these SARS-CoV-2-related diseases.

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 (1). This is likely driven by the absence of viremia in MIS-C (27), and instead may be
linked to SARS-CoV-2 antigenemia without replication-competent virus in the setting of a
mature humoral response. Studies have demonstrated that viral RNA is still detected in the stool
of children weeks after infection or exposure (6), perhaps through a mechanism of antibody-
dependent enhancement (ADE) in which non-neutralizing antibodies facilitate uptake of virus
into ACE2-negative Fc-receptor-positive cells and allow for continued replication (28).
Persistence of virus is associated with increased gut permeability through the release of zonulin
by gut epithelial cells (6), allowing viral antigens to escape into the bloodstream, where primed
antibodies await. The formation of immune complexes triggers a hyperinflammatory immune
response with neutrophil activation and NET formation within the vasculature (Fig. 6).

As a result 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 resemble those found in patients with non-viral ARDS (10) or
sepsis (20) rather than mild acute COVID-19 in that they appear to take on an immature, T cell-
suppressive phenotype. This activated 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 immune complexes, or TNFa signaling via
NF-«kB which in excess can dysregulate T cells (29) or activate further NETosis. Indeed,
increased NF-«B signaling has been shown to be upregulated in monocytes and dendritic cells in
MIS-C, especially in severe cardiac MIS-C (30), 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 have been found in endomyocardial biopsies from patients
with myocarditis (31-33). As activated neutrophils and viral particles have been found in the
myocardium post-mortem in MIS-C patients (34, 35), increased antigen presentation by
neutrophils and upregulation of septic responses by neutrophils may play a role in pathology
driving severe, cardiac complications of MIS-C.

In this study, we also provide the first 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 immune
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complexes are capable of triggering NETosis in healthy donor neutrophils. The observed
NETosis has several implications for the disease pathology observed in MIS-C, because although
NETSs 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 can directly damage endothelium through
several mechanisms, leading to the release of tissue factor (TF). NETs themselves often contain
TF (36); thus, both NETs and the damaged endothelium can initiate the extrinsic coagulation
cascade. Second, the abundant extracellular DNA can serve as a damage-associated molecular
pattern (DAMP) (37), triggering additional inflammation alongside inflammatory cytokine
production, and the negative charge can initiate the intrinsic coagulation cascade (38). Taken
together, these mechanisms can serve as a scaffold for platelets, induce hypercoagulability and
endothelial dysfunction, and lead to thrombosis, vasculitis, and cardiovascular complications,
providing a uniting framework for MIS-C pathogenesis (Fig. 6).

Neutrophil activation in MIS-C starkly contrasts the interferon-stimulated gene profile seen in
neutrophils from children with acute COVID-19. In children, the antiviral response to SARS-
CoV-2 is sufficient to clear 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 airways of children (39) accounting for the antiviral response, there is little
to no viremia detected in pediatric COVID-19 (27). This picture 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 (40-42). Thus, containment of the virus in
the upper 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 is already able to manage SARS-CoV-2 due to a strong interferon-mediated
antiviral response (12, 13). In both adults and children, SARS-CoV-2 viremia or antigenemia and
the resultant immune complexes appear to be responsible for deleterious neutrophil extracellular
trap formation. While therapies blunting excessive neutrophil activation could improve clinical
outcomes in severe disease, mitigating the antigenemia or viremia will be critical. Previous
studies have indicated that preventing SARS-CoV-2 antigen leakage from the gut with the
zonulin antagonist, larazotide, may be effective in preventing antigenemia-included
hyperinflammation in MIS-C (6). While vaccination and avoidance of infection are the best
prevention strategies, if SARS-CoV-2 infection does occur and MIS-C ensures, future studies
may explore combination therapies that both prevent antigenemia by enhancing tight junctions in
gut epithelium and simultaneously inhibit systemic NET formation in order to improve upon the
current treatment paradigm.

10
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We acknowledge several limitations of our study. First, we utilized bulk transcriptomics due to
the technical challenges of performing single-cell RNA-sequencing on neutrophils, so each
sample represents a mixture of neutrophils with distinct gene expression programs. However, our
high purity double isolation method left little contamination with other cell types. Second, we
acknowledge the small size of the cohort, although it represents the largest cohort of its kind due
to the low incidence rate of the disease. 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 signatures, though that work demonstrated a relatively small
set of conserved neutrophil states across many different disease contexts. Fourth, MIS-C can
present heterogeneously and there was a mixture of treatment regimens and duration of disease
among the patients, which may have resulted in greater heterogeneity in the gene expression
profiles. 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.

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 existing
knowledge of gut mucosal breakdown and antigenemia in MIS-C to increased immune complex-
dependent NETosis and a shift away from the antiviral state towards a sepsis-like G-MDSC
phenotype, highlighting potential connections between neutrophil activation and the
characteristic cardiovascular pathology to suggest pathways of intervention to improve the
standard of care.
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MATERIALS AND METHODS
Study Design

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. Patients classified as COVID-19 positive had positive
SARS-CoV-2 RT-PCR results upon enrollment. Patients classified as MIS-C were diagnosed per
CDC guidelines.

Neutrophil isolation and lysis

Blood samples were processed as previously described (43). Briefly, blood samples were
collected in vacutainer tubes containing Ethylenediaminetetraacetic Acid (EDTA) anticoagulant.
After plasma collection, PBMCs were isolated and collected via Ficoll density gradient.
Neutrophils were isolated from the remaining 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 minutes at room
temperature with brakes activated. 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 minutes at room temperature with the brakes off. The cells were then resuspended in
50 pl of FACS buffer (0.5% BSA in PBS) and then fixed in 1% paraformaldehyde in PBS. All
fixed cells were then stained with CD66b (1:200 dilution) (Biolegend, Cat# 305103), CD14
(1:20 dilution) (Biolegend, Cat# 325615), and DRAQS5 (1:2000 dilution) (Cell Signaling
Technology, Cat# 4084S). Data was obtained through the Amnis ImageStreamX Mark 11
imaging flow cytometer and INSPIRE software (EMD Millipore, Billerica, MA, USA). The
accompanying IDEAS software (EMD Millipore) was used to perform data analysis.

Patient matched plasma isolation

Blood samples were processed as previously described (43). Briefly, blood samples were
collected in EDTA vacutainer tubes. Plasma was collected by centrifuging tubes at 1000g for 10
minutes at room temperature with brakes activated. Aliquoted plasma was stored at -80°C.
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Smart-Seq2 cDNA preparation

cDNA was prepared from bulk populations of 1x10° neutrophils as recently described (1) using a
modified reverse transcription step (44). Neutrophil lysates were thawed on ice, and 20 ul per
sample was added to a 96-well plate prior to brief centrifugation. Following RNA purification
with Agencourt RNACIean XP SPRI beads (Beckman Coulter, Cat# A63987), samples were
resuspended in 4 pl of Mix-1 [Per 1 sample: 1 pl (10 uM) 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 minutes and
immediately cooled on ice for 1 minutes. Next, 7 pl of Mix-2 [Per 1 sample: 0.75 pl nuclease-
free water; 2 pl 5X RT buffer (Thermo Fisher Scientific, Cat# EP0753); 2 pl (5 M) betaine; 0.9
pl (100 mM) MgCl12; 1 ul (10 uM) TSO primer (RNA oligo with LNA) 5'-
AAGCAGTGGTATCAACGCAGAGTACATIGrG+G-3"; 0.25 ul (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 minutes, followed by a 5 minute incubation at 85°C.
Next, 14 ul of Mix-3 [Per 1 sample: 1 pl 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 minutes,
followed by 16 cycles of [98°C for 15 s, 67°C for 20 s, and 72°C for 6 minutes], and final
extension at 72°C for 5 minutes. 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 distribution 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 (Illumina, Cat# FC-131-1024)
using custom indexing adapters (44) 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 (Illumina) 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 patients and MIS-C patients as previously described
(43). From the isolated neutrophils, an aliquot of 1x10* cells in 50 ul RPMI (no FBS) were
collected. Neutrophils were plated in a single well of a black, clear bottom 96-well plate. For the
unstimulated neutrophils, 50 ul of RPMI was added to the well. For the stimulated neutrophils,
50 ul of phorbol myristate acetate (PMA) (Sigma Aldrich, Cat# P1585) was added to a final
concentration of 100 nM. 50 pl of SYTOX green (Thermo Fisher, 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,.

13


https://doi.org/10.1101/2021.12.18.473308
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.18.473308; this version posted December 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Brightfield and FITC images were taken every 10 minutes for 4 hours to allow for temporal
imaging of NET formation.

Cell-free DNA quantification

cfDNA quantification was performed using the Qubit dsSDNA 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.

Plasma protein measurement

Samples were prepared as previously described(6). 100 ug were denatured, reduced, alkylated
and purified using solid-phase-enhanced sample-preparation (SP3) technology prior to lysc and
tryptic digest (45, 46). 25 g of the resulting peptides were subsequently labeled using TMTpro
reagents (Thermo Scientific) according to manufacturer’s instructions (47, 48). Labeled samples
were combined and fractionated using a basic reversed phase HPLC (45). 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) supported MS3
method (49, 50) essentially as described previously (51) and using Real-Time Search when using
the Orbitrap Eclipse (52). MS2 spectra were assigned using a SEQUEST-based (53) in-house
built proteomics analysis platform (54) using a target-decoy database-based search strategy to
assist filtering for a false-discovery rate (FDR) of protein identifications of less than 10% (55).
Searches were done using the Uniprot human protein sequence database (UP000005640) (55)
using an in-house-built platform (53). Search strategy included a target-decoy database-based
search in order to filter against a false-discovery rate (FDR) of protein identifications of less than
1% (55). An average signal-to-noise value of larger than 10 per reporter ion as well as with an
isolation specificity (50) of larger than 0.75 were considered for quantification. Lysozyme,
Myeloperoxidase, Gelatinase matrix metallopeptidase 9, Lactoferrin, and Cathelicidin
antimicrobial peptide were quantified. Protein concentration data were normalized as previously
described (47). A 1-way ANOVA was performed to compare relative protein concentrations
between COVID-19, MIS-C, and pediatric control samples. If the ANOVA showed significance
with a P value of less than 0.05, a 2-sided t test was performed on paired sample groups to
determine which proteins varied significantly between cohorts.

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
(Fig. S4, A and B). Briefly, a master negative mold was prepared by spin-coating a silicon wafer
with negative photoresist (SU-8, Microchem, MA) to a thickness of 100 pum. The design was
patterned onto the wafer by exposure to UV light through a mylar mask (Fineline Imaging, CO)
and developing away the unexposed areas. The silicon wafer was then used as a template for
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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 hour, 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 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, MA) by heating to 75°C for 10 minutes.

Immune complex generation

Immune complexes were generated as previously described (56). Briefly, SARS-CoV-2 Spike
protein were biotinylated and conjugated to NeutrAvidin beads and incubated with 1:10 diluted
plasma samples.

NETosis assay

10 ul 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% CO- incubator until the neutrophil solution was prepared to be
loaded. Neutrophils were isolated from a healthy patient cohort. 1-2 ml whole blood was
collected in EDTA vacutainer tubes and neutrophils were isolated via negative selection using
the Easysep Direct Neutrophil Isolation Kit following manufacturer's directions. Isolated
neutrophils were stained with 32 uM Hoechst 3342 dye for 10 minutes at 37°C, 5% CO. Stained
neutrophils were then resuspended in RPMI (no FBS) to a concentration of 1x107 cells/ml. 10 ul
of cells were mixed with 10 ul of stimulant, and 10 ul of SYTOX green in RPMI (no FBS) to a
final concentration of 2 uM. 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 with a biochamber heated to 37°C with
5% CO.. Each device was imaged every 12 minutes for 4 hours to allow for temporal imaging of
NET formation. An initial image was taken with brightfield and DAPI at the beginning of the
experiment to count fluorescent stained neutrophils.

QUANTIFICATION AND STATISTICAL ANALYSIS
RNA-seq alignment

Raw FASTQ 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.
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Quiality control

RNA-SeQC 2 (57) (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, 15406 genes passed the filtration criteria.

Neutrophil fraction estimation and contamination control

CIBERSORTX (15) 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 (1).
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 (58) without
additional covariates.

Gene set enrichment analysis

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 in the Github. In addition,
we added gene sets defining neutrophil states in ARDS (10), blood and lung tissue of lung cancer
patients (17), sepsis (20), single-cell neutrophil clusters in COVID-19 (2), and bulk RNA-seq
signatures of neutrophils in COVID-19 (1).

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
(59). We defined the pathway score for each sample as the average expression of the genes in the
gene set minus the average expression of genes in a control gene set. Genes were ranked
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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 pagj > 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 pheatmap package in R. Row (genes) are ordered
according to P value, and columns are ordered according to the clinical subtypes shown in the
legend.

Quantification of NETosis

Detection of NETs was performed automatically on the FITC channel using the TrackMate
plugin in F1JI (60, 61). As neutrophils undergo NETosis, the nuclear membrane of the cell breaks
down, allowing for SYTOX green to stain the DNA and to be visualized via the FITC channel.
NETSs are quickly dispersed, and the fluorescence is diffused. Apoptotic cells, on the other hand,
can become stained with SYTOX green as the membrane breaks down (Fig. S5A), however the
fluorescence signal is stable and long lasting (Fig. S5B). Methodology was validated using
manual tracking within F1JI (60) to determine average length of time of cells undergoing
NETosis against cells undergoing apoptosis, where a cutoff differentiating the two was defined at
1.5 hours (Fig. S5C). Thus, NETs were defined as a tracked cell with a duration < 1.5 hours and
apoptotic cells were defined as tracked cells with a duration > 1.5 hours. Total number of
neutrophils was counted using the DAPI channel at time t = 0 (60). 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 in GraphPad Prism v9. Mean values and standard deviation are presented.
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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Supplementary Materials:
Fig. S1. Neutrophil isolation and quality control for purity, related to Fig. 1.
Fig. S2. Direct comparison of acute pediatric COVID-19 and MIS-C, related to Fig. 3.

Fig. S3. Heat map comparison of healthy children, acute pediatric COVID-19, and MIS-C,
related to Fig. 3.

Fig. S4. Design and schematic of microfluidic device, related to Fig. 5.
Fig. S5. Methodology and validation of quantification of NETosis, related to Figs. 4 and 5.

Table S1. Demographics and clinical characteristics of pediatric acute COVID-19 patients
included in the study.

Table S2. Demographics and clinical characteristics of pediatric MIS-C patients included in the
study.

Data File S1. Neutrophil RNA-seq quality control information.
Data File S2. Differential expression and GSEA results.
Data File S3. Gene expression matrices in Counts and TPM.

Movie S1. Spontaneous NETosis of neutrophils isolated from a healthy pediatric patient
captured by fluorescence microscopy.

Movie S2. Spontaneous NETosis of neutrophils isolated from a child with MIS-C captured by
fluorescence microscopy.

Movie S3. NETosis of neutrophils isolated from a healthy pediatric patient stimulated with 100
nM PMA captured by fluorescence microscopy.

Movie S4. NETosis of isolated neutrophils isolated from a healthy patient stimulated with PBS-
treated beads captured by fluorescence microscopy.

Movie S5. NETosis of isolated neutrophils isolated from a healthy patient stimulated with non-
COVID-19 plasma-treated Spike beads captured by fluorescence microscopy.

Movie S6. NETosis of isolated neutrophils isolated from a healthy patient stimulated with
convalescent COVID-19 plasma captured by fluorescence microscopy.

Movie S7. NETosis of isolated neutrophils isolated from a healthy patient stimulated with
convalescent COVID-19 plasma-treated Spike beads captured by fluorescence microscopy.

Movie S8. NETosis of isolated neutrophils isolated from a healthy patient stimulated with MIS-
C plasma-treated captured by fluorescence microscopy.

Movie S9. NETosis of isolated neutrophils isolated from a healthy patient stimulated with MIS-
C plasma-treated Spike beads captured by fluorescence microscopy.
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Tables:

Table 1. Patient demographics and distribution of pediatric blood samples used for each
assay.

Pediatric Controls COVID-19 MIS-C
Total enrolled (N=141) (n= 67) (n= 43) (n=31)
/Age, mean years (min, max) 10.2 (1.2, 20) 14.2 (0.04, 22.2) 7.4 (0.17, 21)
Female sex, n (%) 34 (51) 14 (33) 9 (29)
Male sex, n (%) 33 (49) 29 (67) 22 (71)
Race, n (%)
White or Caucasian 38 (57) 15 (34) 13 (42)
Black or African American 3(4) 4(9) 5 (16)
Asian 7 (10) 2 (5) 2 (6)
Ethnicity, n (%)
Hispanic or Latino 23 (34) 21 (51) 13 (42)
Samples used in assays, n
RNA sequencing 12 19 17
Proteomics 23 19 13
Cell-free DNA 10 19 19
Spontaneous NETosis 7 0 7
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Fig. 1. Overview of cohort and experimental schematic. Whole blood samples were collected
from three cohorts: (1) pediatric controls (n = 67) (2) pediatric acute COVID-19 infection
(n =43) and (3) multisystem inflammatory syndrome in children (MIS-C) (n = 31).
Plasma collected from whole blood samples were used in proteomic assays to quantify
levels of protein and cfDNA. Isolated neutrophils were used in bulk RNA-sequencing
and NETosis assays. Patient samples were used in individual or multiple assays.
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Fig. 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 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
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positive NES values indicating enrichment in COVID-19 and negative values indicating
enrichment in pediatric healthy controls. Asterisks denote significance as defined in the figure.
(C) UMAP of neutrophil bulk RNA-seq samples from adults with acute COVID-19 and healthy
controls from LaSalle et al (1). UMAP is color-coded by cluster designation. Below, schematic
illustrating several top genes associated with each neutrophil subtype. Neu-Lo; samples excluded
from clustering based on estimated low neutrophil fraction by CIBERSORTX. (D) 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 which passed FDR correction.
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Fig. 3. Neutrophils from MIS-C patients 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 g < 0.05. (B) Gene set enrichment
analysis for the differentially expressed genes in (A). Bar lengths correspond to
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normalized enrichment score (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 which
passed FDR correction. (D) Bar plots displaying the top differentially expressed genes
between samples from MIS-C patients with and without cardiac involvement of disease.
Bar length corresponds to the signed logio(p-value) for the differential expression
analysis. Bolded genes are displayed individually in (E). (E) Box plots of log2(TPM+1)
values for selected genes differentially expressed in (D). FDR g-values are from DESeq2.

31


https://doi.org/10.1101/2021.12.18.473308
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.18.473308; this version posted December 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A NETOSIS APOPTOSIS

G
hwgy‘ Time-lapse
R - Microscopy -
_ICroscopy o,

B C Cell-free DNA

unstimulated

*kkk

1009 _g Healthy unstim. 100+
—&- MIS-C unstim. 3 ¥ kK 1.0
80 -e- Healthy +PMA stim. 80 =
-
a ) =
‘D 604 D 60 g
o o c
[ = S
w ] £
=Z 404 =Z 404 s 0.0
B 2 §
204 20 S
[¥]
o -0.54
[=2]
0+ v v v 2 4 0 2
0 1 2 3 4 Healthy MIS-C  Healthy
" unstim. unstim. +PMA stim. -1.0 T T T
Time (Hours) Healthy COVID-19 MIS-C
E F Cathelicidin Collagenase
Myeloperoxidase Lactoferrin Antimicrobial Peptide Matrix Metallopeptidase 9
P=10.0079 P <0.0001 P=0.0234 P=0.0036
*
t#** o ,ﬁ
* ns *ok

*
201 20 **** 18] ,—v 20
ns * %k DB
18 | 18+ 17
Py

log, Normalized Concentration

-.E
. 8 P A .
16 -1 s 16 16 ) T
o [[®
L l Sy ®le
wl 4 g 144 15 "E‘
10 -
12 T T T 12 T T T 14 T T T T T T
Pediatric COVID-19 MIS-C Pediatric COVID-19 MIS-C Pediatric COVID-19  MIS-C Pediatric COVID-19  MIS-C
Control Control Control Control

Fig. 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 in the absence of
any stimulus to measure neutrophil activation via spontaneous NET release. Scale bar =
50 uM. (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 = 6). (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.. (D) Quantification of circulating cell-free
DNA in plasma of healthy patients (n = 10), children with COVID-19 (n = 19), and
children with MIS-C (n = 19). (E), (F), (G), (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
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with acute COVID-19 (n = 19), and children with MIS-C (n = 13). Significance was
determined by 1-way ANOVA with multiple comparisons. Mean values and standard

deviation are presented. Statistical significance is defined as * P < 0.05, ** P < 0.01, ***
P <0.001, and **** P < 0.0001.

33


https://doi.org/10.1101/2021.12.18.473308
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.18.473308; this version posted December 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

o, ¢ SARS-CoV-2 antibody : -, et oute] | ’ o
}_ . :;{ e Viewin .

g
. . (; ~, chamber 7N . .
Convalescent }- : __{ § 7% "\/f "\”& 1 ‘ }h
COVID-19 }.. _( ) ‘ ( ‘;\( .75 {
o ® Immune complex =1 5 :
N \ }- a*
" b 3 .
oY +Sp\ke beads v ey
MIS-C -/ )N . T’
Collection of plasma Generation of Stimulation of Visualization within Quantification of
immune complexes healthy neutrophils microfiuidic chambers NETosis
B 607 _._PBS +Spike
-8~ non-COVID-19 plasma +Spike
-8~ Convalescent COVID-19 plasma (no Spike) T
o 40- -@- Convalescent COVID-19 plasma +Spike T
‘0 -8 MIS-C plasma (no Spike) T
(=]
- -o- MIS-C plasma +Spike
w
<
o~ 204
0 <O e .‘ﬂ/ T 1
0 1 2 3 4
Time (Hours)
c % e ek
. |
***
60+ *
1
T
¢ 404 S
7}
o 1
|_
w
3
5\ 204

Convalescent Convalescent
Plasma non-COVID-19 “r 0 H covip.ig MIS-C mis-C

Spike + + - + - +
Fig. 5. SARS-CoV-2 Spike immune complexes trigger NETosis. (A) Plasma was collected
from children with MIS-C and convalescent COVID-19. Plasma was diluted 1:10 and
incubated with beads coated with Spike proteins to generate immune complexes.
Neutrophils were isolated from healthy children and stimulated with the immune
complexes and visualized within 4 viewing channels of a microfluidic device. (B)
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Temporal dynamics of NET release in neutrophils stimulated with PBS-treated Spike
beads (n = 8), non-COVID-19-plasma-coated Spike beads (n = 8), convalescent COVID-
19 plasma (n = 4), convalescent COVID-19-plasma-coated Spike beads (n = 4), MIS-C
plasma (n = 4), MIS-C-plasma-coated Spike beads (n = 8). (C) End-point percentage of
NET release in neutrophils stimulated with PBS-treated Spike beads (n = 8), non-
COVID-19-plasma-coated Spike beads (n = 8), convalescent COVID-19 plasma (n = 4),
convalescent COVID-19-plasma-coated Spike beads (n = 4), MIS-C plasma (n = 4),
MIS-C-plasma-coated Spike beads (n = 8). Significance was determined by 1-way
ANOVA with multiple comparisons. Mean values and standard deviation are presented.
Statistical significance is defined as * P < 0.05, ** P < 0.01, *** P <0.001, and **** P <
0.0001.
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Fig. 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 1ISG+ 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.

36


https://doi.org/10.1101/2021.12.18.473308
http://creativecommons.org/licenses/by-nc-nd/4.0/

