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Abstract

Dysregulated innate immune responses contribute to multisystem inflammatory syndrome in children (MIS-C), characterized by gastrointestinal, mu-
cocutaneous, and/or cardiovascular injury occurring weeks after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) exposure. To investi-
gate innate immune functions, we stimulated ex vivo peripheral blood cells from MIS-C patients with agonists of Toll-like receptors (TLR), key innate
immune response initiators. We found severely dampened cytokine responses and elevated gene expression of negative regulators of TLR signaling.
Increased plasma levels of zonulin, a gut leakage marker, were also detected. These effects were also observed in fully convalescent children
months after MIS-C recovery. When we investigated the genetic background of patients in relation to TLR responsiveness, we found that cells from
MIS-C children carrying rare heterozygous variants of lysosomal trafficking regulator (LYST) were less refractory to TLR stimulation and exhibited lyso-
somal and mitochondrial abnormalities with altered energy metabolism. Moreover, these rare LYST variant heterozygous carriers tended to exhibit
unfavorable clinical laboratory indicators of inflammation, including more profound lymphopenia. The results of our observational study have several
implications. First, TLR hyporesponsiveness may be associated with hyperinflammation and/or excessive or prolonged stimulation with gut-
originated TLR ligands. Second, TLR hyporesponsiveness during MIS-C may be protective, since LYST variant heterozygous carriers exhibited re-
duced TLR hyporesponsiveness and unfavorable clinical laboratory indicators of inflammation. Thus, links may exist between genetic background,
ability to establish a refractory immune state, and MIS-C clinical spectrum. Third, the possibility exists that prolonged TLR hyporesponsiveness is one
of the mechanisms driving long coronavirus disease (COVID), which highlights the need to monitor long-term consequences of MIS-C.
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Introduction

Infection with severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) is often asymptomatic or mild in children.'™
However, pediatric SARS-CoV-2 infection may have severe
consequences. The most dramatic one is a rare syndrome with
multiorgan involvement that manifests several weeks after in-
fection with SARS-CoV-2. This clinical entity, named multi-
system inflammatory syndrome in children (MIS-C), was first
reported in the United Kingdom early in the pandemic’ and
subsequently defined by the US Center for Disease Control
and Prevention and the World Health Organization.®”
Symptoms of MIS-C include fever, rash, gastrointestinal
symptoms, coagulopathy, myocardial dysfunction, and/or
shock.*® Underlying the clinical symptoms of MIS-C are mul-
tilineage immune activation and tissue inflammation, includ-
ing increased gastrointestinal permeability, elevated
circulating markers of microangiopathy, and release of tropo-
nin and natriuretic peptides, indicative of cardiac inflamma-
tion.** Among the immunological abnormalities reported for
MIS-C, lymphopenia is most characteristic, as it separates
MIS-C from the phenotypically similar Kawasaki disease and
correlates with the degree of MIS-C severity.*® Still, the mech-
anisms of MIS-C pathogenesis remain poorly understood.’”
Unraveling the pathophysiology of MIS-C requires a better
understanding of the underlying immune dysfunctions.

Multiple immunological studies have highlighted the con-
tribution of innate immune cells to the systemic inflammation
that is characteristic of MIS-C.*!° For example, severe car-
diomyopathy in MIS-C correlates with specific inflammatory
gene signatures in monocytes and dendritic cells.'! In addi-
tion, studies on the genetic risk factors for MIS-C overwhelm-
ingly point to innate immune responses as key to its
pathogenesis.'*™'* Our current understanding of MIS-C im-
munology derives from the comprehensive immunological
phenotyping of peripheral blood leukocytes in their basal (ie,
non-perturbed experimentally) state by transcriptomics and
multiparameter flow cytometry.'>™** Except for a few case
reports,'>'? however, studies probing innate immune cell
functions in MIS-C are lacking.

To characterize innate immune responses in MIS-C, we in-
vestigated the responses triggered by engagement of Toll-like
receptors (TLR). TLR are membrane proteins that bind mole-
cules produced by pathogens or released by damaged cells
and initiate downstream signaling pathways leading to the in-
creased production of antimicrobial mediators, inflammatory
cytokines, chemokines, interferons (IFNs), and co-stimulatory
molecules, with subsequent development of adaptive immune
responses.”> 2 We report that MIS-C is associated with
dampened cytokine responses to TLR stimulation and in-
creased expression of negative regulators of TLR signaling.
These phenotypes resemble TLR tolerance, a phenomenon
characterized by the inability of innate immune cells to re-
spond to further challenge when subjected to excessive or pro-
longed TLR stimulation.””*® We also find that among the
least TLR-refractory cells are those from children carrying
rare variants in the lysosomal trafficking regulator (LYST)
gene locus. LYST, a multidomain protein implicated in vari-
ous aspects of vesicular trafficking, affects lysosome morphol-
ogy and function.””*® Our work reveals a novel aspect of the
innate immune response during MIS-C and points to causative
mechanisms and functional requirements. It also identifies ge-
netic determinants of the expression of this refractory state,
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which may help explain the severity spectrum of the clinical
manifestations of MIS-C.

Materials and methods
Sex as biological variable

The study included 19 males and 14 females among MIS-C
patients and 3 male and 2 female healthy controls. The slight
larger number of males vs females in the MIS-C group reflects
enrolment in our study; it may reflect the known greater se-
verity of SARS-CoV-2 infection in males.>"

Study design and population

COVID-19 Network of Networks Expanding Clinical and
Translational approaches to Predict Severe Illness in Children
(CONNECT to Predict SIck Children) is a multicenter pro-
spective case-control study designed to predict children at
greatest risk of severe consequences from SARS-CoV-2 infec-
tion. Eligibility criteria included:

(1) Confirmed diagnoses of MIS-C; (2) age < 21 years at
time of enrollment; and (3) not pregnant either during the
qualifying illness or at the time of enrollment. Children and
youth with MIS-C were classified in accordance with the
2020 U.S. Centers for Disease Control criteria:>> (1)
Positivity for current or recent SARS-CoV-2 infection by RT-
PCR, serology, or antigen test, or COVID-19 exposure
within 4 weeks prior to onset of symptoms; (2) a combination
of the following criteria: (a) fever; (b) laboratory evidence of
inflammation (e.g., elevated CRP, D-dimer, IL-6); (c) evi-
dence of clinically severe illness requiring hospitalization
with dysfunction or disorders affecting at least 2 organs: car-
diac, renal, respiratory, hematologic, gastrointestinal, derma-
tologic, or neurological; and (3) no alternative plausible
diagnosis. Healthy controls were well children (3 males and 2
females) with no preexisting chronic inflammatory illness,
without an acute COVID-19 illness in the past month, sero-
logically negative for SARS-CoV-2 infection (anti-
Nucleocapsid antibodies), and no acute illness at the time of
study blood sample collection.

RNA sequencing data were obtained from a study involv-
ing MIS-C patients prospectively enrolled prior to the admin-
istration of MIS-C treatment, Kawasaki Disease (KD), and
febrile (non MIS-C) controls.>® All MIS-C patients met the
case definition from the Centers for Disease Control and
Prevention.>” Febrile control patients had fever for at least 3
days. Final diagnosis was obtained by PCR or viral culture
and included the following infections: adenovirus (n=12),
Epstein Barr virus (7= 35), 2 metapneumovirus (7 =2), rhino-
virus (n=3), influenza (n=3), parainfluenza (n=2),
Respiratory Syncytial virus (n=2), and measles (n=1). All
KD subjects met the disease definition by the American Heart
Association (AHA) criteria.>* Both febrile controls and KD
patients had been enrolled before the COVID-19 pandemic.
Additional description of subject characteristics and enrol-
ment process are published.*?

Study activities and data

Participants were enrolled between June 23, 2021, and
November 24, 2022. Potential participants were identified
through searches of electronic health records and recruited
through direct contact in clinical settings or using flyers,
phone calls, or emails. Following consent, parental permis-
sion, and/or assent as appropriate, participants with MIS-C
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or their parents or guardians completed a questionnaire.
Clinical information (medical history, treatments, clinical
laboratory results, imaging, and other diagnostic tests) was
obtained through medical chart review. Peripheral blood for
research purposes was collected by phlebotomy at enrollment
and shipped to the study biorepository. Biological parents of
participants with MIS-C were also invited to participate and
provide a blood or cheek swab sample for genomic sequenc-
ing. Study data were collected and managed using REDCap
electronic data capture tools hosted at Rutgers Robert Wood
Johnson Medical School.*>*® A summary of demographic
characteristics and MIS-C-related clinical laboratory findings
is presented in Table S1.

Study approval

All study activities were approved by the Rutgers
Institutional Review Board (Pro2020002961), and all partici-
pants provided informed consent prior to engaging in
study activities.

Whole blood processing

Peripheral blood mononuclear cells (PBMCs) were isolated
by standard density gradient centrifugation and stored in lig-
uid nitrogen until use. Plasma was collected and stored at
—80°C until use.

Whole genome and exome sequencing and
analysis

Genomic DNA was isolated from peripheral blood of MIS-C
patients and sequencing was performed by Illumina next gen-
eration sequencing under a research protocol at the Yale
Center for Genome Analysis (YCGA). Whole genome se-
quencing (WGS) was carried on 22 samples with mean cover-
age 35%, and whole exome sequencing (WES) was carried on
11 samples with mean coverage 65%X. Whole exome was cap-
tured using IDT xGen capture kit v.2.>”*® Paired end se-
quence reads were converted to FASTQ format and were
aligned to the reference the human genome (GRCh37/hg19).
SNVs and indels were called using an automated GATK-
based pipeline scripted by YCGA with AnnoVar annotation.
We filtered in the exonic or splice region rare variants (MAF
< 0.005 in gnomAD) that exhibited high quality sequence
reads with pass GATK Variant Score Quality Recalibration,
genotype quality score GQ > 30, a minimum 10 total reads,
and >25% alternate allele ratio. We screened the results
against a panel of 623 target genes related to immune func-
tion. Truncating variants (nonsense or splicing variants and
indels) and missense variants with CADD > 20 in these genes
were used for rare variant analysis.

Peripheral blood mononuclear cells (PBMC) and
Toll-like receptor (TLR) stimulation

Cryopreserved PBMCs were thawed and washed in pre-
warmed RPMI 1640 supplemented with 2mM L-glutamine,
10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin
(all from Corning cellgro, Manassas, Virginia, USA) (com-
plete RPMI). PBMCs were resuspended in complete RPMI
and plated in cell culture plates with different cell densities
for individual experiments accordingly. Plated cells were
stimulated with lipopolysaccharide (LPS; cat. no. tlrl-peklps,
InvivoGen, USA). Endotoxin-free water was used as vehicle
control. Culture plates were incubated for specific time at
37°Cina 5% CO; humidified atmosphere accordingly.
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Quantitative gene expression analysis (Q-PCR)
Thawed and resuspended PBMCs (250K/well) were plated in
cell culture plates in duplicate and stimulated with LPS
(50 ng/mL) and vehicle control for 4 h. Cells were harvested
and washed with PBS, and RNA was isolated using RNeasy
Plus Mini Kit (cat. no. 74134, Qiagen, USA) and stored at
—80°C. The total RNA was reverse transcribed into cDNA
using the QuantiTect Reverse Transcription Kit (cat. no.
205311, Qiagen, USA). Transcript levels for genes listed in
Table S10 were measured by q-PCR using KiCqStart®
SYBR® Green qPCR ReadyMix™ (Cat. No. KCQS00,
Sigma-Aldrich, USA) on LightCycler® 480 II Instrument
(Roche Diagnostics, USA). GAPDH was used as internal con-
trol. Primers used in q-PCR are listed in Table S10.

Multiplex cytokine analysis

Thawed and resuspended PBMCs (50,000/well) were plated
in cell culture plates in duplicate and stimulated with LPS
(50 ng/ml) or endotoxin-free water (vehicle control) for 24 h.
After incubation, culture supernatant was collected by centri-
fugation at 2,000 rpm for 5 minutes and stored at —80°C.
Multiplex cytokine bead assays to measure TNF-a, IL-6, IL-
1B, IL-12p40, and IL-10 were performed with culture super-
natants and patient plasma samples using MILLIPLEX®
Human Cytokine/Chemokine Multiplex Assay kits (cat. no.
HCYTA-60K, MilliporeSigma, USA). Results were analyzed
with a Luminex™ xMAP™ INTELLIFLEX System. Plasma
cytokine measurements were normalized to total protein in
the sample.

Zonulin ELISA

Zonulin family peptides (ZFP) levels were assayed in patient
plasma samples using a commercially available ELISA kit
(cat. no. 30-ZONSHU-E01, ALPCO, USA), according to
manufacturer's instructions. Zonulin levels were normalized
to total protein in the sample.

Flow cytometry

Thawed and resuspended PBMCs (500,000/well) were plated
in cell culture plates and then stimulated with LPS (50 ng/ml)
and endotoxin-free water (vehicle control) for 24 h. Cells
were harvested, washed with FACS buffer, centrifuged, and
resuspended and incubated with Human TruStain FeX™
(cat no. 422302, BioLegend, USA) FcR blocking solution for
15 minutes. APC anti-human CD284 (TLR4) antibody (cat.
no. 312816, BioLegend, USA) was then added and incubated
for 30 min at 4 °C. Cells were washed with FACS buffer, cen-
trifuged, resuspended in FACS buffer and LIVE/DEAD™
Fixable Blue Stain (cat. no. L23105, Thermo Fisher Scientific
Inc., USA), and incubated in the dark for 30 min at 4°C.
Cells were washed with FACS buffer, centrifuged, resus-
pended in Fixation/Permeabilization solution (Cat. No.
554714, BD Biosciences, USA), and incubated for 20 minutes
at 4°C. Cells were washed with BD Perm/Wash™ buffer and
resuspended in FACS buffer. Data were acquired in a BD
LSRFortessa X-20 flow cytometer (BD Biosciences, San Jose,
California, USA) and analyzed with FlowJo 10.9 software
(FlowJo). BD™ Cytometer Setup & Tracking beads (CS&T,
BD Biosciences) were used to calibrate the flow cytometer be-
fore each experiment. A total of 100,000-200,000 events
were acquired per sample. Polystyrene compensation beads
(BD Biosciences) were used to calculate spectral overlap
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values for each fluorochrome, according to the manufac-
turer's instructions.

Imaging flow cytometry

Thawed and resuspended PBMCs (500,000/well) were plated
in cell culture plates and stimulated with LPS (50 ng/ml) and
endotoxin-free water (vehicle control) for 24 h. Cells were
harvested, washed with PBS, centrifuged, resuspended in
FACS buffer with Human TruStain FcX™ (Cat No. 422302,
BioLegend, USA) FcR blocking solution and incubated for
15 min. PE anti-human CD435 antibody (cat. no. 304008,
BioLegend, USA) was then added and incubated for
30 minutes at 4 °C. Cells were washed with FACS buffer, cen-
trifuged, resuspended, and incubated with BD Horizon™
Fixable Viability Stain 780 (cat. no. 565388, BD Biosciences,
USA) in the dark for 30 min at 4 °C. Cells were washed with
FACS buffer, centrifuged, resuspended in PBS with
MitoTracker™ Red CMXRos staining dye (Cat No. M7512,
Invitrogen™, USA), and incubated for 30 minutes at 37 °C in
a 5% CO, humidified atmosphere. Cells were washed with
PBS, centrifuged, resuspended in Fixation/Permeabilization
solution (cat. no. 554714, BD Biosciences, USA), and incu-
bated for 20 min at 4°C. Cells were washed with BD Perm/
Wash™ buffer, resuspended in PBS, and incubated with
FITC anti-human CD107a (LAMP-1) antibody (cat. no.
328606, BioLegend, USA) for 30min at 4°C. Data from
5,000 to 10,000 cells were acquired with an
ImageStreamXMark II imaging flow cytometer (Amnis
Corporation, Seattle, Washington, USA) using 60X magnifi-
cation. Image data were analyzed by IDEAS software version
6.2 (Amnis Corporation, Seattle, Washington, USA) after ap-
plying a compensation matrix.

Measurement of oxidative phosphorylation and
glycolysis in PBMCs

Thawed and resuspended PBMCs (500,000/well) were plated
in Seahorse culture plates and cultured for 24 h at 37°C in a
5% CO, humidified atmosphere. Extracellular acidification
rates (ECAR) and oxygen consumption rates (OCR) were
measured in XF media (nonbuffered RPMI 1640 containing
10 mM glucose, 2 mM L-glutamine, and 1 mM sodium pyru-
vate) under basal conditions and in response to 1.5 uM oligo-
mycin (ATP synthase inhibitor), and 0.5uM Rotenone and
Antimycin A (Rot/AA; inhibitors of electron transport chain)
by using the Seahorse XFe24 Analyzer (Agilent Technologies),
according to the manufacturer’s instructions. For data nor-
malization in each well, cells were incubated with DAPI dye
after measurement of OCR and ECAR for 15min at room
temperature in dark. Plates were imaged using BioTek
Cytation 5 Cell Imaging Multimode Reader (Agilent), and cell
numbers per well were determined by using BioTek Gen$
Software for Imaging & Microscopy (Agilent).

Statistical analysis

Data were analyzed and visualized with GraphPad Prism ver-
sion 10 and STATA 18. Categorical variables were presented
as frequencies and percentages; differences across groups
were tested with x> or Fisher exact tests, as appropriate.
Continuous variables were summarized as medians with
interquartile range; normality was assessed using a
Kolmogorov-Smirnov test (P<0.001). As these variables
were non-parametric, differences across groups were tested
using a Mann-Whitney U test or a Kruskal Wallis test, as
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appropriate. Box plots were drawn to show the 25th percen-
tile, the median, and the 75th percentile of the distribution.
To highlight differences in the distribution of data across
groups, the coefficient of variation was calculated from the
mean and standard deviation of the distribution and inset in
the plots. Significance was set as P <0.05 for all tests. No
data were excluded from the analysis.

Results
Dampened cytokine response to LPS stimulation of

peripheral blood mononuclear cells from children
with MIS-C

To assess whether innate immune functions are altered by
MIS-C, we subjected peripheral blood mononuclear cells
(PBMC) from 17 children with MIS-C to stimulation with E.
coli lipopolysaccharide (LPS), which is a potent TLR4 ago-
nist.>” For these children, peripheral blood had been collected
within 30 days after hospital admission (demographic and
clinical characteristics of study participants are in Table S1).
Compared with PBMC from healthy controls of pediatric
age, PBMC from children with MIS-C produced much lower
levels of key proinflammatory cytokines, such as TNF-a, IL-
6, and IL-18 (e.g., >200-fold median decrease for TNF-a), in
response to LPS stimulation (Fig. 1A for heatmap and Fig. 1B
for boxplots). Similar results were obtained with IL-12p40
(Fig. 1A), which is another pro-inflammatory cytokine, and
the anti-inflammatory cytokine IL-10 (Fig. S1A), which is
also induced in LPS-stimulated macrophages.*®*! The dimin-
ished cytokine response to LPS stimulation was also observed
by qPCR analysis of the expression levels of corresponding
proinflammatory cytokine genes (Fig. 1C for heatmap and
Fig. 1D for boxplots) and for IL-10 (Fig. S1B), consistent
with altered TLR signaling.>***® These data show that periph-
eral blood cells from children with MIS-C are hyporesponsive
to TLR4 stimulation.

Reduced TLR responses are associated with
increased gene expression of negative regulators
of TLR signaling, which is independent of MIS-C
treatment

The observed TLR hyporesponsiveness of MIS-C PBMC
recalls TLR tolerance, a long-recognized phenomenon ob-
served in severe conditions, such as sepsis, in which prior ex-
posure of monocytes/macrophages to microbial products
results in dampened TLR responses to re-stimulation of the
same or a different TLR.*”-*® Since this type of immune toler-
ance has been best studied, although is not limited to, LPS
(endotoxin), it is often referred to as endotoxin tolerance.”®
Decreased cytokine production in endotoxin-tolerant cells is
associated with increased expression of negative regulators of
TLR signaling, including Toll-interacting protein (TOLLIP),
suppressor of cytokine signaling (SOCS) 1, IL-1R-associated
kinase-M (IRAK-M), sterile alpha and armadillo motif-
containing molecule 1 (SARM1), and SH2 domain-
containing inositol 5'-phosphatase 1 (SHIP-1).** When we
used qPCR to measure the abundance of the corresponding
transcripts in PBMC from MIS-C patients, we observed that
the baseline (ie unstimulated) mRNA levels of SOCSI1,
TOLLIP, and SHIP1 were higher in the MIS-C patient cells
relative to healthy controls (the comparison for SARM1 was
close to significance, P=0.06) (Fig. 2A for heatmap and
Fig. 2B for boxplots). Increased expression of negative
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Figure 1. Cytokine production by peripheral blood mononuclear cells (PBMC) stimulated with LPS. PBMC collected from MIS-C patients within 30 days of
hospital admission (n=17) and from healthy controls (HC) (n=5) were thawed and incubated with lipopolysaccharide (LPS, 50 ng/ml) or endotoxin-free
water (vehicle control, VC); cells for RNA extraction were collected after 4 hrs of treatment; cytokine release in the culture supernatant was measured
after 24 hrs of treatment. All data were generated in technical duplicates. (A, B) Cytokine release. Levels in culture supernatant was measured for several
cytokines, as indicated, utilizing a Luminex® xMAP® platform and shown as heatmap, with cytokine levels in pg/ml (columns) across samples (rows),
using a gradient range as shown (A). The results for three pro-inflammatory cytokines are also shown as box plots (B); additional cytokine data are shown

in Fig. S1. (C, D) mRNA guantification. Expression levels of selected cytokine genes were quantified by gPCR and normalized to the control gene
GAPDH. Results are shown as heatmap, with normalized gene (columns) expression levels across samples (rows) (C). mRNA levels for the
corresponding inflammatory cytokines (panel B) are shown as boxplots in (D). Box plots in (B) and (D) show median value, 25th and 75th percentile, and
min/max values (whiskers); black dots represent the mean of technical duplicates per study donor. *, P<0.05; **, P<0.001, ***, P=0.0001, ****,
P<0.0001, ns, not significant. Mann-Whitney U test was used for group comparisons. HC, healthy controls; MIS-C, MIS-C patients within 30 days of

hospital admission.

regulators of TLR signaling is consistent with the dampened
response of MIS-C cells to TLR4 stimulation by LPS.

Children in the study were receiving treatment for MIS-C,
including intravenous immunoglobulin (IVIG), at the time of
blood draw. This raised the possibility of an effect of treat-
ment on TLR responses. Through collaborations among
groups funded by the NIH PreVAIL initiative on pediatric
COVID-19, we had access to RNA sequencing data gener-
ated in an independent study from PBMC of MIS-C patients
obtained prior to administration of any treatment and non-
MIS-C controls.>®> We found that the mRNA levels for
SOCS1, TOLLIP and SHIP1 were higher in the MIS-C sam-
ples than in febrile (non-MIS-C) controls (Fig. 2C). Even
though the control groups differ between our study and the
work of Ghosh et al.,** these results clearly show that the
overexpression of negative regulators of TLR responses in
cells from MIS-C patients cannot be explained by the treat-
ments received by our study participants.

Kawasaki disease does not exhibit increased
expression of negative regulators of TLR signaling
The Ghosh et al. study®® also included patients with
Kawasaki disease (KD), a hyperinflammatory syndrome of
unknown etiology that shares many clinical features with

MIS-C.** When we analyzed the gene expression levels of
negative regulators of TLR responses in KD patients, we
found that, unlike the MIS-C samples, the KD samples were
indistinguishable from the febrile controls (Fig. 2C).
These results suggest that TLR response downregulation is
characteristic of MIS-C and identify a novel difference in
pathogenesis  between these 2  hyperinflammatory
syndromes.

Reduced TLR responses are associated with
hyperinflammation and markers of abnormal gut
permeability

We reasoned that the refractory state of the innate immune
cells in MIS-C patients could be explained by at least 2, non-
exclusive scenarios. One relates to the excessive production
of proinflammatory molecules, including cytokines, charac-
teristic of MIS-C* (examples of cytokine levels in plasma of
children with MIS-C are shown in Fig. 2D and Table S2).
High cytokine levels might induce negative feedback mecha-
nisms including the upregulation of negative regulators to di-
minish further cytokine production. This type of mechanism
has been reported for SOCS1.** A second scenario is sug-
gested by the finding that MIS-C is accompanied by loss of
gut mucosal barrier, as indicated by the release into the
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Figure 2. Mechanisms potentially responsible for TLR hypo-responsiveness. PBMC (A, B) and plasma (D, E) were obtained from peripheral blood of MIS-
C patients (n=17) and healthy controls (HC) (n=5), as in Fig. 1. (A, B) Expression levels of genes encoding negative regulators of TLR signaling. RNA for
gPCR of selected TLR signaling regulator genes was obtained from untreated PBMC collected from MIS-C patients and healthy controls (HC), as in Fig. 1.
Results are shown as heatmap (A), with normalized gene (columns) expression levels across samples (rows). For selected genes, results are also shown
as box plots (B), as in Fig. 1. (C) Expression levels of genes encoding negative regulators of TLR signaling by RNAseq analysis of peripheral blood cells.
Whole blood was used to isolate RNA for RNA sequencing from MIS-C subjects prior to administration of treatment (n= 10), febrile controls (FC) (n=29),
and Kawasaki disease (KD) patients (n=136). Both FC and KD samples were obtained prior to the COVID-19 pandemic. Cohort description is found in
Methods and in.>® Gene expression values were expressed as transcript per million (TPM) for each gene. (D) Plasma cytokine levels. The levels of major
cytokines were measured in technical duplicates by utilizing a Luminex® xMAP® platform and results were normalized to total protein in the sample. (E)
Plasma zonulin levels. The levels of zonulin were measured in technical duplicates by using a commercial zonulin family peptide assay kit and results
were normalized to total protein in the sample, as in Methods. Box plots show median value, 25th and 75th percentile, and 10 to 90 percentile values
(whiskers). *, P<0.05; **, P<0.001, *** P=0.0001, **** P<0.0001, ns, not significant (Mann-Whitney U test).

bloodstream of zonulin, a biomarker of intestinal permeabil-
ity.*> Consistent with this report, we found that the plasma
levels of zonulin were higher in children with MIS-C, relative
to healthy controls (Fig. 2E). MIS-C-induced loss of gut mu-
cosal barrier supports the possibility that microbial products
released from the gut into the bloodstream induce excessive
and/or prolonged stimulation of circulating innate immune
cells and consequent TLR hyporesponsiveness. Lastly, our
data do not support abnormal TLR surface expression as
driver of reduced TLR responsiveness, since the abundance of
TLR4 on the surface of PBMC from children with MIS-C
was indistinguishable from healthy controls (Fig. S2).

Reduced TLR responses and associated markers are
also observed with blood samples obtained
>30days after hospital admission for MIS-C
We had available for analysis PBMC and plasma samples
obtained from a group of 16 children recovered from MIS-C,
for whom peripheral blood was collected more than 30d

after hospital admission (median [IQR] = 202 [81.5, 444] d)
(Table S1). We were surprised to observe reduced cytokine
production in response to LPS stimulation also in these fully
convalescent children, relative to healthy controls (Fig. S3A).
In addition, transcript levels of SOCS1, TOLLIP, SARM1,
and SHIP1 (Fig. S3B) and plasma levels of zonulin (Fig. S3C)
were higher in this group than in healthy controls. Together,
these results suggest that TLR hyporesponsiveness and gut
barrier leakage associated with MIS-C are lasting.

The cytokine response to TLR stimulation of
peripheral blood mononuclear cells from children
with MIS-C is not normally distributed

We compared the distribution of the cytokine data obtained
in response to LPS stimulation in MIS-C and healthy control
groups. We observed that the MIS-C data distribution was
highly skewed, with an abundance of very low values and a
tail of higher values (see the IL-6 example in Fig. 3A, left
panel), unlike the normal distribution observed with the


https://academic.oup.com/jimmunolarticle-lookup/doi/10.1093/jimmun/vkaf006#supplementary-data
https://academic.oup.com/jimmunolarticle-lookup/doi/10.1093/jimmun/vkaf006#supplementary-data
https://academic.oup.com/jimmunolarticle-lookup/doi/10.1093/jimmun/vkaf006#supplementary-data
https://academic.oup.com/jimmunolarticle-lookup/doi/10.1093/jimmun/vkaf006#supplementary-data
https://academic.oup.com/jimmunolarticle-lookup/doi/10.1093/jimmun/vkaf006#supplementary-data

The Journal of Immunology, Vol. 214, No. 3

379

A B
) ) MSC-| €he o ® oo o o o
Cytokine |CV(SD/mean) Cytokine |CV(SD/mean)
IL-6 2.51 IL-6 0.36 LYST- ® o | oo .
- TNF-a | 229 i TNF-a | 034
1 | 222 18 | o054 Fate- ¢ .
2 20 2 mpPo- o .
.i i 24
2515 3 TIRAP ¢ °
52 52
5= 10 5= nBas- § °
: £
2 s 3 PRKDCH ¢
0 PR 0 RECQL4- oo | o °
1 T 1 I 11
0 5000 10000 15000 0 5000 10000 15000 T e e mm
IL-6 (pg/mL, IL-6 (pg/mL
(pg/mb) (pg/mb) IL-6 (pg/mL)

Figure 3. Distribution of cytokine release data and gene involvement. (A) Frequency distribution for IL-6 cytokine data: IL-6 cytokine levels in culture
supernatants of PBMC incubated with 50 ng/ml LPS for 24 h were measured as in Fig. 1. The graph was obtained by using frequency distribution analysis
and a Gaussian distribution model in GraphPad Prism; MIS-C (n=33), left panel; healthy controls (HC) (n=5), right panel. In both panels, the inset shows
the coefficient of variation (CV) (SD/mean) for three proinflammatory cytokines. (B) Cytokine level and its distribution range in subjects with most
frequently recurrent immunity-related target genes in the MIS-C group. The figure shows the distribution of data on IL-6 release from LPS-stimulated
PBMLC, as in (A), for all MIS-C subjects (top row) and by each of the seven most frequently recurrent immunity-related target genes among MIS-C
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improve data visualization. One black dot represents one donor; the vertical colored line represents the median of the distribution. The highest value in
the LYSTand TIRAP rows corresponds to the same donor. FAT4, FAT atypical cadherin 4; LYST, lysosomal trafficking regulator; MPO, myeloperoxidase;
NBAS, NBAS subunit of NRZ tethering complex; PRKDC, protein kinase, DNA-activated subunit; RECQL4, ReqQ-like helicase; TIRAP, TIR domain

containing adaptor protein.

healthy control data (Fig. 3A, right panel). The distribution
differences are likely non-random, since the sample size with
MIS-C in the study (7= 33) exceeds that of the healthy con-
trol group (n=75), and samples of small sizes are less likely to
be normally distributed.*® Moreover, the positive skew of cy-
tokine data was reflected by greater dispersion of the data
(coefficients of variation, CV > 1) in the MIS-C group than
in the healthy control group (CV < 1) (Fig. 3A, insets).
Furthermore, the two data distributions were essentially non-
overlapping: except for a single outlier, all MISC values were
lower than the lowest healthy control (Fig. 3A). Thus, the
2 distributions were different in shape, dispersion, and
magnitude.

Rare variants in LYST are associated with the
skewed cytokine data distribution in MIS-C

We examined the variables underlying the data distribution
in the MIS-C group. Differences in cytokine responses to
TLR stimulation among children with MIS-C were not asso-
ciated with demographic characteristics (such as sex at birth,
age, race, or ethnicity) or time elapsed between MIS-C hospi-
tal admission and blood draw (< 30d vs > 30d) (Table S3).
Thus, we next considered the genetic background of the study
participants. We performed germline whole genome sequenc-
ing for children with MIS-C and analyzed the results against
a list of 623 genes including Inborn Errors of Immunity genes
plus additional genes having known immune function or im-
munodeficiency associations*” (see Table S4). Within this
gene list, we focused on rare (minor allele frequency (MAF)
< 0.005) non-synonymous variants and further screened for
a Combined Annotation Dependent Depletion (CADD) score
of >20 to identify missense variants that were more likely to
impact protein function.**** We found that 7 of the 623
genes exhibited four or more non-synonymous, rare variants
in the 33 MIS-C patients (Tables S5 and S6). We then exam-
ined the distribution of cytokine data in MIS-C patients
grouped based on the presence of rare variants in each of
these genes. We observed that the heterozygous carriers of

rare non-synonymous LYST variants (z=7) (Table S6 and
Fig. S4) showed the highest median, driving the high values in
the MIS-C distribution (see the IL-6 example in Fig. 3B).
Moreover, the rare LYST variant data clustered in three
groups (low, medium, and high) that mimicked those seen in
the MIS-C patients. This result shows the LYST genotype is
associated with the skewed distribution of the cytokine data
in the MIS-C group.

Rare non-synonymous LYST variants are

associated with lysosomal and mitochondrial
abnormalities, altered energy metabolism, and
unfavorable clinical laboratory indicators

The observed skew in the cytokine response prompted inves-
tigation of cellular phenotypes associated with rare LYST
variants. Since LYST function has been associated with lyso-
some morphology and function,*”** we tested PBMC of rare
non-synonymous LYST variant heterozygous carriers (Table
S6) for lysosome markers. For this analysis, the similarly
sized comparator group was constituted by children with
MIS-C carrying common (MAF > 0.005) non-synonymous
LYST variants (Table S7). The two subsets of children did
not differ in terms of treatments received during MIS-C hos-
pitalization or basic demographic characteristics, except for
race/ethnicity (Table S8). To ensure that we were not select-
ing variants that were rare in the general population but com-
mon in certain racial/ethnic populations, we compared the
maximum racial/ethnic subpopulation frequency of the rare
LYST variants, which were all < 0.013, versus the common
variants, which were all > 0.0757, indicating that our initial
screen with MAF > 0.005 was appropriate. By using imaging
flow cytometry, we found that the rare LYST variants in the
MIS-C group were selectively associated with increased abun-
dance of lysosomal-associated membrane protein 1 (LAMP1)
in leukocytes (CD45+ cells) (Fig. 4A for box plots and for se-
lected images), indicative of altered morphology and/or func-
tion of late endosomes and lysosomes in these cells.>**® This
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Figure 4. Analysis of lysosomal, mitochondrial, and metabolic markers associated with rare LYST variants. Comparisons in this figure included MIS-C
subjects carrying rare LYST variants [minor allele frequency (MAF) < 0.005] vs MIS-C heterozygous carriers of common LYST variants (MAF > 0.005).

RV, rare variant heterozygous carriers (n=5); CV, common variant heterozygous carriers (=5 in panels AB and 4 in (C) and (D).(A, B) LAMP1 abundance
(A) and MitoTracker staining (B) in CD45= cells. Data were obtained by Imaging Flow Cytometry. The figure shows representative images of three MIS-C
subjects (upper panel) and box plots with median value, 25" and 75'" percentile, and min/max values (whiskers) (lower panel). The relative frequency of
CD45+ cells showed no significant differences between the PBMC samples from the 2 groups in the comparison. *, P< 0.05; **, P< 0.001, using Mann-
Whitney U test.(C, D) Metabolic profile of PBMCs. Seahorse assay results for (C) oxygen consumption rates (OCR) and (D) extracellular acidification rates
(ECAR) at baseline and in response to mitochondrial inhibitors. Values are presented as mean + SEM. The unusual OCR and ECAR profiles result from
person-to-person variability and data pooling—representative profiles obtained with single study subjects are shown in Fig. S5.

result is consistent with the organelle enlargement known to
occur in Chediak-Higashi syndrome,®® a rare autosomal re-
cessive disorder that is associated with pathogenic LYST var-
iants.’">? Lysosomal functions are intricately interconnected
with mitochondrial functions,’* which in turn shape cellular
metabolism as well as immune cell functions.>** Indeed, we
found that the rare LYST variant group also exhibited de-
creased labeling with MitoTracker Red (Fig. 4B), a dye for
active mitochondria labeling. Mitochondrial damage in the
rare LYST variant heterozygous carriers was further

indicated by reduced mitochondrial metabolism (oxidative
phosphorylation)  accompanied by increased non-
mitochondrial metabolism (glycolysis), as measured by
Seahorse XF technology (Fig. 4C and D). Collectively, the
results above show that the occurrence of rare LYST variants
is associated with altered TLR-mediated immune responses,
lysosomal and mitochondrial abnormalities, and altered en-
ergy metabolism.

We next asked whether the dysfunctions observed at a cel-
lular level in the children carrying the rare LYST variants
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were reflected in the clinical course of MIS-C. For this assess-
ment, we analyzed the results of laboratory tests having most
relevance to MIS-C, such as markers of inflammation and
white blood cell counts.>® We observed numerical differences
for key markers of disease severity between the rare and com-
mon LYST variant groups. White blood cell counts tended to
be lower in the rare LYST variant group than in the common
LYST variant counterpart. Neutrophil counts were only
slightly reduced (<2-fold), but lymphopenia, which is a key
finding of MIS-C,**¢ was considerably more pronounced in
the rare LYST variant group than in the common LYST vari-
ant group (P <0.05). The resulting median neutrophil-to-
lymphocyte ratio, which is a key marker of disease severity in
many pathologies,”” was 4-fold higher in rare than common
LYST variant heterozygous carriers (Table S9). Despite the
small size of the sample tested (7 =13 total across groups),
the observed differences suggest that the rare LYST variants
are associated with more severe clinical presentations.

Discussion

We report that MIS-C, the multi-system hyperinflammatory
syndrome that may develop in children following exposure to
SARS-CoV-2, is associated with a refractory state of the in-
nate immune cells in the bloodstream that is evidenced as in-
ability to respond to TLR stimulation ex vivo. TLR tolerance
during MIS-C may result from the activation of negative feed-
back responses induced by high levels of proinflammatory
mediators in the bloodstream. Increased gut permeability, as
indicated by elevated plasma levels of zonulin in patients
with MIS-C seen in this study and previous work,*’ might
also concur to TLR tolerization by allowing microbial trans-
location and consequent exposure of circulating immune cells
to TLR ligands of microbial origin. The detection of SARS-
CoV-2 antigen, perhaps of intestinal origin,* in the blood-
stream of MIS-C patients supports this scenario, particularly
since the SARS-CoV-2 Spike glycoprotein can act as TLR li-
gand.’®"* Mechanistic studies are required to test the causal
associations between hyperinflammation, gut permeability,
and TLR tolerance.

We also report that, among cells from children with MIS-
C, the least refractory to TLR stimulation are those carrying
non-synonymous, rare variants in LYST. This is a locus of in-
terest in pediatric medicine and rheumatology because LYST
variants may cause Chediak-Higashi syndrome (CHS), an au-
tosomal recessive disorder that is characterized by easy bruis-
ing, oculocutaneous albinism, and recurrent pyogenic
infections.’'-*? Pathogenic LYST variants and CHS are asso-
ciated with risk for hyperinflammatory disorders such as
MIS-C and hemophagocytic lymphohistiocytosis (HLH),**=¢*
indicating links between LYST defects and inflammation.
Moreover, a hallmark of CHS is the enlargement of late
endosomes and lysosomes.>® Thus, the altered morphology
and/or function of late endosomal/lysosomal compartments
observed in the LYST variant heterozygous carriers in our
study strongly implies that LYST function is altered in these
subjects. Furthermore, decreased mitochondrial metabolism
in the LYST variant heterozygous carriers is consistent with
lysosome regulation of mitochondrial function,’® which
shapes cellular metabolism and immune cell functions.’**’
Mechanistic hypotheses linking LYST defects, organelle func-
tion, regulation of TLR activation, and inflammation will be
best tested with mutant immune cell lines and animal models.
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The finding that MIS-C is associated with dampened abil-
ity of innate immune cells to respond to stimulus contributes
new understanding of the “post-COVID” immunological
landscape. For example, it is postulated that TLR tolerance
helps limit immune hyperactivation and uncontrolled inflam-
mation, as mentioned above, but it is also associated with un-
favorable outcomes, such as increased risk of secondary
infections or chronic inflammatory states.”?”*® Thus, our
results raise the question whether the increased incidence of
infections observed in the post-COVID era could be attrib-
uted to increased susceptibility (immunity “theft”) rather
than to “immunity debt” from insufficient immune stimula-
tion due to non-pharmaceutical interventions used to limit
the spread of COVID-19, such as masking or social isola-
tion.®®” Since MIS-C is rare among the manifestations of pe-
diatric SARS-CoV-2 infection, addressing this question
requires investigating whether other forms of pediatric
COVID-19 also lead to diminished TLR responses, a possibil-
ity that our study does not exclude. Moreover, our data could
help explain mechanisms of pathogenesis of post-acute se-
quelae of SARS-CoV-2 infection (PASC, also known as long
COVID), which have affected 200 million people world-
wide.®® We were surprised to observe that PBMC obtained
several months after recovery from MIS-C exhibited similar
levels of TLR hyporesponsiveness as those obtained within
few weeks after hospitalization for MIS-C. Our study was
not designed to monitor long-term consequences of MIS-C,
so we cannot exclude alternative, albeit unlikely, explana-
tions (eg that children enrolled with MIS-C history later had
unrelated conditions also associated with TLR hyporespon-
siveness). It is however tempting to speculate that lasting
hyporesponsiveness to TLR stimulation may result from pro-
longed innate immune cell stimulation. At least 2 scenarios
may explain prolonged stimulus. One is viral persistence, one
of the mechanisms proposed as drivers of long COVID®’
since, as mentioned above, the Spike protein of SARS-CoV-2
can act as TLR ligand.”®*~®* An alternative scenario would in-
volve the lasting, epigenetic proinflammatory reprogramming
of human immune stem cells induced by SARS-CoV-2 infec-
tion,”” since circulating innate immune cells may become tol-
erant in response to prolonged exposure to proinflammatory
molecules. Thus, direct or indirect relationships may exist be-
tween lasting immune stimulation, innate immune tolerance,
and various manifestations of long COVID.

In conclusion, our data identify TLR hyporesponsiveness
as a novel immunological mechanism in MIS-C, where it may
have beneficial or harmful consequences. On one hand, re-
duced responses to TLR stimulation may contribute to pre-
vent runaway inflammation and protect against worse
clinical outcomes. Indeed, the potential association between
reduced TLR activation and unfavorable markers of inflam-
mation observed in children with rare LYST variants sup-
ports a protective role of TLR hyporesponsiveness.
Moreover, since MIS-C presents with varying degrees of clini-
cal severity, child-to-child differential ability to express this
refractory state and the underlying genetic determinants may
help explain the severity spectrum of MIS-C manifestations.
On the other hand, reduced ability to respond to TLR
ligands, which may be prolonged, may result in increased
post-COVID susceptibility to various infections and, poten-
tially, contribute to long COVID. Our findings warrant fur-
ther investigations to validate associations between genotypes
and molecular and clinical phenotypes and to determine
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whether other clinical manifestations of SARS-CoV-2 infec-
tion are also associated with TLR hyporesponsiveness. Our
work also highlights the importance of longitudinal studies to
monitor the health of children who have experienced MIS-C.
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