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Abstract

STAT1 gain-of-function (GOF) mutations cause an inborn error of immunity with diverse phenotype ranging from chronic
mucocutaneous candidiasis (CMC) to various non-infectious manifestations, the most precarious of which are autoimmunity
and vascular complications. The pathogenesis centers around Th17 failure but is far from being understood. We hypothesized
that neutrophils, whose functions have not been explored in the context of STAT1 GOF CMC yet, might be involved in the
associated immunodysregulatory and vascular pathology. In a cohort of ten patients, we demonstrate that STAT1 GOF human
ex-vivo peripheral blood neutrophils are immature and highly activated; have strong propensity for degranulation, NETosis,
and platelet-neutrophil aggregation; and display marked inflammatory bias. STAT1 GOF neutrophils exhibit increased basal
STAT1 phosphorylation and expression of IFN stimulated genes, but contrary to other immune cells, STAT1 GOF neutrophils
do not display hyperphosphorylation of STAT1 molecule upon stimulation with IFNs. The patient treatment with JAKinib
ruxolitinib does not ameliorate the observed neutrophil aberrations. To our knowledge, this is the first work describing
features of peripheral neutrophils in STAT1 GOF CMC. The presented data suggest that neutrophils may contribute to the
immune pathophysiology of the STAT1 GOF CMC.
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Introduction

Chronic mucocutaneous candidiasis (CMC) refers to per-
sistent or recurrent, non-invasive Candida infections of the
skin, nails, and mucous membranes. STAT1 (Signal Trans-
ducer and Activator of Transcription) gain-of-function
(GOF) is an inborn error of immunity, in which patients

Anna Sediva and Marketa Bloomfield contributed equally.

Highlights

STAT1 GOF neutrophils:

e Are activated, degranulated, immature and exhibit augmented
NETosis and IFN response

e Do not display IFN-induced hyperphosphorylation of STAT1
o Form platelet-neutrophil aggregates intensively

e Are not rescued with JAK inhibitor ruxolitinib
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exhibit diverse phenotypes, including CMC, autoimmun-
ity, malignancies, and vascular abnormalities, i.e., large
vessel aneurysms [1-4]. While the fungal susceptibility is
well attributed to the Th17 impairment, the current knowl-
edge falls short of explaining the complex symptomatology
of STAT1 GOF CMC, especially the autoimmune, vascu-
lar complications, and susceptibility to intramacrophagic
pathogens.

The Janus Kinase (JAK)/STAT pathways are one of
the most important cellular signaling cascades. Well over
seventy different cytokines and interferons (IFN), which
mediate adaptive and innate immunity, utilize this rapid
membrane-to-nucleus pathway [5]. JAKs are noncovalently
associated with cytokine receptors and mediate tyrosine
phosphorylation of the seven STAT proteins, which dimerize
and are transported into the nucleus to regulate the expres-
sion of target genes [6, 7]. Mutations in genes encoding JAK/
STAT components, both loss- and gain-of function, have
been found in many human diseases [6, 8]. STAT1 proteins
are mainly engaged upon stimulation with type I and II IFNs
and IL-27 and are involved in regulation of many processes
of cellular development and functions [9-11].
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In STAT1 GOF patients, the failure of antifungal immu-  the augmented STAT1 phosphorylation probably includes
nity is attributed to Th17 impairment, resulting from dys-  delayed STAT1 dephosphorylation and increased amount of
balanced STAT1/STAT3 signaling. The instrumentality of  total STATI [1, 12, 13].
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«Fig. 1 Patients and STAT1 mutations. A Pedigrees of STAT1 GOF
mutations in individual kindreds. Mutation carriers are displayed in
black. B STAT1 protein 3D structure with highlighted mutation posi-
tions. C Phosphorylation of pSTAT1 (Tyr701) and pSTAT3 (Tyr705)
in neutrophils upon IFNa and IFNy stimulation for 5 minutes in
STAT1 GOF patients (n=8), RUXO patients (n=5), and HD (n=16).
Data are expressed as fold change of stimulated/unstimulated sam-
ples. D Phosphorylation of pSTAT1 (Tyr701) and pSTAT3 (Tyr705)
in monocytes upon IFNa and IFNy stimulation for 5 minutes in
STAT1 GOF patients (n=8), RUXO patients (n=5), and HD (n=16).
Data are expressed as fold change of stimulated/unstimulated sam-
ples. E Kinetics of STAT1 and STAT3 phosphorylation upon IFNa
stimulation in neutrophils and monocytes detected in STAT1 GOF
patients (n=4), RUXO patients (n=3), and HD (n=10) by flow cytom-
etry F. Semiquantitative analysis of pSTATI/pactin using ImagelJ
software. G pSTAT1 MFI quantification in unstimulated STAT1 GOF
patients (n=7), RUXO patients (n=3), and HD (n=9) detected by flow
cytometry. H STATI, STAT2, and STAT3 gene relative expression
detected in STAT1 GOF patients (n=6), RUXO patients (n=2), and
HD (n=_8) by real-time PCR. RUXO, ruxolitinib-treated patients; HD,
healthy donors; Tyr, tyrosine; ND, N-terminal domain; CCD, coiled-
coil domain; DBD, DNA-binding domain; LD, linker domain; SH2,
Src homology 2 domains; TAD, tyrosine activation domain and a
transcriptional activation domain; MFI, mean intensity fluorescence.
Values are standardized and expressed as median values. Statistical
analyses were performed using paired -tests. Values of p<0.05 (¥),
p<0.01 (¥*), p<0.001 (***), and p<0.0001 (****) were considered
statistically significant

On the other hand, the STAT1 GOF-associated autoim-
munity, affecting over one third of patients, is largely unex-
plained. Recently, an association with upregulated type I
IFN signaling was suggested, as the autoimmune manifes-
tations strongly resemble the clinical features of increased
exposure or response to type I [FNs, characteristic for human
monogenic type I interferonopathies or patients treated with
recombinant IFNs [14-16]. Various STAT1 GOF cell types
were demonstrated to exhibit increased IFN-induced STAT1
phosphorylation and/or increased type I IFN signature [1, 13].

Surprisingly little is known about the consequences of
hyperactivating STAT/ mutation in non-lymphoid cells,
particularly those involved in innate immune functions.
Recently, we demonstrated that STAT1 GOF monocytes
and dendritic cells display proinflammatory features and
impaired regulatory functions [17, 18]. No reports have yet
addressed the role of neutrophils in STAT1 GOF, perhaps
because isolated neutropenia only rarely causes CMC [19].
However, neutrophils and their products have been impli-
cated in various human autoimmune diseases, such as sys-
temic lupus erythematodes (SLE), psoriasis, or type I diabe-
tes mellitus (T1D) [20]; therefore, an investigation of their
role in STAT1 GOF is warranted.

Here, we performed phenotypical, functional, and transcrip-
tomic studies of ex vivo peripheral neutrophils from STAT1
GOF patients and from STAT1 GOF patients treated with
Janus kinase inhibitor (JAKinib) ruxolitinib (RUXO) to eluci-
date their role in the disease-associated immunodysregulatory
phenomena.

@ Springer

Patients and Methods
The Patient Cohort Characteristics

Ten patients, three male and seven female, from seven non-
consanguineous Czech families of Caucasian ethnicity were
included in this study. Eight of the patients were reported by
us previously [17, 18]. All patients had genetically confirmed
STATI GOF mutation, detected either by Sanger sequenc-
ing or by next generation sequencing of in-house panel of
selected inborn error of immunity-associated genes or whole
exome sequencing (Fig. 1A). The patients harbored known
heterozygous mutations affecting the N-terminal (p.E29A,
p-Y68C), coiled-coil (p.A267V, p.T288N), and DNA-binding
(p-N357D, p.M390T) protein domains (Fig. 1B), and all had
detectable hypersignaling downstream from IFNa- and/or
IFNy-recruited STAT1 pathway in T lymphocytes/mono-
cytes. All patients suffered from CMC of various severity,
and all had increased infectious susceptibility to bacterial or
viral pathogens. Four patients had clinically manifest auto-
immunity, and seven patients had detectable autoantibodies
against various, predominantly organ-nonspecific antigens.
One patient had aortic aneurysm (P6); no malignancy was
diagnosed in the cohort. All patients received antifungal
prophylaxis, three patients were treated with selective JAK
1/2 inhibitor ruxolitinib—P1 for CMC and multiple autoim-
mune features, P2 for refractory CMC and severe keratitis
and P10 for refractory CMC and severe lung disease (samples
from P2 and P10 were obtained prior and after ruxolitinib ini-
tiation, samples from P1 were obtained on ruxolitinib only).

All but two patients had decreased peripheral CD4+ Th17
lymphocyte count, while the rest of the T cell pool was unaf-
fected in the majority of the cohort. Three patients had low
circulating numbers of mature B cells, and all but one patient
displayed some degree of dysgammaglobulinemia. No patient
had neutropenia at the time of sample acquisition. The summary
of genotypes, clinical phenotypes, and an overview of routine
immunological investigations is available in Tables 1 and 2.

The patients are followed at the Department of Immunol-
ogy in University Hospital in Motol, 2nd Faculty of Medi-
cine, Charles University in Prague. The study was carried
out in accordance with the recommendations of the institu-
tional Ethical Committee; the study protocol was approved
by the Ethical Committee. All subjects or their legal guard-
ians gave written informed consent in accordance with the
Declaration of Helsinki.

Phosphoflow
Whole blood was stimulated with 1pg/ml IFNy or IFNa

(Abcam, Cambridge, UK) for 5, 30, 60, and 120 min-
utes or left untreated at 37°C. Intracellular signaling was
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by TapeStation 4200 (Agilent, St. Clara, USA) following
the manufacturer’s instructions. Neutrophil total RNA was
isolated using RNeasy Mini Kit following the manufac-
turer’s instructions (Qiagen), and complementary DNA
(cDNA) was synthesized using M-MLV Reverse Tran-
scriptase (Thermo Fisher Scientific). RT-PCR was per-
formed in duplicates using the cDNA and Platinum Taq
polymerase (Thermo Fisher Scientific), 200 nM dNTP
(Promega, Southampton, UK), 50mM MgCl, (Thermo
Fisher Scientific), and TagMan primer/probe sets (Thermo
Fisher Scientific). Samples were matched to a standard
curve generated by amplifying serially diluted products
using the same PCR reaction and normalized to GAPDH
(Hs00266705_g1) to obtain the relative expression value.
Real-time assays were run on FX96 Cycler (Bio-Rad).
The following are the primes used: STATI (Hs01013996_
ml), STAT2 (Hs01013115_g1), STAT3 (Hs00374280_
ml), IFIHI (Hs00223420_m1), IFIT (Hs00356631_g1),
ISG15 (Hs00192713_m1), MX1 (Hs00895608_m1), IRF1
(Hs00971965_m1), SOCSI (Hs00705164_s1), USP18
(Hs00276441_m1), IFI44 (Hs00197427_ml), IFI16
(Hs00986757_m1), and OAS (Hs00242943_m1) (all from
Thermo Fisher Scientific).

NanoString Analysis

Approximately 50 ng of total RNA from neutrophils was
used to measure the expression of 730 myeloid immunity-
related genes and 40 housekeeping genes using the nCounter
platform (NanoString Technologies) and the Myeloid Innate
immunity panel. Data were log base 2-transformed and nor-
malized using housekeeping genes in nSolver. For analysis
Rosalind and Enrichr analysis platform and BioPlanet 2019,
a tool that integrates pathway annotations from publicly
available curated sources was used.

Cell Isolation and Culture

Peripheral blood was collected from patients and healthy
volunteers into EDTA-coated tubes. First, peripheral blood
mononuclear cells (PBMCs) were isolated using Ficoll-Paque
(GE Healthcare Biosciences, Uppsala, Sweden). Neutrophils
(polymorphonuclear leukocytes, PMNs) were further iso-
lated using the Dextran sedimentation method. The obtained
neutrophils were resuspended in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum, 1% penicillin, and
streptomycin and 1% Glutamax (Thermo Fisher Scientific,
Waltham, USA), seeded in 96-well plates (Thermo Fisher Sci-
entific) at 1x10%ml concentration and stimulated with 100ng/
ml LPS, 100ng/ml zymosan, or C. albicans for 24 hours, and
then cytokine levels in cell-free supernatants were determined
by multiplex Luminex cytokine bead-based immunoassay
(Merck Millipore, Bedford, USA).

Neutrophil Phenotype and Subsets

Peripheral blood was stained with a mixture of antibod-
ies containing anti-lineage specific markers (CD3 clone
MEM-57, CD19 clone LT19, CD20 clone LT20, CD56
clone MEM-188, CCR3 clone 5E8)-FITC, CD10-PEDY5%4
(clone MEM-78) (Exbio, Prague, Czech Republic), CD14-
APC (clone HDC14), CD66b-PC7 (clone G10F5), CD62L-
BV650 (clone DREG-56), CD11b-BV510 (clone ICRF44),
CD16-A700 (clone 3G8), CD33-BV421 (clone P67.6),
PDLI1-PE (clone 29E.2A3) (Biolegend, San Diego, CA,
USA), and HLA-DR-PerCP (clone 243) (BD Biosciences,
San Jose, CA, USA) for 20 minutes and then hypotoni-
cally lysed. Suppressive neutrophils were defined as
CD66b+ CD62L°CD16+4 and immature neutrophils as
CD10-CD66b+CD16+. G-MDSC subset was defined as
CD33"CD11b+CD16+CD66b+ neutrophils. Aged neutro-
phils were determined as CXCR4+ CD62L— subpopulation
after staining peripheral blood with a mixture of antibodies
containing CXCR4-PE (clone 12GS5), CXCR2-FITC (clone
5ES8), CD66b-PC7 (clone G10F5), CD62L-BV650 (clone
DREG-56) (Biolegend), CD10-PEDY594 (clone MEM-78),
and CD16-A700 (3G8). The gating strategies are shown in
Supplementary Figure 1A. Samples were acquired on BD
Fortessa and analyzed using FlowJo software.

For tSNE analysis, expression of CD66b, CD11b, CD16,
HLA-DR, PD-L1, CD62L, and CD10 was used. Itineration
was set to 1000, perplexity to 30, and learning rate to 4380.

Serum Product Determination

Various ELISAs were used for detection of serum levels of
S100A8/A9, myeloperoxidase (MPO), neutrophil elastase
(NE), CXCL8, VCAM-1, ICAM-1, CD62L (Abcam), and
DNA-histone complexes (Merck Millipore). For CXCL4,
lipocalin, lactoferrin, MMPS8, proteinase 3, sCD62P, and
sCD40L were determined by LUMINEX xMAP Technology.

Phagocytosis

The capacity to phagocyte zymosan (Green Zymosan) and
E. coli (Red E. coli) was determined using commercially
available kits from Abcam. In brief, cells were incubated for
2 hours with fluorescently labeled zymosan or 30 minutes
with fluorescently labeled E. coli, respectively, stained with
CD66b-FITC or PE-Cy7 respectively for 30 minutes, hypo-
tonically lysed, washed, and analyzed by flow cytometry.

ROS Production
The release of reactive oxygen species (ROS) was determined

using commercially available kit from Exbio upon E. coli and
PMA stimulation by flow cytometry. The heparinized blood
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was stimulated for 30 minutes in presence of dihydrorhoda-
mine 123 (DHR123). The kit detects fluorescent rhodamine
123 as a result of NADPH oxidase activation.

NETosis Assay

The neutrophils were seeded in black flat 96-well plates at
0.5%10%ml concentration and stimulated with 50ng/ml PMA
30 minutes. A cell impermeable DNA binding Sytox Green
dye (Thermo Fisher Scientific) was used for measuring the
real-time kinetics of NET release. Neutrophils were mixed
with 1pM Sytox Green dye, and the changes in green fluores-
cence signal were measured every 30 minutes using a fluores-
cence plate reader Synergy H1 (Agilent). Each condition was
tested with a technical duplicate.

Platelet-Neutrophil Aggregates

Peripheral blood was stained with a mixture of antibodies con-
taining anti-lineage specific markers (CD3 clone MEM-57,
CD19 clone LT19, CD20 clone LT20, CD56 clone MEM-188,
CCR3 clone 5E8)-FITC, CD14-APC (clone HDC14), CD66b-
PC7 (clone G10F5), CD15-A700 (clone W6D3), CD41-PE
(clone MEM-06), and CD62P-BV650 (clone AK4) (Bioleg-
end) for 20 minutes and then hypotonically lysed. Samples
were acquired on FACSFortessa and analyzed using FlowJo
software.

Quantification and Statistical Analysis

The results obtained from at least three independent experi-
ments are given as the medians+SDs. Not all patients were
involved in all experiments due to the limited amount of blood
available per sample. Statistical analysis was performed using
non-parametric one-way analysis of variance (ANOVA) with
multiple comparisons Dunn’s post-test where applicable. A
two-tailed paired Wilcoxon or unpaired Mann-Whitney #-test
was also applied for data analysis using GraphPad Prism
8. Values of p<0.05 (*), p<0.01 (**) p<0.001 (***), and
p<0.0001 (****) were considered statistically significant.

Results

STAT1 Hyperphosphorylation Does Not Manifest
in STAT1 GOF Neutrophils

The characteristic feature of STAT1 GOF CMC is the
increased STAT1 phosphorylation upon IFNy, IFN«, or
IL-27 stimulation in T and B lymphocytes, monocytes, or
dendritic cells [17, 18, 22]. Accordingly, we stimulated
peripheral blood with IFNa or IFNy for 5 minutes and
analyzed STAT1 and STAT3 phosphorylation in healthy
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donor (HD) and patient neutrophils. Interestingly, no dif-
ferences in phosphorylated STAT1 (pSTAT1) upon stimu-
lation were noted between the cohorts (Fig. 1C and Sup-
plementary Figure 1A). However, a higher IFNa-induced
STAT?3 phosphorylation (pSTAT3) was detected in patient
neutrophils (Fig. 1C). Moreover, neutrophils from patients
treated with RUXO demonstrated only minor changes in
pSTAT1 and pSTAT3 compared to untreated patients.
To exclude a technical error, we assessed IFN-induced
pSTAT1 and pSTAT3 levels in monocytes from the
same samples (Fig. 1D) and detected markedly increased
pSTATI, but not pSTAT3 in the patients’ samples, cor-
relating well with the previously published observations.

Next, we stimulated whole blood with IFN« for 5, 30,
60, and 120 minutes and analyzed pSTAT1 and pSTAT3
kinetics in neutrophils, along with monocytes as a control
cell population. In patient neutrophils, pSTAT1 mirrored
the kinetics of HD cells (Fig. 1E), while in patient mono-
cytes the dephosphorylation was delayed compared to HD.
In RUXO-treated patient neutrophils, higher unstimulated
pSTAT1 was detected, and IFNa-stimulated pSTAT1
kinetics was comparable to patients without RUXO
treatment. A similar level of pSTAT3 was found in all
patient neutrophils, regardless of the treatment, and it was
increased compared to HD (Fig. 1E). Levels of pSTATI
and pSTAT3 in RUXO treated patients’ monocytes were
comparable to HD (Fig. 1E).

These unexpected findings were affirmed with west-
ern blot. The quantitative analysis of pSTAT1 to P actin
expression ratio in samples confirmed similar level of
phosphorylation in HD and STAT1 GOF neutrophils
(Fig. 1F and Supplementary Figure 1B-D) upon IFNa
stimulation. Intriguingly, the western blot demonstrated
increased STAT1 phosphorylation also in unstimulated
patient neutrophils (Fig. 1F). This observation was con-
firmed by flow cytometry (Fig. 1G).

To assess whether the comparable pSTAT1 between
patients and HD might be due to altered STAT1 expres-
sion in neutrophils, we performed real-time PCR in isolated
neutrophils, detecting RNA levels of STATI, STAT2, and
STAT3 molecules. No differences in STATI expression were
noted; however, patient neutrophils expressed increased
levels of STAT2 and decreased levels of STAT3 (Fig. 1H).

Cytokine Signaling Is the Main Distinction Between
Healthy and STAT1 GOF Neutrophils

Despite the normal STAT1 phosphorylation, we hypothesized
that neutrophil features would be affected by STAT1 mutation.
Therefore, using nCounter Myeloid Innate Immunity panel,
containing 770 genes, we performed transcriptomic analysis
of patient neutrophils. Out of 770 analyzed genes, 57 genes
distinguished STAT1 GOF from HD neutrophils (Fig. 2A,
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«Fig.2 STAT1 GOF neutrophil transcriptomic analysis and interferon
response. A Heatmap of differentially expressed genes (DEGs) in
STAT1 GOF (n=4), RUXO (n=2), and HD (n=5) neutrophils. B Vol-
cano plot of up- and downregulated DEGs. C Volcano plot of terms
in the Bioplanet_2019 gene set library. Each point represents a single
term in the library, plotted by the corresponding odds ratio (x-posi-
tion) and —loglO (p-value) (y-position) from the enrichment DEG
results. D IFNA, IFNAR2, and IFNARI normalized expression in neu-
trophils of STAT1 GOF (n=6) and HD (n=5) detected by nanoString
platform. E IFNAR1 expression on neutrophil surface in STAT1
GOF patients (n=9), RUXO patients (n=2), and HD (n=9) detected
by flow cytometry. F Relative expression of interferon-induced genes
in STAT1 GOF patients (n=8) and HD (n=8) neutrophils detected
by real-time PCR. G Serum levels of IFNa, CXCL9, and CXCL10
in STAT1 GOF patients (n=6), RUXO patients (n=2), and HD
(n=10). H IFNa production by neutrophils in STAT1 GOF patients
(n=8), RUXO patients (n=2), and HD (n=6) upon LPS stimulation.
I CXCL10 production by neutrophils in STAT1 GOF patients (n=7),
RUXO patients (n=2), and HD (n=9) upon LPS, zymosan stimula-
tion, and their combination with IFNa or IFNy. J CXCL9 production
by neutrophils in STAT1 GOF patients (n=7), RUXO patients (n=2),
and HD (n=9) upon LPS stimulation and its combination with IFNa
or IFNy overnight. DEG, differentially expressed gene; HD, healthy
donors; IFN, interferon; LPS, lipopolysaccharide; RUXO, ruxolitinib-
treated patients. Values are standardized and expressed as median
values. Statistical analyses were performed using paired r-tests. Val-
ues of p<0.05 (*), p<0.01 (**), p<0.001 (***), and p<0.0001 (***%*)
were considered statistically significant

B). These differentially expressed genes (DEGs) are involved
mostly in signaling cascades of Toll-like receptors (TLRs) and
various cytokines, such as IL-2 IL-3, IL-7, and IFNs (IFNA2,
IFNARI, and IFNAR?2) and, as expected, in JAK-STAT path-
way (Fig. 2C). For transcriptomic analysis on RUXO-treated
patients (Supplementary Figure 3), see below.

Interferon Response Is Enhanced in STAT1 GOF
Neutrophils

The increased expression of IFNA2, IFNARI, and IFNAR?2 in
STAT1 GOF neutrophils was interesting (Fig. 2D) as neutrophils
are not typically associated with robust IFN response. Therefore,
we first investigated IFNAR1 expression on neutrophil surface
by flow cytometry and found it only slightly increased com-
pared to HD (statistically not significant; Fig. 2E). Then, using
real-time PCR, we detected expression of genes related to IFN
response and found 8 out of 10 detected genes to be significantly
increased in the patient neutrophils (Fig. 2F).

Next, we measured serum level of IFNa in the patient
samples and found it increased (Fig. 2G). Similarly,
increased levels of other IFN response-related chemokines,
CXCL10 and CXCL9, were found (Fig. 2G and Supple-
mentary Figure 2A). Conversely, the production of IFN«
by patient neutrophils compared to HD was unincreased
(Fig. 2H). Likewise, the spontaneous release of CXCL9 and
CXCL10 by neutrophils was unincreased, although their pro-
duction was increased upon co-stimulation with lipopolysac-
charide (LPS) or zymosan with IFNs (Fig. 21, J).
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Ruxolitinib Does Not Ameliorate the Transcriptomic
Differences Between STAT1 GOF and Healthy
Neutrophils

82 DEGs that differed between RUXO and HD neutro-
phils were detected (Supplementary Figure 3), which even
exceeded the number when untreated patient neutrophils
were compared to HD. These genes are involved in basic
neutrophil biology, i.e., degranulation, activation, and neu-
trophil-mediated immune response (Supplementary Fig-
ure 3C). Similar to STAT1 GOF neutrophils, other affected
biological processes were cytokine signaling, namely,
IL-2, IL-8, TLR pathways, LPS-induce responses, and
regulation of T helper cells (Supplementary Figure 3D).

Neutrophil Degranulation Products Are Increased
in STAT1 GOF Sera and Supernatants

To follow up on transcriptomic data, we examined neu-
trophil degranulation markers in patient sera, namely,
myeloperoxidase (MPO), neutrophil elastase (NE), matrix
metalloproteinase 8 (MMP8), lactoferrin, lipocalin, and
proteinase 3 (PR3). Significantly increased levels of all the
analytes were observed in the patients’ samples, except for
lactoferrin. In the RUXO patient group, only lipocalin was
increased (Fig. 3A and Supplementary Figure 2B), how-
ever, the detection was performed only in 2 or 3 RUXO
patient samples (depending on the method ELISA or
LUMINEX). The p-values are displayed in Fig. 3B.
When isolated neutrophils were incubated in complete
medium overnight, increased levels of MMPS8 and lipocalin
were noted in the supernatants (Fig. 3C). Similarly, upon stimu-
lation with LPS and zymosan, increased MMP8 and lipocalin
were detected in STAT1 GOF neutrophil cultures (Fig. 3D).

Peripheral STAT1 GOF Neutrophils Are Activated

Next, we analyzed the STAT1 GOF neutrophil phenotype by
flow cytometry. Signs of activation were detected, specifi-
cally, increased CD16 and HLA-DR, and reduced L-selectin
CD62L on patients, as well as on RUXO-treated patient neu-
trophils (Fig. 3E). Decreased surface CD62L was mirrored
by increased serum levels of soluble CD62 ligand (sCD62L),
implying an enhanced shedding of CD62L, a characteristic
feature of neutrophil activation (Fig. 3F).

To expand the characterization of neutrophil activa-
tion status, we examined serum levels of SI00A8/A9 and
chemokines involved in neutrophil activation and migration,
CXCL1, and IL-8. All analytes were increased in STAT1 GOF
patients, regardless of RUXO treatment (Fig. 3G). Accord-
ingly, increased expression of CXCR2, a receptor for IL-8 and
CXCL1, was detected on patient neutrophils (Fig. 3I).
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Suppressive and Immature Neutrophil Subsets Are
Expanded in STAT1 GOF

In the next step, we assessed the proportion of neutrophil
subsets—the mature (CD10+), immature (CD10-), sup-
pressive (CD62L'°YCD16M), aged (CXCR4+CD62L—), and

granulocyte-myeloid derived suppressive cells (G-MDSC,
CD33+CD11b+). STAT1 GOF patients displayed signifi-
cant alterations in their distribution. The mature, aged, and
G-MDSC neutrophils were decreased, while the immature
and suppressive subsets were expanded (Fig. 4A-C). RUXO
neutrophils did not differ significantly from the untreated
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«Fig.3 STAT1 GOF neutrophil degranulation and activation. A Radar
plot of serum degranulation products in STAT1 GOF (n=6), RUXO
(n=3), and HD (n=10). B Table with p-values. C Ligand-independ-
ent release of MMPS8 and lipocalin of neutrophils in STAT1 GOF
(n=6), RUXO (n=2), and HD (n=5) detected by Luminex. D Ligand-
dependent release of MMP8 and lipocalin by neutrophils upon LPS
and zymosan stimulation in STAT1 GOF (n=6), RUXO (n=2), and
HD (n=5) detected by Luminex. E Expression of CD16, CD62L,
and HLA-DR on neutrophil surface in STAT1 GOF (n=15), RUXO
(n=5), and HD (n=17) detected by flow cytometry. F Serum level
of CD62L in STAT1 GOF (n=6), RUXO (n=3), and HD (n=10)
detected by Luminex. G Serum level of S100A8/A9, CXCLI1, and
IL-8 in STAT1 GOF (n=6), RUXO (rn=3), and HD (n=25) detected
by Luminex. I Expression of CXCR2 on neutrophil surface in
STAT1 GOF (n=9), RUXO (n=5), and HD (n=16) detected by flow
cytometry. LPS, lipopolysaccharide; HD, healthy donors; RUXO,
ruxolitinib-treated patients. Values are standardized and expressed
as median values. Statistical analyses were performed using paired
t-tests. Values of p<0.05 (¥), p<0.01 (*%), p<0.001 (**%*), and
p<0.0001 (****) were considered statistically significant

patient cells (Fig. 4A, B). As immature neutrophils are
released from the bone marrow upon CXCL2 exposure, we
analyzed the expression of CXCL2 receptor (CXCR2) on
patient neutrophils, which was increased (Fig. 31).

As expected, suppressive neutrophils had diminished
expression of CD62L, and immature neutrophils lacked
CD10 marker (Fig. 4D). Additionally, a profound lack of
PD-L1 on immature neutrophils and a reduction of CD16
on both immature and suppressive neutrophils was seen
(Fig. 4E).

Phagocytosis and ROS Production in Unaltered,
but Pro-inflammatory Cytokine Production Is
Enhanced in STAT1 GOF Neutrophils

Functional assessment of STAT1 GOF neutrophils
revealed neither any alteration of their ability to phagocyte
zymosan and E. coli, nor their ability to produce reactive
oxygen species (ROS) (Fig. 5A, B). Using LUMINEX, the
cytokine production of isolated STAT1 GOF neutrophils
stimulated with LPS or zymosan was assessed. Patient
neutrophils displayed significantly higher production of
IL-1B, IL-6, and TNFa (Fig. 5C).

NETosis-Related Products in STAT1 GOF Patients Are
Elevated

Increased serum levels of degranulation markers, such as
MPO or NE, suggested enhanced NETosis in the patients
(Fig. 3A). Moreover, increased level of DNA-histone com-
plexes, another NETosis-related marker, was found in the
patient sera (Fig. SD). Upon phorbol myristate acetate stimu-
lation, the patient cells released more NETs than HD (Fig. SE).
Additionally, increased levels of peptidyl arginine deiminase
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4 (PAD4), an enzyme involved in first steps of NETs forma-
tion, were detected (Fig. S5F), as well as increased CXCL4, a
chemokine engaged in NET formation [23].

Circulating Platelet-Neutrophil Aggregates Are
Enhanced and Activated in STAT1 GOF

Lastly, to assess neutrophil interactions with platelets,
we investigated the number of platelet-neutrophil aggre-
gates (PNAs) in our cohort. PNAs were detected by flow
cytometry as a co-expression of CD41 and CD16 on
CD66b+CD16+ neutrophils. STAT1 GOF patients had
elevated numbers of PNAs (Fig. 6A), regardless of RUXO
treatment. The expression of P-selectin (CD62P), a platelet
activation marker within PNAs, was higher in STAT1 GOF
but not in RUXO samples (Fig. 6B). In STAT1 GOF, the
increased surface expression was accompanied by higher
serum levels of soluble CD62P (Fig. 6C). Moreover, levels
of soluble CD40L, another platelet activation marker, were
also increased in both STAT1 GOF and RUXO samples
(Fig. 6C). Overall, these findings suggest that circulating
PNAs in STAT]1 patients are activated and RUXO has little
effect on their formation.

Since platelets assist neutrophils in migration and adhe-
sion, we also assessed serum levels of soluble adhesion mol-
ecules, SICAM-1, sVCAM-1, sCD62E, and sCD62L. All
examined analytes were elevated in STAT1 GOF patients,
but only SICAM-1 and sCD62L were increased in RUXO
patients (Fig. 6D). Moreover, increased RNA levels of ICAM-
1 were detectable in STAT1 GOF neutrophils (Fig. 6E).

Discussion

Despite increasing evidence of STAT1 signaling relevance
in neutrophil functions, this cell population has not been
explored in the context of STAT1 GOF CMC to date. In
this work, we demonstrate that STAT1 GOF neutrophils are
primed toward heightened inflammatory states, evidenced
by their phenotype, enhanced activation, degranulation,
NETosis, and production of pro-inflammatory cytokines. We
report evidence of increased IFN signature and detect little
effect of JAK inhibition on the alterations observed herein.

The role of JAK/STAT signaling in neutrophils is mani-
fold, context-dependent, and complexly negatively regulated.
Colony-stimulating factors, various cytokines, and IFNs
regulate myeloid development, proliferation, and functions
and help integrate early innate immune responses utilizing
the STATs [6, 24, 25]. STAT1 is utilized by type I IFNs to
exert antiapoptotic effects on neutrophils [26] and by type II
IFNs to enhance phagocytosis [27]. STAT1-mediated signal-
ing of IFNs also affect oxidative burst, neutrophil migration
and increases NET formation by mature neutrophils [28].
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Fig.4 STAT1 GOF neutrophil subpopulations. A Radar plots of neu-
trophil subsets. B Quantification of neutrophil subsets in STAT1 GOF
(n=15), RUXO (n=5), and HD (n=33) detected by flow cytometry.
C Neutrophil subsets depicted as manually gated populations overlaid
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MDSC. D t-SNE visualization of neutrophil phenotype. t-SNE plots
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STAT3 conveys signals from granulocyte-colony stimulat-
ing factors to mobilize neutrophils from bone marrow [29]
and facilitates neutrophil chemotaxis and migration [24,
25, 30] on one hand; on the other hand, STAT3 negatively
regulates IFN responses and has been proposed to block
Toll-like receptor signaling [31]. A tightly regulated and
finely tuned STAT1/STAT3 balance in response to vari-
ous stimuli is, therefore, a major a determinant of cellu-
lar health, and its genetically driven impairment is likely
detrimental to neutrophil performance. Neutrophil products
or impaired functions are involved in immunopathology of
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and CD10 and E PD-L1 and CD16. HD, healthy donors; RUXO, rux-
olitinib-treated patients; G-MDSC, granulocyte-myeloid-derived sup-
pressive cells; t-SNE, t-distributed stochastic neighbor embedding.
Values are standardized and expressed as median values. Statistical
analyses were performed using paired #-tests. Values of p<0.05 (¥),
p<0.01 (**), p<0.001 (***), and p<0.0001 (*¥***) were considered
statistically significant

several autoimmune diseases [32, 33]; therefore, we suggest
that abnormally activated neutrophils may contribute to the
autoimmune features of STAT1 GOF CMC.

Remarkably, neutrophils appear to be divergent from
the JAK/STAT signaling pattern of other STAT1 GOF cell
types. STAT1 phosphorylation, otherwise, characteristically
increased in other STAT1 GOF-affected cell populations,
such as monocytes, lymphocytes, or NK cells [17, 18, 22,
34], was not augmented in neutrophils. Despite the normal
stimulated pSTAT1 levels, elevated expression of IFN-
stimulated genes in STAT1 GOF neutrophils was observed.
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Fig.5 STAT1 GOF neutrophil features. A Zymosan and E.coli
phagocytosis by neutrophils in STAT1 GOF (rn=6), RUXO (n=2),
and HD (n=7) detected by flow cytometry. B Reactive oxygen species
production by neutrophils in STAT1 GOF (n=3), RUXO (n=1), and
HD (n=5) detected by flow cytometry. C Cytokine production by iso-
lated neutrophils in STAT1 GOF (n=9) and HD (n=8) upon overnight
LPS and zymosan exposure detected by Luminex. D Serum levels
of DNA-histone complexes detected in STAT1 GOF (rn=6), RUXO
(n=3), and HD (n=28) detected by ELISA. E DNA release from neu-

An intuitive explanation could be that the increased IFNo
serum level enhanced the basal pSTAT1, observed in our
patient neutrophils, and, consequently, decreased their abil-
ity to further overtly activate STAT1 upon additional ex vivo
stimulation. However, contrary to this notion, unincreased
serum [FNa level was previously reported in four patients
[35]. Therefore, alternative explanations must be sought.
Interestingly, peripheral blood mononuclear cells from
STAT1 GOF patients were shown to exhibit increased IFN
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trophils upon PMA stimulation in STAT1 GOF (n=3) and HD (n=3).
F Serum levels of PAD4 and CXCL4 in STAT1 GOF (n=6), RUXO
(n=3), and HD (n=33) detected by ELISA or Luminex, respec-
tively. HD, healthy donors; RUXO, ruxolitinib-treated patients; LPS,
lipopolysaccharide; PMA, phorbol 12-myristate 13-acetate; PAD4,
peptidyl arginine deiminase 4. Values are standardized and expressed
as median values. Statistical analyses were performed using paired
t-tests. Values of p<0.05 (¥), p<0.01 (*%), p<0.001 (**%*), and
p<0.0001 (****) were considered statistically significant

signature [36], and mechanistically, the upregulated expres-
sion of IFN stimulated genes was demonstrated to be gov-
erned by epigenetic rewiring in STAT1 GOF [35]. This
corresponds with our detection of increased IFN response
in neutrophils. Translating well into the clinical manifes-
tation, enhanced IFN signaling plays a role in promotion
and advancement of autoimmune diseases [37-39], and in
fact, STAT1 GOF manifestations have been likened to type
I interferonopathies [40]. These patients display persistent
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Fig.6 STAT1 GOF neutrophil interactions with platelets. A Quan-
tification of platelet-neutrophil aggregates (PNAs) in STAT1 GOF
(n=14), RUXO (n=5), and HD (n=29) detected by flow cytom-
etry. B CD62P expression on PNAs in STAT1 GOF (n=9), RUXO
(n=4), and HD (n=14) detected by flow cytometry. C Serum levels
of CD62P and CD40L in STAT1 GOF (n=5), RUXO (n=3), and HD
(n=9). D Serum levels of ICAM-1, VCAM-1, CD62E, and CD62L
in STAT1 GOF (n=6), RUXO (n=3), and HD (n=20) E. ICAM-

autoinflammation and autoimmune phenomena, such as
SLE, autoimmune cytopenias, autoimmune thyroid dis-
ease, T1D, and much like the STAT1 GOF patients. Similar
complications are sometimes experienced by receivers of
recombinant IFN«a [41, 42].

Autoimmunity is, however, a complex process, and we
hypothesize that STAT1 GOF neutrophils corroborate its
genesis by multiple mechanisms, influencing both the innate
and adaptive immune operations [17, 18, 22, 43, 44]. For
instance, molecules released by neutrophils, such as MPO
and NE, were increased in the patient sera, and these have
important roles in triggering proinflammatory responses
[45]. Enhanced production of NETs and ROS, detected by
the STAT1 GOF neutrophils, has been reported to exagger-
ate classic autoimmune diseases, such as SLE, rheumatoid
arthritis, systemic sclerosis, or T1D [46—49]. Moreover,
we recently reported that monocytes and dendritic cells of

1 normalized expression in in STAT1 GOF (n=6) and HD (n=5)
neutrophils detected by nanoString. HD, healthy donors; RUXO,
ruxolitinib-treated patients; ICAM, intracellular adhesive molecule;
VCAM, vascular cell adhesion protein. Values are standardized and
expressed as median values. Statistical analyses were performed
using paired #-tests. Values of p<0.05 (*), p<0.01 (**), p<0.001
(***), and p<0.0001 (****) were considered statistically significant

STAT1 GOF patients exhibit hyperactivated features with
increased production of pro-inflammatory cytokines [17,
18], which may be, at least in part, due to their interplay
with neutrophils [50-52].

Neutrophils, once considered a uniform population, are
now appreciated for their phenotypical and physical diversity
and plasticity, both maturation and activation-dependent.
However, a uniform definition of individual subpopulations
is lacking, and the understanding of their specific roles is
limited. Nevertheless, the heterogenous identity of neutro-
phils and its bias from healthy states has already been associ-
ated with numerous autoimmune diseases [53]. For instance,
immature CD10- neutrophils, noted to be increased in the
STAT1 GOF here, were found expanded in patients with
immune systemic vasculitides [54]. On the other hand, it
was the expansion of the mature CD10+ forms that posi-
tively correlated with lupus damage index in SLE [55].
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Interestingly, the G-MDSC subset, known from autoimmune
pathologies and cancer immunology to actively suppress T
cell responses [56-58], was found diminished in this cohort
of STAT1 GOF patients, presenting another possible module
of immunoregulatory failure.

Neutrophils interact with platelets via adhesion and for-
mation of PNAs. PNAs trigger neutrophil activation, degran-
ulation, and NET formation and facilitate their recruitment
and migration into the site of inflammation [59-67]. Ele-
vated counts of PNAs have been reported in autoimmun-
ity, such as in T1D [68] and psoriasis [69]. Having found
increased PNAs in the STAT1 GOF patients, we suggest that
they may constitute another relevant driver of the STAT1
GOF autoimmunity.

Furthermore, the interaction between platelets and neu-
trophils also represents a driving force in various vascular
diseases, such as aortic aneurysm (AA) [70], and large
vessel aneurysms are one of the unexplained symptoms
of STAT1 GOF CMC, present in approximately 6 % of
patients [2, 71]. AA patients have increased leukocyte-
platelet aggregates, and inhibition of platelet activation
factors, such as CD62P and CD40-CD40L axis, lowers AA
incidence and the risk of AA rupture [72-74]. Moreover,
IFNy was suggested to stimulate macrophageal release of
MMP, causing tissue destruction resulting in AA forma-
tion in mice [75], and we observed that MMP was pro-
duced in abundance by STAT1 GOF neutrophils. Taken
together, neutrophils’ role in aneurysm development in
STAT1 GOF CMC should be explored further as it may
help elucidate immune mechanisms contributing to aneu-
rysm formation in general.

Finally, the JAK1/2 inhibitor ruxolitinib, which blocks
the JAK kinase upstream from STATs, has been success-
fully used to ameliorate CMC and autoimmunity in several
STAT1 GOF patients [22, 76]. Importantly, it failed in oth-
ers [77]. Here, ruxolitinib had little effect on the neutrophil
phenotype, as assessed by cytokine release, degranulation,
or transcriptomic profile. In fact, in several experiments,
it even amplified the disparity of STAT1 GOF and HD
neutrophils. Therefore, we suggest that (a) the proinflam-
matory alterations of STAT1 GOF neutrophils are prin-
cipally not likely intrinsically STAT1-driven, (b) neutro-
phils contribute to the IFN-governed immunopathology
via other STAT1-independent mechanisms, and (c) this
STAT1-independent mechanism may entail the failure of
JAK inhibition in some STAT1 GOF patients, as the pro-
inflammatory bias of neutrophils remains unaffected by
JAKinib.

We acknowledge that this study is constrained by sev-
eral limitations. These include the relatively small size of
the studied cohort, as well as its heterogeneity. As geno-
type-specific molecular fingerprints likely affect the result-
ing STAT1 GOF clinical phenotypes [78], the cumulative
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study of neutrophils from patients with various mutations
and varied clinical severity may not accurately capture
the mutation-specific patterns and introduce an unwanted
bias. Moreover, we did not ascertain the extent to which
the observed phenomena are cell-intrinsic or secondary
to the overall proinflammatory milieu of STAT1 GOF.
Also, as in any study on ex vivo cells, the many poten-
tial confounding variables must be acknowledged, such
as the effect of therapy, nutrition, ongoing infections, or
other concomitant illnesses. To address these limitations
and assess the effect of STAT1 GOF mutation on human
neutrophils void of such influences, we suggest that stud-
ies on in-vitro models should be undertaken and corre-
lated to the hereby presented results. Finally, studies on
tissue-recruited neutrophils are necessary to correlate our
observations from peripheral blood with the site-specific
microenvironments.

To conclude, this study demonstrates that neutrophils
in STAT1 GOF CMC are altered in phenotype and func-
tions. They are highly activated and have strong propen-
sity for degranulation, NETosis, and platelet-neutrophil
aggregation. They display immature phenotype and
marked inflammatory bias with pronounced IFN sig-
nature. Ligand-induced STAT1 phosphorylation is not
increased in STAT1 GOF neutrophils, and treatment with
JAK1/2 inhibitor has little effect on the observed neutro-
phil alterations.

In summary, this work provides first evidence that neu-
trophils may contribute to the autoimmune phenomena and
co-orchestrate the vascular complications in STAT1 GOF
CMC. As such, further exploration of neutrophil involve-
ment in STAT1 GOF immunopathology is fully warranted.
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