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ABSTRACT OF THE DISSERTATION
A Human STAT3 GOF Variant Alters T Cell Function to Drive Skin Inflammation
by
Kelsey Toth
Doctor of Philosophy in Biology and Biomedical Sciences
Immunology
Washington University in St. Louis, 2023

Professor Megan A. Cooper, Chair

Inborn errors of immunity (IEIs) are disorders caused by monogenic variants that lead to immune
deficiency and dysregulation. Although rare, IEIs have shaped our understanding of how single
genes function in the immune systems of both humans and mice. The identification of loss-of-
function (LOF) and gain-of-function (GOF) variants in the highly conserved signal transducer
and activator of transcription (STAT) family molecules have led to discoveries involving how
STAT signaling affects immune cell development, differentiation, and the induction and
regulation of immune responses. Germline GOF variants in STAT3 cause early-onset multi-organ
autoimmunity and immune dysregulation. Patients with STAT3 GOF syndrome have been
treated successfully with inhibitors of upstream STAT3 signaling; however, the pleiotropic
nature of STAT3 expression makes the identification of mechanisms that initiate disease difficult.
Furthermore, tissue sampling limited to the peripheral blood of patients creates additional
challenges in understanding how GOF variants affect cell types in specific environments. Our
group recently generated and described a mouse model of STAT3 GOF that displays T cell

dysregulation that increases with age. We hypothesized that T cell dysregulation in STAT3 GOF

Xi



requires an inflammatory stimulus that would lead to autoimmune disease as seen in patients,
and that this stimulus would activate tissue-specific inflammatory responses. In line with patient
observations, we found that skin inflammation occurs spontaneously with age and is associated
with increased local Th17 responses and neutrophil infiltration. A similar phenotype was elicited
in younger mice with immune stimulation using the imiquimod (IMQ) model of skin
inflammation, with increased IL-17A and IL-22 production by local Th17 cells that was cell-
intrinsic. IMQ-induced skin inflammation was not dependent on CD8" T cells or y3 T cells, and
CD4" T cells were sufficient to drive increased inflammation in STAT3 GOF mice. Single-cell
analysis of T cells identified an increased CD4" T clonal response with upregulated 7122
expression in expanded clones. IL-22 partially mediated the increased inflammation in STAT3
GOF. Concurrent treatment with IMQ and tofacitinib, a JAK inhibitor, resulted in decreased skin
inflammation without affecting Th17 cytokine expression. In summary, this work suggests a role
for Th17 in the development of autoimmunity in STAT3 GOF syndrome and presents a target for

treatment that may not be affected by current therapies.
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Chapter 1: Inborn errors of immunity of the
JAK-STAT pathway

Parts of this chapter are adapted from a manuscript published in the Journal of Immunology:

KA Toth, EG Schmitt, and MA Cooper. Deficiencies and Dysregulation of STAT Pathways That
Drive Inborn Errors of Immunity: Lessons from Patients and Mouse Models of Disease. J.
Immunol., 2023. https://doi.org/10.4049/jimmunol.2200905



Inborn errors of immunity (IEIs) are the result of single gene defects that alter
development, function, and regulation of the human immune response. IEIs cause a broad
clinical phenotype in patients, including susceptibility to infection, autoinflammation, immune
dysregulation, atopy, bone marrow failure, and cancer susceptibility. Identifying the genetic
causes of IEIs has improved with advances in diagnostics and genetic testing, and more than 485
distinct IEIs have been described (1). Although individually rare, the combined prevalence of
IEIs is estimated to be between 1:1000 and 1:5000 worldwide (2). Identification and
characterization of the molecular mechanisms of IEIs provide tremendous insight into genes
critical for regulation of the human immune response. Investigation into the mechanisms of IEIs
also provides a valuable tool for developing targeted therapies for patients, which can translate to

treatment strategies for phenotypically similar diseases with shared signaling pathways (3-5).

Discovery of 1Els associated with altered function of six of the seven STAT proteins and
several associated signaling pathways has led to a mechanistic understanding of how these
signaling pathways dictate human immunity. STAT family proteins provide critical signals for
multiple cellular functions within the innate and adaptive immune system (6). The seven STAT
proteins are highly conserved across mammalian species and are expressed in nearly every tissue
type. The highly conserved nature of the genes encoding STAT proteins is evident by the fact
that loss-of-function (LOF) variants are significantly underrepresented in population databases,
such as gnomAD (7). Although some STAT proteins share receptor associations and activate
overlapping transcriptional programs, investigations of patients and relevant mouse models have
provided evidence for the roles of individual STAT signaling in regulating the immune response

(6, 8).



1.1 Overview of JAK/STAT signaling

STAT family proteins are transcription factors involved in many cellular processes,
including regulation of immune cell responses, proliferation, differentiation, metabolism, and
apoptosis (6). In immune cells, STATSs can be activated by many cytokines and growth factors
(9). Binding of a ligand to its surface transmembrane receptor causes a conformational change in
associated intracellular JAK proteins, which recruit and phosphorylate STATs. Activated STATs
form homodimers or heterodimers with other STATSs and then translocate to the nucleus to
modulate gene expression (6). STAT induction also activates negative feedback loops through
the transcriptional upregulation of suppressor of cytokine signaling (SOCS) family proteins,
protein inhibitor of activated STAT (PIAS) family proteins, and protein tyrosine phosphatases
(PTPs). These negative regulators can inhibit STAT signaling through several mechanisms,
including blocking STAT binding or JAK activity at the receptor, dephosphorylating JAKs or
STATs, targeting JAK or STAT proteins for proteasome degradation, or blocking DNA binding
of STAT dimers (10). STATSs are strongly conserved in both humans and mice, with both species
carrying genes for all seven known STAT proteins: STAT1, STAT2, STAT3, STAT4, STATSA,
STATS5B, and STAT6. Associated JAK proteins include JAK1, JAK2, JAK3, and TYK2 (6).
Signaling pathways have been well characterized for each STAT, and multiple IEIs affecting

these signaling pathways have been identified (Figure 1.1) (6, 8-11).
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Figure 1.1. STAT signaling and inborn errors of immunity. Examples of classical cytokine signals activating
STAT proteins relevant to IEI are shown. JAKs and STATSs are denoted in red for gain-of-function (GOF) or blue
for loss-of-function (LOF) in IEIL. Defects in regulators, either loss- or gain- of regulatory function, are marked by
asterisks in red if they result in gain of STAT signaling, or blue if they cause loss of STAT signaling. Type II IFN
receptor (IFNGR) activates JAK1/JAK?2, which phosphorylate STAT1, which binds to interferon-stimulated genes
(ISGs). Type I IFN receptor (IFNAR) activates JAK1/TYK2, which subsequently phosphorylate STAT1 and
STAT2. STAT1/STAT?2 heterodimers associate with IRF9 and bind ISGs. IL-6R classically signals through
JAK1/TYK2 or JAK2/TYK2 to activate STAT3, which forms homodimers and activates Th17-associated genes,
with STAT1 and STATSB competing for DNA binding sites. The IL-2R receptor signals through JAK1/JAK3 to
activate STATSB, which positively regulates Treg fate. IL-12R signaling through JAK2/TYK?2 activates STAT4 and
drives differentiation of the Th1 subset. IL-4R/IL-13R signal through JAK1/TYK2 or JAK1/JAK3 activates STAT6
and Th2 differentiation. Genetic variants in JAK/STAT regulators, USP18, ISG15, ZNF341, and SOCSI, all lead to
altered STAT activity and IEI. USP18 interacts with STAT?2 to inhibit type I IFN receptor assembly and signaling
through IFNAR2, and loss of USP18 function leads to disease similar to STAT2 GOF. Intracellular ISG15 prevents
degradation of USP18 in humans, and loss of ISG15 function leads to increased type I IFN/STAT?2 signaling (STAT
GOF), as well as impaired IFN-y signaling due to the lack of free/secreted ISG15 (STAT LOF). ZNF341 positively
regulates STAT3 expression, and LOF variants in ZNF341 lead to disease similar to that seen with STAT3 LOF.
SOCSI binds to and inhibits other substrate binding to JAK1, JAK2, and TYK2 in humans, and patients with
SOCSI1 haploinsufficiency have immune dysregulation with some features of STAT1 GOF and STAT5 GOF.



1.2 Disorders of STAT signaling associated with IEI

Genetic sequencing of patients with clinical phenotypes consistent with an IEI has led to
rapid discovery of genes associated with disease, particularly during the last decade with the
clinical availability of next-generation sequencing platforms such as exome sequencing.
Monogenic germline or somatic genetic variants in genes encoding STAT proteins lead to IEIs or
IEI “phenocopies” (1, 12). These genetic variants can lead to both LOF and GOF of the encoded
STAT proteins. The formation of homodimers or heterodimers with these altered proteins can
lead to different functional outcomes, including dominant-negative phenotypes when paired with
wild-type protein. Studies of primary cells from patients with defects in STAT signaling,
complemented by gene-edited cell lines and genetic mouse models, have provided the unique
opportunity to understand their role in the immune system and relevance to human disease
(Tables 1.1 and 1.2). However, STAT proteins are widely expressed, and their effects on

nonimmune factors often lead to complex disease phenotypes.



Table 1.1. Immunologic and clinical phenotypes of IEIs due to monogenic defects in STAT genes

STAT (genetics)

Immunologic Changes in
Patients

Clinical Disease

Infections

Other Clinical Features

Mouse Model

STAT1 LOF (AD)

| IFN-y signaling

Mycobacterial, Salmonella

Susceptibility to infection

(13, 14)
STATI LOF (AR) | | IFN-y and IFN-o/B signaling Mycobaci;efrgiii OsrT:ere viral o Susceptll:zlll;tylt;))mfectlon

STATI1 GOF (AD)

| Th17 response
| Marginal zone and switched
memory B cells, plasma cells
1 Thl response
1 Naive and transitional B cells
1 Cytokine by monocytes and
moDCs

CMC, bacterial infections, viral
(herpesviruses), invasive fungal
infection (Candida spp.)

Autoimmunity
(hypothyroidism,
diabetes, cytopenias,
enteropathy); squamous
cell carcinoma; cerebral
aneurysm

Susceptibility to infection
| IFN-y production
| Ag-specific CD8" T cells
| Th17 response (15, 16)

Susceptibility to infection

STAT2 LOF (AR) | IFN-o~induced ISGs Viral (vaccine-strain measles) — a7
STAT2 (_}OF (AR) 1 IFN-0-induced 1SGs Type I interferonopathy,
(R148 with loss of — early onset —
. 1 Monocytes and DC CD169 . .
regulation) autoinflammation

| Th17 response
| Memory B cells and plasma

CMC, skin and pulmonary
bacterial infections, S.

Eczema, distinct facial
features, retained primary

Susceptibility to infection

enteropathy, interstitial
lung disease, and others

STAT3 LOF (AD, DN) cells o teeth, connective tissue | Th17 response
aureus susceptibility, PJP, : .
| IL-10 response aspergillosis (secondary) disorders, aneurysms, 1 IgE production (18)
1 IgE pneumatoceles
Lymphoprohferatlop, Variant- and model-

autoimmune cytopenias, .

Variable findings of: . . growth delay, and dependent:
| Peripheral Tregs ’ Bacterial (staph, strep) and viral multiorean autoir;ununi ¢ 1 Effector CD8" T cells
STAT3 GOF (AD) ) D% b sets g infections (HSV), fungal ginclu o Y| 4+ NKG2D* CD8" T cells

(Candida) . g 1 Th17 polarization
1 DNTs, Th17s endocrinopathies,

| Induced Treg
development (19-22)

STAT4 LOF (AD, DN)

| IL-12—induced IFN-y
| Fungicidal activity

Paracoccidioidomycosis

Susceptibility to infection
| Thl polarization
| Mature NK function (23,

1 Th2 response

dermatitis, allergy

24)
. N Disabling pansclerotic
STAT4 GOF (AD) | Neutr"f};‘lg}’ CD¥ T cells — morphea, —
gL, Ig Skin ulcers
| Tregs and naive T cells Viral infections (respirato Eczenrlg\’zviﬁt(fzgllﬁ: e SCID
STATSB LOF (AR) 11gE skin, hemorrhagic Vzricelllzl), \ mghoc ic inters,titial Growth defects
1 Activated T cells ’ g ymphocytic inte Perinatal lethality (25, 26)
pneumonitis
STATSB LOF (AD, 1 1gE — Growth failure, eczema —
DN)
STAT5B GOF (somatic Eosinophilia Recurrent viral respiratory AtOPlc dermapns,
and germline) 1 IgE infections urtlicarla! rash, dlar-rhea o
with failure to thrive
Eosinophilia Eosinophilic Spontaneous skin disease
STAT6 GOF (AD) 1 IgE S. aureus gastroenteritis, atopic 1 IgE

1 Th2 response (27)




Table 1.2. Immunologic and clinical phenotypes of IEIs in JAK or STAT regulators

STAT (genetics)

Immunologic Changes in
Patients

Clinical Disease

Infections

Other Clinical Features

Mouse Model

JAK1 LOF (AR)

T cell lymphopenia

Mycobacteria, viruses

Urothelial carcinoma

| IFN-y and IFN-a/p
signaling
Perinatal lethality (28)

JAK1 GOF (AD)

| TIFN-y production

Viral infections

Hepatosplenomegaly,
thyroid disease, poor
growth, eosinophilic

Skin disease, autoimmunity|

1 Th2 differentiation
Variable serum IgE

infections

eosinophilia enteritis, atopic (29, 30)
dermatitis, allergy
SCID phenotype Recurrent, severe infections due to Chronic diarthea. failure
JAK3 LOF (AR) | T and NK cells common viral pathogens; opportunistic L7 SCID phenotype (31)
. . . . S to thrive
defect in B cell function | infections; mucocutaneous candidiasis
lllillill\;_hffif;rﬁﬁ;zn Intracellular pathogens (mycobacteria Susceptibility to infection
TYK2 LOF (AR) vp including TB, Salmonella), viral Atopy, eczema | IL-12 and IFN-0/B

signaling (32)

ISG15 LOF (AR)

| IFN-y production

Mycobacterial infections

Type I interferonopathy,
brain calcification,

Susceptibility to infection

ulcerating skin lesions 33)
Hydrocephalus
USP18 LOF (AR) 1 IFN signaling — Type I interferonopathy | Hypersensitivity to type I
TFN (34)

SOCS1 Haplo (AD)

1 IFN-o/f and IFN-y
signaling

Recurring bacterial infections

Multisystemic
autoimmunity
(cytopenias, SLE,
psoriasis, arthritis),
lymphadenopathy, atopy

ZNF341 LOF (AR)

| Th17 response
| Memory B cell response
1 1gE

ICMC, bacterial skin infections (Candida),
respiratory infections (S. aureus)

Phenocopies STAT3
LOF: eczema, facial

dysmorphism, connective

tissue disorders,
pneumatoceles

1.2.1 STAT1 and STAT2

STATI and STAT? signaling and roles in immune cell differentiation and function

STAT1 and STAT2 share signaling pathways downstream of type I, II, and III IFNSs,

which are important for the host response to infection (35). IFN-a, IFN-B, and IFN-A binding to

their respective receptors activate STAT1 and STAT2 heterodimers, whereas type II IFN

signaling (IFN-y) activates STAT1 homodimers (10). These STAT dimers form distinct

transcription factor complexes that bind IFN-stimulated genes (ISGs), which inhibit viral
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replication, degrade viral proteins, and provide signals to activate other immune cells (35).
Whereas STAT2 signaling is limited to type I and type III IFNs, multiple cytokines and growth
factors signal through STATI, including, but not limited to, IL-6, IL-10, IL-12, IL-21, and IL-27
(36, 37). STAT]1 signaling is important for a variety of immune cell functions. For example,
STATTI signaling drives IFN-y— or IL-27—dependent activation of human proinflammatory
macrophages (38, 39). STAT]1 signaling through type I IFNs contributes to NK cell maturation
and cytotoxicity (40). In adaptive immune cells, IFN-y signaling through STAT1 amplifies and
stabilizes Thl function and identity and promotes class switching in B cells (41, 42). IL-27 can

also inhibit the differentiation of Th17 through STAT1-dominant gene activation (43).

STATI LOF in humans and mouse models

Patients with STAT1 LOF variants can differ phenotypically depending on the mode of
inheritance (36). Biallelic, autosomal recessive STAT1 LOF results in fatal mycobacterial and
viral infections due to complete deficiency in STAT1 protein expression and defective
downstream signaling of IFN-0/f, IFN-y, IFN-A, and IL-27 (44, 45). Patients with partial
autosomal recessive STAT1 LOF have a similar but milder phenotype with viral and
mycobacterial infections associated with impaired, but not completely abrogated, STAT1 protein
or function (46). Monoallelic, autosomal dominant STAT1 LOF patients present with
susceptibility to mycobacterial disease, but not severe viral infection (47). This is due to defects
in signaling downstream of IFN-y and IL-27, but not type I IFN, as mutant STAT1 can still form
dimers with STAT2 (36, 45). Studies with primary patient cells have shown that STATI is
important for maintaining Th1 cytokine production in CD4" T cells, despite the presence of other

STATS that can also drive Th1 differentiation (48). Mice with complete deficiency of STAT1
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(Stat]”") are more broadly susceptible to bacterial and viral infection than are humans; however,
they share a defect in responses to IFN-o/p and IFN-y (13, 14, 36). STATI also drives optimal
Th1 differentiation in mice (49, 50). Both studies of human STAT1 LOF and Stat/”~ mouse
models have shown the necessary role of STAT1 signaling in the immune response to viral and
mycobacterial infections and demonstrate a function that cannot be compensated for by other

STAT proteins.
STAT1 GOF in humans and mouse models

STAT1 GOF is a heterogeneous disorder, with >90% of patients having chronic
mucocutaneous candidiasis (CMC) (51-53). Patients are susceptible to bacterial and viral
infections, mainly herpesvirus. Autoimmunity, particularly thyroid disease, is also a feature of
disease in many patients (52). Multiple immune cells are impacted by STAT1 GOF. STAT1
phosphorylation was increased in patient bulk CD3" T cells, CD4" T cells, NK cells, and
monocytes after IFN-a, IFN-f, IFN-y, or IL-27 stimulation (52-54). Low memory B cell
frequencies and low IgG2 and IgG4 in the serum were observed in a significant proportion of
patients (52, 53). More than 80% of patients have decreased peripheral Th17 counts,
demonstrating a mechanism for susceptibility to CMC, which has been shown in other IEIs to be
associated with defects in Th17 immunity (52-54). STAT1 GOF shares some features with
STAT3 LOF, including CMC, enhanced STAT1 activity, and defective Th17 responses (55).
Studies of both diseases have demonstrated STATT1 inhibition of STAT3-mediated gene
transcription and the requirement for a balance of STAT1 and STAT3 signaling for
differentiation and function of Th17 cells (55-57). The mechanisms by which STAT1 GOF

drives other clinical phenotypes are less clear. For example, defective type I IFN and IFN-y
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signaling with STAT1 LOF is thought to drive susceptibility to viral and mycobacterial disease;
however, IFN-y production by peripheral blood mononuclear cells (PBMCs) or CD4" T cells in
STATI1 GOF patients has no clear pattern, with patients having shown normal, decreased, or
even increased IFN-y production ex vivo (54). Recent mouse models of STAT1 GOF have tried
to elucidate mechanisms of disease. Qian et al. (15) modeled the p.R274W STAT1 GOF variant
and examined susceptibility to herpesvirus infections. STAT1 GOF mice had impaired control of
late-stage viral infection that was associated with decreased IFN-y production in T cells and a
cell-intrinsic defect in antigen-specific CD8" T cell responses. Another model of the p.R274Q
variant was generated by Tamaura et al. (16) to study mechanisms leading to a Th17 defect.
Spontaneous fungal disease was not observed, but infection with Candida albicans resulted in an
impaired Th17 response in the small intestine and a skewing toward a Th1 phenotype in CD4" T
cells. The responses observed in mice may point toward mechanisms of interest for future studies

in humans.

STAT2 LOF in humans and mouse models

STAT2 LOF variants have been described in 12 patients as causing susceptibility to viral
infection (58, 59). Unlike STAT1 LOF variants, which are associated with a broad range of viral
and mycobacterial infections, patients with STAT2 LOF present with serious, often fatal,
infections from live-attenuated vaccine strain viruses, including measles, mumps, rubella, and
varicella zoster vaccines. Patients exhibit hyperinflammation with infection, in some cases
including hemophagocytic lymphohistiocytosis, associated with a complete lack of response to
type I IFNs (60, 61). Patients also have variable susceptibility to other naturally acquired viral

infections, including influenza and enterovirus, with incomplete penetrance (58). Most studies of
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STAT2 activity and cellular function in patient cells used dermal fibroblasts or transfected cell
lines, with one study examining the loss of IFN-o—induced ISGs in bulk PBMCs (59-63). One
recent study by Gothe et al. (64) made use of CRISPR/Cas9 technology to knock out STAT2 in
induced pluripotent stem cell-derived macrophages to investigate hyperinflammation. In their
study, STAT2 deficiency resulted in prolonged JAK1 activation after [IFN-a stimulation. This
was due to the loss of negative regulation by USP18, which is recruited to IFNAR2 by STAT2,
thereby leading to transcriptional changes and cytokine expression similar to an IFN-y response.
Similar to humans with STAT2 LOF variants, Stat2”- mice also have a defect in type I IFN

responses and are susceptible to viral infection (17).
STAT2 GOF in humans

STAT2 GOF variants have been identified in two families thus far (65, 66). These
patients presented with early-onset type I interferonopathy, characterized by uncontrolled
production of type I IFN with neuroinflammation, cranial calcification, seizures, and
autoinflammation. In one family, two affected siblings were identified with homozygous
missense variants, p.R148W, leading to prolonged IFNAR stimulation in patient cells due to a
disruption in the interaction of STAT2 with the negative regulator USP18. This led to enhanced
type I IFN signaling and transcription of ISGs (65). A different homozygous variant in STA72,
p.R148Q, was identified in an affected infant. In this case, STAT2 was able to bind USP18, but
USP18 interaction with IFNAR was impaired, leading to prolonged type I IFN signaling (66).
Patients with these STAT2 GOF variants succumbed to disease; however, early intervention with
a JAK inhibitor led to recovery of similar disease in USP18-deficient patients, suggesting the

ability to provide targeted therapy with early recognition of disease (67).
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1.2.2 STAT4 and STAT6

STAT4 and STAT6 signaling and role in immune cell differentiation and function

The most well-known roles of STAT4 and STAT6 in the immune response involve the
polarization of Th1 and Th2 subsets, respectively. STAT1 and STAT4 drive Thl differentiation
by inducing 7BX21 (gene encoding T-bet) transcription following activation by IFN-y and IL-12,
respectively (68). T-bet inhibits induction of Th2 differentiation and function by inhibiting
transcription of GATA3 (68). STAT6 is activated by IL-4 and IL-13, and it drives GATA3
expression and commitment of naive CD4" T cells to the Th2 lineage (69). STAT6 signaling is
also important in the formation of germinal centers, eosinophil activation, and helminth

infection, and it is associated with airway hyperresponsiveness (70-72).

STAT4 LOF, STAT4 GOF, and STAT6 GOF in humans and mouse models

IEIs associated with STAT4 and STAT6 have recently been identified in humans (27, 73-
77). A monoallelic LOF variant in STAT4 was identified in a family with two members
presenting with fungal infection due to paracoccidioidomycosis (73). Immune phenotyping did
not demonstrate alterations of immune cell subsets, but it identified reduced IL-12—-induced
STAT4 phosphorylation and nuclear translocation and supported a dominant-negative role for
the variant. Lymphocytes from patients produced less intracellular IFN-y in response to IL-12
and had less fungicidal activity when infected with Paracoccidioides brasiliensis in vitro. Three
STAT4 GOF variants have very recently been identified in four patients presenting with early-
onset polyarthritis, and skin and mucosal lesions consistent with disabling pansclerotic morphea

(77). These variants led to constitutive STAT4 phosphorylation, but without differences in Th1l
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skewing. Patient primary fibroblasts had impaired wound healing and IL-6 overexpression
compared to healthy controls. Treatment with the JAK inhibitor, ruxolitinib, improved symptoms

in two patients (77).

Autosomal dominant STAT6 GOF variants have recently been identified in individuals
affected by severe atopic dermatitis, eosinophilic gastroenteritis, growth defects, and food allergy
(27, 74-76). Eosinophilia has been noted in the skin and gastrointestinal lamina propria (27, 74-
76). Patients had elevated serum IgE and peripheral blood Th2 frequency, consistent with the
known role of STAT®6 in inducing a Th2 response (27, 74-76). STAT6 LOF variants have not yet

been reported in humans.

Mice deficient in STAT4 and STAT6 have been generated. Stat4”" mice have different
phenotypes dependent on genetic background. The earliest model on a mixed 129 and BALB/c
background failed to develop Th1 responses or mature NK cell function in response to IL-12,
and mice were susceptible to Listeria monocytogenes infection (23). Mice with Stat4 deficiency
on both the BALB/c and C57BL/6 backgrounds showed decreased Th1 responses during fungal
infection, with those on the BALB/c background more susceptible to fungal infection (78).
Stat6™" mice are protected from airway hyperresponsiveness in response to allergen challenge,
but they had impaired Th2 responses after IL-4 and IL-13 stimulation, as well as decreased
serum IgE due to defects in class switching (70-72). A mouse model of STAT6 GOF was
recently generated with the p.D419N variant, recapitulating major aspects of disease observed in
humans (27). Homozygous STAT6 GOF mice were more prone to spontaneous skin

inflammation with eosinophil infiltration than heterozygotes; however, both displayed increased
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serum IgE and Th2 cytokine production, as well as atopic dermatitis—like disease when treated

with the vitamin D3 analog MC903 (27).

1.2.3 STATSA and STATSB

STATS signaling and role in immune cell differentiation and function

There are two genes encoding STATS: STAT5A and STAT5B. Although STATSA and
STATSB are structurally similar, their expression, DNA-binding activity, and impact on gene
transcription are distinct. In the immune response, STATSB is important for promoting the
identity of thymic and peripheral regulatory T cells (Tregs). IL-2 activates STATSB, which
drives FOXP3 transcription and is required for Treg function, which cannot be compensated for
by STATSA (79, 80). STATSB also antagonizes STAT3 activity by competing for binding to
BCL6, IL6RA, and IL17, inhibiting the differentiation of Th17 and T follicular helper (Tth) cells
(81, 82). Furthermore, STATSB is important in NK cell development due to its role in the IL-2
and IL-15 signaling pathways (40). STATS5B is also activated downstream of IL-5 in human

eosinophils and promotes cell survival (83).

STATS5B LOF in humans and mouse models

Biallelic LOF variants in STAT5B lead to a syndrome characterized by growth failure due
to defects in growth hormone signaling, chronic lung disease, atopic dermatitis, skin infections,
and autoimmune disease with near-absent Tregs with reduced function (79, 84). Studies of
patient samples have demonstrated impaired NK cell development and function as well as
dysregulated B cell differentiation (80, 85, 86). Heterozygous STAT5B dominant-negative

variants have been identified in three families, with patients having growth failure and elevated
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serum IgE, but normal peripheral blood Tregs (87). In the mouse, deficiency of both Stat5a and
Stat5b leads to failure of lymphocyte development, with growth defects and perinatal lethality
(25). Stat5a’ mice have defective mammary gland development, whereas Stat5b”" mice have
defects in growth hormone signaling in the liver, suggesting that in the mouse STATSA and
STATSB can compensate for each other in immune cell development (26, 88). Taken together,
these investigations in patients and mouse models demonstrate the importance of STATSB for
human Treg development and function as well as nonredundant roles for STAT5A/B in human

immune cell development and function that differ from the mouse.
STATS GOF in humans and mouse models

Although constitutive STATSB activity due to somatic mutations has been observed in
cancer and myeloproliferative disorders, GOF variants in STAT5B causing IEIs were recently
identified in three patients with somatic heterozygous variants and two patients with germline
variants. Patients had prominent symptoms of severe atopy including dermatitis with
hypereosinophilia and food allergies, with additional clinical disease in patients with somatic
variants including chronic diarrhea with failure to thrive and viral infections (89-91). Alterations
in immune cell phenotype varied among patients, including one somatic patient with CD4" T
cells skewed toward the Th2 subset and a reduction in Th17 and Tth cells (89). In the family
with a germline variant, they observed elevated effector memory T cells and Tregs, as well as
increased TGF- transcription in Tregs (91). Treatment with ruxolitinib, a JAK1/2 inhibitor, led
to clinical improvement of disease in some patients, providing a targeted therapeutic approach

(89-91).
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1.2.4 JAK family proteins

Identification of patients with monogenic LOF or GOF in genes encoding JAKs
highlights the importance of regulation of STAT signaling. In some cases, these diseases
phenocopy those of the corresponding STATSs; however, the versatility of JAK proteins with
respect to ligands and signaling partners often leads to more broad immunologic consequences
and clinical disease than single-gene defects in STATs. Human disease has been associated with

JAK1, JAK3, and TYK2 (Table 1.2).

JAK1

JAK1 associates with common y-chain receptors, gp130 receptors, common B-chain
receptors, and class II cytokine receptors (10). One patient with two different homozygous
missense variants in JAK 1 leading to hypomorphic protein function had susceptibility to
mycobacterial infection, short stature, and bladder carcinoma (92). Lymphocytes from this
patient showed global impairment as demonstrated by reduced STAT1, STAT3, STATA4,
STATS, and STAT6 phosphorylation following stimulation with JAK1-activating cytokines.
Susceptibility to mycobacterial infection in this patient is similar to STAT1 deficiency and
emphasizes the need for a functional JAK1/STATI signaling pathway for appropriate IFN-y

responses in this infection (92).

Heterozygous germline or somatic GOF variants in JAK are associated with immune
dysregulation characterized by growth defects, asthma, eosinophilia, atopic dermatitis,
eosinophilic enteritis, and autoimmune thyroid disease (93, 94). These patients were responsive
to treatment with JAK inhibitors. The overlapping clinical features of JAK1 GOF and STATSB

GOF suggest that this JAK may be most relevant for STATSB signaling. The discovery of a
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patient with a somatic JAK1 variant by Gruber et al. (94) is of particular interest, as it provided
new insight into regulation of JAK1 and highlighted unique molecular mechanisms of disease.
This patient had genetic mosaicism, an emerging mechanism of monogenic IEIs (12). However,
although a portion of cells carried both mutant and wild-type alleles at the DNA level, careful
single-cell transcriptome analysis of peripheral blood immune cells revealed monoallelic
expression of JAK1 in patient cells and a healthy individual (94). This suggests that for JAK,
and possibly other IEI genes, genetic mechanisms may be more complex than heterozygosity.
Finally, analysis of the mechanism of JAK1 function in this patient demonstrated noncanonical
neomorphic JAK1 signaling mediated by the mutant allele, and evaluating this in other STAT-
related diseases will be important to understanding and differentiating canonical versus disease-

associated signaling (94).

JAK3

JAK3 associates with common y-chain receptors and its expression is limited to the
lymphatic system, bone marrow, endothelial cells, and vascular smooth muscle cells (10).
Patients with biallelic LOF JAK3 variants phenocopy X-linked SCID due to a lack T cells and
NK cells, defects in B cell function, and IL-2Ry signaling defects (95-97). This indicates that
JAK3 is the critical mediator of signaling through this shared cytokine receptor over JAK1,

given that JAK1 LOF patients do not develop SCID (95-97).

TYK2
TYK2 associates with class II cytokine receptors, gp130 receptors, IL-12R, IL-13R, and
IL-23R (10). TYK2 GOF variants have not been found in IEIs, although somatic GOF mutations

are associated with acute lymphoblastic leukemia (98). Patients with TYK2 LOF variants were
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reported to have a disease phenotype of atopic dermatitis, intracellular bacterial infections
including tuberculosis, and recurring viral infections (99, 100). Immune phenotyping showed
increased serum IgE, loss of STATI1, STAT2, and STATS3 activation in response to IFN-a
stimulation, an abrogated response to IL-12, and a skewing from Th1 toward Th2 differentiation
(99, 100). Interestingly, homozygosity for a relatively common variant in 7YK?2 is associated
with susceptibility to tuberculosis (101), again supporting the importance of this signaling
molecule for this infection. These findings indicate that in humans, TYK2 cannot be

compensated for by other JAKSs in type I IFN signaling.

1.2.5 Regulators of STAT activity

Among the regulators of STAT signaling, genetic variants in USP18, ISG15, SOCS1, and
ZNF341 are associated with IEIs (1) (Table 1.2). USP18 is recruited to IFNAR2 by STAT2, and
it inhibits type I IFN receptor assembly and function, thus downregulating type I IFN responses
(102). Deficiency of USP18 or the inability of USP18 to interact with intracellular ISG15 (which
stabilizes USP18) leads to increased type I IFN signaling and a severe type I interferonopathy,
similar to STAT2 GOF (67, 103). Similarly, patients with ISG15 deficiency can present with a
type I interferonopathy due to unstable USP18 levels and excessive type I IFN signaling (104,
105). Alternatively, some patients with ISG15 deficiency present with susceptibility to
mycobacteria due to a lack of free/secreted ISG15 and induction of IFN-y (106). These studies in
humans with ISG15 deficiency also revealed that in contrast to the mouse, ISG15 is redundant
for antiviral immunity, as patients do not suffer from viral infections (33). SOCS1 negatively
regulates multiple STAT signaling pathways by binding to and inhibiting the phosphorylation

activity of JAK1, JAK?2, and TYK2 in humans (107). SOCS1 haploinsufficiency results in
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multiorgan autoimmunity, including cytopenias, systemic lupus erythematosus, and/or psoriasis,
with some patients having recurrent bacterial infections, lymphadenopathy, or atopy (108, 109).
Patient cells exhibit elevated STATI1, STATS, and STAT6 phosphorylation following cytokine
stimulation, and Treg frequency and suppressor function, and switched memory B cells were
decreased in some patients (108, 109). SOCS! haploinsufficiency in particular highlights the
importance of regulation of the balance of STAT signaling for multiple immune cell types.
Finally, ZNF341 activates STAT3 transcription (110, 111). Patients with biallelic ZNF341 LOF
variants have disease that phenocopies STAT3 LOF, presenting with atopic dermatitis, elevated
serum IgE, recurrent Candida infections, and impaired Th17 responses (110, 111). Taken
together, these disorders of STAT regulators emphasize the need for tightly controlled signaling
cascades and further demonstrate the shared and unique features of IEIs impacting STAT

signaling (Table 1.2).

1.3 Disorders of STAT3 signaling in IEI

1.3.1 Overview of STAT3 signaling

STATS3 is present in most cell types and is stimulated by many cytokines and growth
factors that use gp130 type and other receptors (6, 112). A non-exhaustive list of STAT3-
activating ligands includes IL-2, IL-6, IL-10, IL-21, IL-23, IL-22, IL-27, IL-5, IL-19, IL-11, IL-
12, IFNg, TNFa, LIF, OSM, SCF, CNTF, MCP-1, CCL5, MIP-1a, EGF, PDGF, IGF-1, G-CSF,
GM-CSF, and leptin (112-116). Like other STAT molecules, STAT3 is comprised of an N-

terminus domain for stabilization upon DNA binding, a coiled-coil domain, a DNA-binding
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domain, an SH2 domain for dimerization, a linker domain, and a C-terminal transcriptional
activation domain. STAT3 can be phosphorylated at tyrosine (Tyr-705) and serine residues (Ser-
724) in the C-terminal domain. While STAT3 relies on phosphorylation at these residues for
canonical activation, unphosphorylated STAT3 can also activate gene transcription (117).
STAT?3 can form homodimers with other STAT3 molecules, or heterodimers with STAT1 and
STATS, which then translocate to the nucleus to transcribe genes involved with cell cycle
progression, proliferation, differentiation, and survival (115, 118). Regulators of STAT3 activity
include SOCS3 (which prevents phosphorylation of STAT3 by JAKSs), phosphotyrosine
phosphatases (which dephosphorylate STAT3 dimers in both the cytoplasm and nucleus), and
PIAS3 (which inhibits DNA binding) (119). STAT3 has major functions in stromal cell
proliferation, extracellular matrix remodeling and subsequent wound healing, and resistance to
apoptosis (116, 120).

For example, IL-22, a cytokine involved in wound healing at mucosal barriers, activates STAT3
and the transcription of genes involved in cell proliferation in the intestine and skin (121).
However, the overexpression of IL-22 can lead to disease through uncontrolled epithelial cell
proliferation (122). Indeed, STAT3 is a known oncogene due to its role in cell survival and
proliferation, and somatic variants in STA73 that cause constitutive activity are associated with

cancers, in particular large granular lymphocyte leukemia and aplastic anemia (116, 123).

1.3.2 STAT3 signaling in immune cells
STAT3 in adaptive immune cells
Due to its expression in multiple immune cell types, STAT3 is important in the induction

and regulation of immune responses. In CD4" T cells, STAT3 is considered a master regulator of
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Th17 polarization and function, connecting cytokines such as IL-6, IL-21, and IL-23 to
transcription of genes including RORA, RORC, IL23R, and IL17A, which are important in the
response to extracellular pathogens and mucosal barrier maintenance (124-127). STAT3 binding
to RORC results in the transcription of RORyt, which is the transcription factor that defines Th17
lineage and also drives expression of effector cytokines including IL-17A, IL-17F, and IL-22
(128, 129). Other transcriptional targets of STAT3 in the context of Th17 differentiation include
Irf4, Batf, Maf, Ahr, and 1l6ra (130, 131). While Th17 have both pro-and anti-inflammatory
roles, unregulated Th17 responses are also associated with autoimmunity, including
inflammatory bowel disease, arthritis, psoriasis, and multiple sclerosis (132-134). The effector
cytokines and receptors involved in Th17 function and stability have therefore been targets of
therapies for these diseases, particularly IL-23R and IL-17 (134). Another CD4" T cell subset
that requires STAT3 for identity and function are Tth cells, which use STAT3 signaling to
provide signals that promote class switching and somatic hypermutation in B cells, such as IL-
21, CXCRS, ICOS, and PD-1 (68, 135). IL-21 and IL-6 signal through STATS3 to activate BCL6,
which is the master transcription factor of Tth lineage (136). Tregs require sustained FoxP3
expression for suppressor function and are integral in preventing the development of
autoimmunity (137-139). STAT3 is known to compete with STATS for binding to FOXP3 and
inhibit Treg differentiation and function (127). However, STAT3 signaling through the IL-10
receptor in Tregs is required for control of Th17 responses and protection from spontaneous

colitis in mice, as well as regulatory function through activation of IL-10 secretion (140).

CDS8" T cells, which are important in host protection against infection and malignancy,
require STAT3 for memory cell differentiation in both humans and mice (141-143). IL-10 and
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IL-21 signaling through STAT3 activates transcription of Eomes, Blimp-1, and BCL6 for
maturation of memory cells in mice (141). STAT3 also promotes the expression of genes
involved in CD8" effector function and cytotoxicity, as well as differentiation into terminally
exhausted cells, in the context of cancer and bacterial infection (144, 145). yo T cells are a
separate lineage from conventional aff T cells that are primarily located in epithelial tissues such
as the skin and intestine (146). Certain subsets of yo T cells signal through STAT3 in response to
inflammatory cytokines, such as IL-1f and IL-23 in the skin, to induce production of IL-17A, IL-
17F, and IL-22 (147). B cells use IL-21 or IL-10 signaling through STAT3 for memory B cell

and plasma cell differentiation, both of which depend on STAT3 signaling (148-150).

STAT3 in innate immune cells

STAT3 has both pro-inflammatory and regulatory roles in myeloid cells. STAT3 is
important in mediating CXCR2-dependent chemotaxis in neutrophils (151). In neutrophil
progenitors, G-CSF signals through STATS3 to activate emergency granulopoeisis (152). STAT3
signaling via IL-10R in both neutrophils and macrophages also prevents spontaneous colitis
(153, 154). PD-L1 upregulation in monocytes in response to GM-CSF and IL-4 requires STAT3
and promotes immune tolerance (155). Dendritic cells require STAT3 signaling in response to
FIt3L for development and maturation (156). Innate lymphoid cells (ILCs), which are important
in mucosal immunity, rely on STAT3 for the development of the ILC3 subset and expression of
IL-17 and IL-22 (157-159). In the context of cancer, STAT3 signaling can support and inhibit
tumorigenesis through its effects on innate immune cells (160). For example, STAT3 inhibits of

the cytotoxic capacity of NK cells, but also upregulates NKG2D expression (161, 162).
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1.3.3 STAT3 LOF in humans and mouse models

The functions of STAT3 with respect to the human immune system are made apparent by
genetic variants that cause loss of function. STAT3 LOF variants cause autosomal dominant
hyper-IgE syndrome, an IEI characterized by high serum IgE, atopic dermatitis, CMC,
connective tissue disorders, distinct facial features, and susceptibility to bacterial infection,
including recurrent Staphylococcus aureus infections of the skin and lungs (163, 164).
Circulating Th17 numbers and cytokine expression are characteristically decreased and thought
to contribute to the prevalence of fungal infections (48, 165, 166). Decreased memory B cells
and eosinophilia are also observed in many patients (149, 167). Studies of STAT3 LOF T cells in
vitro have demonstrated the importance of STAT3 signaling in IL-10 production by CD4" T
cells, memory T cell differentiation from naive cells, and in the differentiation and function of
Th subsets Th17, Tth, and Th9 (48, 56, 143, 168, 169). The similar phenotype of CMC and loss
of Th17 responses in STAT3 LOF and STAT1 GOF highlight the antagonistic interaction
between STAT1 and STAT3, where strong STAT1 activation can inhibit transcription of
STAT3-dependent genes (55). The balance between STAT1 and STAT3 in regulating Th17
responses has also been demonstrated in mouse models (117, 170, 171). Mice completely
deficient in STAT3 (Stat3”) are embryonic lethal (172). However, a mouse model of a human
STAT3 LOF, modeling a missense variant, phenocopied the elevated IgE and impaired Th17
responses seen in humans, specifically in response to bacterial infection (18, 173). These mouse
models have been used to examine the potential efficacy of certain therapies in treating STAT3
LOF, including bone marrow transplantation and the effects of STAT3 LOF in nonimmune cells

(18, 173).
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1.3.4 STAT3 GOF in humans and mouse models
STAT3 GOF Syndrome

Heterozygous STAT3 GOF variants that cause disease are rare and have been identified in
191 patients as of 2023 (174). 72 unique variants have been described in all domains of the
STAT3 protein, and most variants are located in the DNA binding domain (174). As such,
alterations in STAT3 activity are variable across individuals and include increased baseline
phosphorylation, increased activity after cytokine stimulation, and delayed de-phosphorylation
(114). Patients are around 2 years of age at the time of onset and have a broad array of clinical
symptoms, the most common of which include lymphoproliferative disease (in the form of
lymphadenopathy or splenomegaly), autoimmune cytopenias, and growth defects. Multi-organ
autoimmunity is also common and affects the lungs, liver, joints, skin, intestine, and kidneys.
Autoimmune endocrinopathy including type 1 diabetes, as well as recurrent infections, are also
prevalent. Despite the association of activating somatic mutations in STAT3 with multiple types

of cancer, malignancy was observed in only 6% of STAT3 GOF patients (174-178).
Immune cell changes in STAT3 GOF

The pleiotropic nature of STAT3 is made evident by the wide array of immune cell types
affected by GOF variants, including monocytes, T cells, B cells, as well as nonimmune cells
(174). Lymphocyte populations of the peripheral blood, including CD4" T cells, CD8" T cells, B
cells, and NK cells, were variably decreased, with the exception of elevated double-negative T
cells found in over 80% of patients assessed (174). Immunoglobulin levels were variably low,
and over half of patients received immunoglobulin replacement therapy (174). Furthermore,

while STAT3 can drive Th17 differentiation, only 27% of 41 patients examined showed
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increased IL-17 cytokine production in the peripheral blood. Immunosuppressive treatment and
limited tissue samples can make conclusions regarding whether Th17 cells are relevant to disease
challenging (174, 177, 178), although reduction of elevated Th17 was correlated with improved
symptoms in one patient that received IL-6R inhibitor treatment (177). Conversely, STAT3 is
known to inhibit development of Tregs, and 39% of 69 STAT3 GOF patients examined exhibited
decreased Tregs in their peripheral blood (174, 177, 178). In line with this, our lab recently
demonstrated by single-cell RNA sequencing that Tregs from STAT3 GOF patients were
transcriptionally similar to healthy donors, suggesting that Treg defects may not be driving
disease (19). Additionally, we and others observed an expansion of effector CD8" T cells in
some patients, suggesting that these cells may be important in driving disease (19, 20). Among
myeloid populations, a study of APCs in a cohort of STAT3 GOF patients found that STAT3
activation decreases dendritic cell differentiation from hematopoietic progenitor cells, favoring
CD14 surface expression, which may explain the increased frequency of CD14" monocytes and

decreased frequency of dendritic cells in the peripheral blood (179).

Mouse models of STAT3 GOF

Recent mouse models of patient STAT3 GOF variants have been used to understand the
mechanisms behind the variable clinical presentations in patients, including autoimmunity and
Treg function (19-22). Mouse models demonstrate that there are not significant Treg functional
defects, with mice having mild increases in Treg frequency at baseline. However, there is a
selective defect in induced Treg generation in vitro and in vivo (19, 21, 22). We recently reported
a STAT3 GOF mouse model on the C57BL/6 background with the p.G421R variant in the DNA-
binding domain of STAT3, identical to a variant observed in patients (19). These mice had a
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skewing of CD4" T cells to a Th1 phenotype in older adult mice and in a model of T cell-
mediated colitis (19). Warshauer et al. generated a STAT3 GOF mouse model on the NOD
background and identified accelerated autoimmune diabetes associated with an expansion of
effector CD8" T cells in a transitional state that resisted terminal exhaustion (21). Two models
from Masle-Farquhar et al. on the C57BL/6 background demonstrated expansion of a subset of
effector CD8" T cells that expressed high levels of NKG2D (20). These CD8" T cells were also
clonally expanded and drove lethal pathology in the p.K658N variant (20). Collectively, these
models and transcriptional analysis of human samples suggest that Tregs may not drive disease
in STAT3 GOF and suggest that CD8" T cells and altered CD4" polarization may be associated

with disease, though this is likely dependent on other genetic and environmental risk factors.

Given our observation of T cell dysregulation in p.G412R variant STAT3 GOF mice, my
doctoral dissertation explores how this affects T cell identity and function in inflamed tissue
environments. We hypothesized that inflammatory stimuli would induce T cell dysregulation and
subsequent tissue-specific autoimmune disease in STAT3 GOF. This dissertation work could aid

in the identification of new targets for therapy.
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Chapter 2: A human STAT3 gain-of-function
variant drives local Th17 dysregulation and

skin inflammation in a murine model

This chapter contains unpublished data.
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2.1 Abstract

Germline gain-of-function (GOF) variants in STAT3 lead to a syndrome of early-onset
poly-autoimmunity and immune dysregulation. STAT3 is a pleiotropic transcription factor that
affects the induction and regulation of immune responses; however, the cell types driving disease
remain unclear. Using a mouse model of STAT3 GOF (p.G421R), we observed spontaneous and
imiquimod (IMQ)-induced skin inflammation with increased local Th17 responses that were
cell-intrinsic. CD4" T cells were sufficient to drive skin inflammation, and CD8" T cells and y6 T
cells were not required. Single-cell analysis of CD4" T cells revealed upregulated 7/22 expression
in expanded clones. Certain aspects of disease, including increased epidermal thickness, required
the presence of STAT3 GOF in epithelial cells. JAK inhibitor treatment reduced inflammation
without affecting Th17 cytokine production. Collectively, these data suggest a role for Th17 in

the development of organ-specific immune dysregulation in STAT3 GOF.

2.2 Introduction

Signal transducer and activator of transcription 3 (STAT3) is a transcription factor involved
in cell proliferation, differentiation, metabolism, apoptosis, and both regulation and induction of
immune responses (116, 180, 181). Germline heterozygous gain-of-function (GOF) variants in
STAT3 cause an inborn error of immunity (IEI) characterized by immune dysregulation and
early-onset multi-organ autoimmunity (175-177, 182). Patients with STAT3 GOF syndrome
present with variable clinical manifestations; the most common include lymphoproliferation,
autoimmune cytopenias, enteropathy, endocrinopathy, skin disease, interstitial lung disease, and
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growth defects (174). The majority of GOF germline variants in STAT3 lead to increased
transcriptional activity of STAT3, but unlike somatic variants associated with cancer, they do not
result in auto-phosphorylation (182). Thus, therapeutics that block upstream activation of STAT3
signaling, including JAK inhibitors and blockade of IL-6 signaling, are used to treat patients
(182). However, the pleiotropic nature of STAT3 creates a challenge in defining the mechanisms

and major cell types that initiate immune dysregulation and organ-specific disease.

STATS3 is activated in multiple cell types by many different cytokines associated with
pro- and anti-inflammatory responses, including IL-6, IL-10, IL-21, IL-23, and type I interferons
(IFNs) (11, 123, 181, 183). In T cells, STAT3 is particularly important in the polarization and
function of T-helper 17 cells (Th17), which maintain homeostasis with commensal organisms
and eliminate specific pathogens at mucosal and barrier interfaces. IL-6, IL-23, and IL-21 signal
through STAT3 in Th17 cells to induce expression of RORyt and RORa, IL-17A, IL-22, IL-23R,
IL-10 (126, 127, 184). Conversely, STAT3 suppresses regulatory T cell (Treg) development by
binding to the gene encoding FOXP3 (127). Enhanced Th17 and defective Treg responses are
known drivers of autoimmune pathology in multiple human diseases, including rheumatoid
arthritis, psoriasis, and Crohn’s disease (183, 185). Given what is known about the role of
STAT3 in T cell differentiation, patients with STAT3 GOF would be expected to have increased
Th17 and decreased Tregs; however, less than one third of patients evaluated showed elevated
Th17, and less than half of patients evaluated had lower Treg frequencies in the peripheral blood
compared to healthy donors (174). Restoring elevated Th17 or decreased Tregs to normal
frequencies has been associated with improved symptoms, as observed in two patients treated

with tocilizumab, an IL-6 receptor antagonist (177, 186). Recent studies from our group and
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others have suggested that Tregs from STAT3 GOF patients are similar to healthy controls, and
that CD8" effector T cells are expanded in some patients and therefore might be mediating
disease (19, 20). Understanding the cause of dysregulated T cell activity and how this drives the
development and progression of disease in STAT3 GOF patients remains challenging due to

prior immunosuppressive therapy and tissue sampling limited to the peripheral blood.

Previous studies of STAT3 GOF mouse models from our group and others have shown
that STAT3 GOF leads to T cell dysregulation and lymphoproliferation, mirroring observations
in patients. We previously observed an expansion of effector CD4" and CD8" T cells in older
STAT3 GOF mice, as well as Th1 skewing in a colitis model that was associated with a defect in
peripheral Treg (pTreg) generation, rather than impaired Treg function (19). Two other studies
have highlighted a dysregulated CD8" T cell response that drives spontaneous disease as STAT3
GOF mice age or accelerates the development of type 1 diabetes (T1D) in STAT3 GOF mice on
the NOD background (20, 21). The average age of onset in patients with STAT3 GOF is about 2
years, which combined with disease heterogeneity even among individuals with the same variant
suggests that environmental factors significantly influence disease phenotype (174). We
hypothesized that T cell dysregulation in STAT3 GOF requires an inflammatory stimulus that
would lead to autoimmune disease as seen in patients, and that this stimulus would activate
tissue-specific inflammatory responses. Here, we use a recently described STAT3 GOF mouse
model that expresses a p.G421R variant in the DNA binding domain of the STAT3 protein
(Stat37 G2V referred to as ‘STAT3 GOF?) (19). This variant has been observed in patients with
psoriasiform dermatitis and scleroderma (177, 186). We observed spontaneous skin disease in
STAT3 GOF mice as they aged that was associated with an enhanced, local Th17 response. Skin
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disease could also be induced in younger mice by the TLR7 agonist, imiquimod (IMQ), which
resulted in a similar increased Th17 response in the skin and clonal expansion of CD4" T cells in
the draining lymph nodes. Bone marrow chimeras showed that Th17 skewing is cell-intrinsic and
suggest a role for STAT3 GOF in non-hematopoietic cells for enhanced skin disease. IMQ-
induced disease could be ameliorated with JAK inhibitor therapy; however, Th17 cytokine
expression was unaffected. Collectively, these data suggest the mechanisms for the development

of autoimmunity and disease are organ-specific in patients with STAT3 GOF syndrome.

2.3 Results

2.3.1 Older adult STAT3 GOF (p.G421R) mice develop spontaneous skin

inflammation

We recently generated a murine model of STAT3 GOF syndrome in which the p.G421R
variant was introduced into C57BL/6 mice by CRISPR/Cas9 (19). In patients with STAT3 GOF
syndrome, the p.G421R variant in the DNA binding domain does not confer constitutive STAT3
activation, but rather delayed STAT3 de-phosphorylation following stimulation (177).
Heterozygous STAT3 GOF mice showed a similar delay in STAT3 de-phosphorylation (19).
STAT3 GOF mice also developed splenomegaly and lymphadenopathy, with an expansion of

CD44" CD62L effector T cells by early adulthood that persisted as mice aged (19).

While young adult (7-9 weeks old) STAT3 GOF mice do not have spontaneous organ-
specific disease beyond lymphoproliferation, we observed spontaneous ear swelling in older

adult (>18 weeks old) STAT3 GOF mice compared to age-matched wild-type (WT) littermates
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(Figure 2.1A). Dermatitis (measured by ear thickness) in STAT3 GOF mice appeared by 18
weeks of age and continued to increase over time (Figure 2.1B). Patients with STAT3 GOF have
a relatively high frequency of skin disease (~60%); both psoriasiform dermatitis and scleroderma
have been observed in patients with the p.G421R variant, as well as atopic dermatitis in other
patients (174, 177, 186). Thus, this phenotype is relevant to clinical disease. Histopathologic
analysis of ear sections revealed increased epidermal thickness, cellular infiltrate, and pathologic

score in older adult STAT3 GOF mice compared to WT littermates (Figure 2.1C & D).

Analysis of immune cell populations in the skin revealed neutrophil and monocyte
infiltration, with significant increases in CD4" and CD8" T cell frequency and number (Figure
2.1E and Figure S2.1A). We previously observed a spontaneous increase in CD4" IFNy" cells in
the spleens of STAT3 GOF mice by 20 weeks of age (19); however, this pattern was not
observed in the skin (data not shown), suggesting tissue-specific differences in immune
responses. Instead, the skin of STAT3 GOF mice had increased frequencies and numbers of
CD4" T cells expressing Th17-related cytokines and transcription factors, including IL-17A, IL-
22, and RORyt (Figure 2.1F and Figure S2.1B). In v T cells, which are major producers of I1L-
17A and IL-22 in mouse skin (187), there was an increase in the frequency and number of TL-22"
cells, but not IL-17A" or RORyt" cells in older adult STAT3 GOF mice (Figure 2.1G and
Figure S2.1B). As with our prior findings in mice >20 weeks of age, we observed
lymphoproliferation in the cervical lymph nodes (CLN) and spleen (data not shown). There was
no difference in the frequency of IL-17A" CD4" T cells or IL-17A" y8 T cells in the CLN or
spleen of older STAT3 GOF mice (Figure 2.1H & I and Figure S2.1C-F), and total numbers
were variably increased (Figure S2.1C-F). This is consistent with the lymphoproliferation
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observed in this model (19). However, the frequency and number of IL-22" CD4" T cells was
increased in both the CLN and spleen of older STAT3 GOF mice (Figure 2.1H & I and Figure
S2.1C & D). The total number of IL-22" TCRy8" cells was increased in the CLN, but not the
spleen (Figure S2.1E & F). This suggests that the Th17 phenotype corresponds with organ-
specific disease, and that there is both a local and peripheral IL-22 response driven by STAT3

GOF.

Having observed increased Th17 in older adult mice (>18 weeks) in vivo, we tested the
ability of CD4" T cells from young adult STAT3 GOF mice (7-9 weeks) to polarize toward the
Th17 subset in vitro. Both naive and bulk splenic CD4" T cells from STAT3 GOF mice showed
increased Th17 polarization in vitro with low levels of IL-6 compared to WT (Figure S2.2A &
B). Bulk CD4" T cells cultured without IL-6 also produced significant IL-17A (Figure S2.2B),
suggesting that TCR ligation and TGF-f signaling can induce Th17 polarization in STAT3 GOF
CD4" T cells. Collectively, these findings demonstrate that STAT3 GOF supports Th17 skewing

and leads to spontaneous skin disease with local infiltration of Th17 cells.
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Figure 2.1: Older adult STAT3 GOF (p.G421R) mice develop spontaneous skin inflammation. (A) Ear

thickness of young adult (7-9 weeks) and older adult (21-22 weeks) STAT3 GOF and WT littermates. (B) Percent

34



change in ear thickness of older adult STAT3 GOF and WT mice relative to baseline at 13 weeks of age. (C)
Representative pictures of older adult WT and STAT3 GOF mice showing ear skin pathology (top) and H&E stained
sections of ear tissue (bottom). (D) Histological measurements from H&E-stained sections of ear tissue. (E)
Quantification of ear skin immune cell frequencies by flow cytometry. (F) Representative flow plot and
quantification of IL-17A, RORyt, and IL-22 expression in CD45.2" CD3" TCRy6 CD8 CD4" skin T cells and (G)
CD45.2* CD3" TCRy3™¢ skin T cells. Cytokine expression assessed after PMA/ionomycin stimulation. (H)
Representative flow plot and quantification of IL-17A, and IL-22 expression in CD45.2* CD3* TCRys” CD8" CD4*
CLN T cells and (I) spleen T cells. Cytokine expression assessed after PMA/ionomycin stimulation. Data are
presented as mean = SEM. Statistical significance determined by unpaired two-tailed or Welch’s t-test (A, D-I), or
2-way repeated measures ANOVA with Sidak's multiple comparisons test (B), *p<0.05, **p<0.01, ***p<0.001,
**%%p<0.0001. Data are representative of 4-16 mice (A-D), or 3 experiments with 10-16 mice (E-I).

2.3.2 Topical imiquimod elicits severe skin inflammation and a Th17
response in STAT3 GOF mice

Based on these findings, we hypothesize that disease in STAT3 GOF mice, and
potentially in patients, is partly dictated by environmental factors that initiate local organ-
specific inflammation. This hypothesis would explain why patients with the same genetic variant
have different disease manifestations. To test this, we used the imiquimod (IMQ) model of
psoriasiform dermatitis (188) to determine if an in vivo inflammatory challenge would lead to
disease similar to the spontaneous skin inflammation seen in older adult STAT3 GOF mice in

SPF housing.

IMQ is a TLR7 ligand that causes skin inflammation driven mostly by IL-6 and IL-23
signaling (188). These cytokines activate STAT3 and induce IL-17 and IL-22 production by
Th17 and y3 T cells, which in turn mediate neutrophil recruitment and stimulate keratinocyte
proliferation resulting in epidermal hyperplasia (189). Topical IMQ cream was applied daily to
both ears of young adult WT and STAT3 GOF littermates for 7 consecutive days. Control mice
were not treated (NT). By day 5, ear swelling was substantially greater in STAT3 GOF mice,
with visible redness and scaling of the skin (Figure 2.2A & B). IMQ-treated STAT3 GOF mice
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had more severe disease with significantly increased epidermal thickness and cellular infiltrate
compared to IMQ-treated WT littermates (Figure 2.2C). Another model of STAT3 GOF
(Stat3>T1M*) generated in our laboratory, which carry the most common variant found in
patients, also had increased ear swelling compared to WT littermates following IMQ treatment

(Figure S2.2C) (174). This is consistent with a recent report of spontaneous skin disease in

Stat3p‘T716M/T716M G421RA+

mice from another group (20). We continued to use the Stat3p. mice for

all other studies.

Although total cellularity of the skin was not changed (Figure S2.3A), there was a
greater influx of skin-infiltrating neutrophils and a decrease in the dendritic cell
(DC)/Langerhans cell population in IMQ-treated STAT3 GOF mice (Figure 2.2D). Total cell
number in the CLN was increased in IMQ-treated STAT3 GOF compared to WT (Figure
S2.3B), but the frequencies and total cell numbers of CLN T and B cells were not significantly

different between NT and IMQ-treated STAT3 GOF (Figure S2.3C).

STAT3 GOF mice were crossed with an IL-17 GFP reporter strain to test if there was a
similar induction of Th17 cells following IMQ as observed in older adult STAT3 GOF mice. The
frequency of 111 7a-GFP" and total RORyt" CD4" T cells in the skin of STAT3 GOF mice was
the same as WT at baseline, corresponding with a lack of spontaneous skin disease in young
adults (Figure 2.1A). However, the frequency of 7/17a-GFP" and total RORyt" CD4" T cells was
significantly increased in IMQ-treated STAT3 GOF compared to WT (Figure 2.2E). WT mice,
in contrast with STAT3 GOF, did not mount a significant skin Th17 response to IMQ (Figure
2.2E). Furthermore, while Treg frequency was increased in WT mice after treatment, this pattern

was not observed in STAT3 GOF mice (Figure 2.2E), suggesting impaired differentiation or
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recruitment of pTregs. This is similar to what we previously observed in a T cell transfer model
of colitis (19). Skin CD4" T cells from STAT3 GOF mice also produced significantly more IL-
22 following ex vivo PMA and ionomycin stimulation compared to WT (Figure 2.2F), again
supporting a strong local Th17 response associated with skin disease. Consistent with prior
studies of the IMQ model, yo T cells in the skin produced both IL-17A and IL-22 with IMQ
treatment (Figure S2.3D & E) (187, 190). However, there was no difference in the frequency of
skin IL-17A", RORyt", or IL-22" v T cells between IMQ-treated STAT3 GOF and WT (Figure
S2.3D & E). This finding of altered CD4" T cells in the skin, but not y8 T cells, suggests that the
increased disease seen in STAT3 GOF mice is not due to increased cytokine production in yo T

cells.

Although CD4" IL-17A" frequency was not significantly different in the CLN, the
frequency of CD4" IL-22" cells and numbers of both IL-17A" and IL-22" CD4" T cells were
increased in IMQ-treated STAT3 GOF compared to WT (Figure 2.2G & H). The frequencies of
Tregs, FoxP3* RORyt", or total RORyt" CD4" T cells were not significantly different in the
CLN, although the total numbers of these populations were increased in IMQ-treated STAT3
GOF compared to WT (Figure S2.3F). The total number of CLN IL-22* y3 T cells was
increased in IMQ-treated STAT3 GOF compared to WT (Figure S2.3G), consistent with the
increased cellularity (Figure S2.3B). In summary, IMQ elicited a severe local inflammatory
response in STAT3 GOF mice, with increased ear swelling, neutrophil infiltration, and Th17
responses in the skin and draining lymph nodes. Together, these data support a role for local

inflammation mediated by Th17 cells in STAT3 GOF mice.
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Figure 2.2: Topical imiquimod elicits severe skin inflammation and a Th17 response in young adult STAT3
GOF mice. (A) Percent change in ear thickness of young adult STAT3 GOF and WT littermates during IMQ
treatment relative to baseline. (B) Representative pictures of NT and IMQ-treated WT and STAT3 GOF mice
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showing ear skin pathology (top) and representative H& E-stained sections of ear tissue (bottom). (C) Histological
measurements from H&E stained sections of ear tissue. (D) Frequency and quantification of indicated skin-
infiltrating immune cells on day 7. (E) Representative flow plot and quantification of /// 7a-GFP, RORyt, and
FoxP3 expression in CD45.2* CD3* TCRyd CD8- CD4" skin T cells from IL-17 GFP mice treated with IMQ. (F)
Representative flow plot and quantification of IL-22 expression in CD45.2* CD3* TCRyd™ CD8 CD4" skin T cells
from IL-17 GFP mice treated with IMQ. IL-22 expression assessed after PMA/ionomycin stimulation. (G)
Frequency and total number of 7/1/7a-GFP" and (H) IL-22" CD45.2" CD3" TCRyd CD8 CD4" CLN T cells from
IL-17 GFP mice treated with IMQ. IL-22 expression assessed after PMA/ionomycin stimulation. Data are presented
as mean = SEM. Data represent 4 experiments with 8-12 mice (A), 4 experiments with 5-10 mice (B-D), or 3
experiments with 5-9 mice (E-H). Statistical significance determined by 2-way repeated measures ANOVA with
Sidak's multiple comparisons test (A) or 1-way ANOVA with Sidak’s multiple comparisons test (C-H). *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

2.3.3 CD4" T cells are sufficient, and y6 T cells and CD8" T cells are not
required to mediate IMQ-induced inflammation in STAT3 GOF mice

To test if adaptive immune cells were important for increased skin inflammation, STAT3
GOF mice were crossed to the Rag-1"" background and treated with IMQ. Rag-deficient mice
had milder ear swelling, and there was no significant difference in ear thickness between Ragl™”"
WT and Rag!”" STAT3 GOF mice (Figure 2.3A). Similarly, there were no differences in overall
pathological score or individual measurements of epidermal thickness, cellular infiltrate count, or
blood vessel area (Figure 2.3B & C). These data indicate that adaptive immune cells are
required for IMQ-induced ear swelling and skin pathology in STAT3 GOF mice. To testif yo T
were required to drive disease, STAT3 GOF were crossed to mice lacking the Tcrd gene (Tcrd™)
and treated with IMQ. In the absence of yo T cells, STAT3 GOF mice continued to have
increased ear swelling compared to WT (Figure 2.3D). This was associated with an increase in
skin neutrophil frequency (Figure S2.4A), indicating that yo T cells are not required for IMQ-

induced skin disease in STAT3 GOF.
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Recent reports from mouse models of other STAT3 GOF variants have described
dysregulated CD8" T cells in accelerated type I diabetes (21) and spontaneous skin pathology
(20). To test if CD8" T cells were required, Tcrd”™ mice were depleted of CD8™ cells prior to and
during IMQ treatment. Again, ear swelling was worse in STAT3 GOF in the absence of both yd
T and CDS8" T cells (Figure 2.3E). Although this was not associated with increased neutrophil
infiltration into the skin (Figure S2.4B), the frequency of IL-17A" and IL-22" CD4" T cells in
the skin was significantly increased in STAT3 GOF compared to WT (Figure S2.4C). This
suggests that the altered cytokine profile in CD4" T cells can drive the differences in skin

disease.

Given that Th17 cells accumulate in STAT3 GOF and other T cells are not required for
IMQ-induced inflammation, we hypothesized that CD4" T cells were key mediators of disease in
this model. To directly test if STAT3 GOF in CD4" T cells could drive skin inflammation, WT
or STAT3 GOF CD4" T cells from IMQ-treated IL-17 GFP reporter mice were adoptively
transferred into Ragl”" hosts, which were treated with IMQ 24 hours later. STAT3 GOF CD4" T
cells induced greater ear swelling than WT CD4" T cells (Figure 2.3F) and were associated with
increased macrophages and decreased DCs/Langerhans cells in the skin compared to control
Ragl" (Figure S2.4D). Transferred STAT3 GOF CD4" T cells had reduced expression of FoxP3
and increased expression of IL-22; however, 1/17a-GFP expression was not significantly
different (Figure S2.4E). Together, these data indicate that STAT3 GOF in CD4" T cells is

pathogenic and that these cells are sufficient for skin inflammation.
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2.3.4 STAT3 GOF bone marrow can exacerbate IMQ-induced inflammation

in WT mice

STAT3 regulates signaling in hematopoietic and non-hematopoietic cells and is
particularly important for proliferation in somatic cells (115, 116). In the skin, IL-22 activates
STATS3 signaling in keratinocytes to inhibit differentiation and promote proliferation (191).
While our model demonstrates that adaptive immune cells, but not y8 T or CD8" T cells, are
required for skin inflammation, patients with STAT3 GOF syndrome have germline disease. It is
therefore likely that organ-specific disease depends in part on STAT3 GOF in non-hematopoietic
cells. To test if observed differences in skin inflammation were due to altered function of STAT3
GOF in hematopoietic cells, bone marrow (BM) chimeras were generated: WT mice that
received bone marrow from STAT3 GOF mice (STAT3 GOF = WT) and vice versa (WT =
STAT3 GOF). Mice were sub-lethally irradiated and engraftment was assessed in the peripheral
blood at 12 weeks post-transplant. While STAT3 GOF > WT chimeras had near complete
engraftment in all immune cell types tested in the peripheral blood, WT = STAT3 GOF
chimeras unexpectedly had incomplete engraftment, particularly in the myeloid compartment
(Figure S2.5A). Although some cell types of the skin are radioresistant, including dermal y6 T
cells (192) and some types of dendritic cells (193), STAT3 GOF = WT chimeras also exhibited
better engraftment of cell types in the skin compared to WT = STAT3 GOF chimeras (Figure
S2.5B). All recipients were housed randomly and received equal doses of radiation at the same
time, therefore these results demonstrate that WT - STAT3 GOF BM chimeras were of mixed

nature (Figure S2.5A & B). This failure of WT BM to completely engraft in STAT3 GOF hosts
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may provide some insight into the generally poor success rates of hematopoietic stem cell

transplantation (HSCT) in patients with STAT3 GOF (174).

Spontaneous skin inflammation did not occur in STAT3 GOF - WT mice 12 weeks
after transplant (Figure S2.5C). By contrast, WT > STAT3 GOF and STAT3 - STAT3
chimeras did develop spontancous ear swelling compared to WT = WT (Figure S2.5C),
suggesting that the combination of STAT3 GOF in hematopoietic and non-hematopoietic cells
results in spontaneous disease. We focused IMQ studies on STAT3 GOF - WT chimeras due to
the mixed nature of WT = STAT3 GOF chimeras. STAT3 GOF - WT BM chimeras were
treated with IMQ at 12 weeks post-transplant. Ear thickness increased over the course of IMQ
treatment in STAT3 GOF - WT chimeras compared to WT = WT chimeras (Figure 2.3G).
This increase in ear thickness in STAT3 GOF - WT chimeras coincided with a higher
pathological score driven by an increase in cellular infiltrate in the skin, but not epidermal
thickness (Figure S2.5D). This suggests STAT3 GOF in hematopoietic cells affects recruitment
of inflammatory immune cells, but the epidermal hyperplasia seen in older germline STAT3
GOF mice may be due to STAT3 GOF in the epidermal cells, lending support to our hypothesis
that both hematopoietic and non-hematopoietic cells require STAT3 GOF for the full phenotype.
Analysis of cytokine production in donor-derived T cells revealed an increase in the frequency of
IL-17A" and IL-22" CD4" T cells in IMQ-treated STAT3 GOF > WT, demonstrating that the
Th17 response is cell-intrinsic (Figure 2.3H). In summary, BM chimeras demonstrated that the
Th17 response was intrinsic to STAT3 GOF-expressing T cells and was sufficient to drive IMQ-

induced skin inflammation. Spontaneous skin disease and possibly changes in epidermal
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thickness require the presence of STAT3 GOF in non-hematopoietic cells, suggesting that

STAT3 GOF in epithelial cells is important for this disease phenotype.
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Figure 2.3: CD4" T cells are sufficient, and Y5 T cells and CD8" T cells are not required to mediate IMQ-
induced inflammation in STAT3 GOF mice. (A) Percent change in ear thickness of Ragl”- mice during course of
IMQ treatment relative to baseline. (B) Representative images of treated ears (top) and H&E stained sections of
IMQ-treated Rag!”" mice (bottom). (C) Histological measurements from H&E stained sections of ear tissue of IMQ-
treated Ragl”- mice. (D) Percent change in ear thickness of Tcrd”- mice during course of IMQ treatment relative to
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baseline. (E) Tcrd” were treated with 150 pg anti-CD8 antibody from d-1 to d7. IMQ treatment started on d0.
Percent change in ear thickness during course of IMQ treatment relative to baseline. (F) 5x10® WT or STAT3 GOF
CD4" T cells isolated from the CLN of IMQ-treated IL-17 GFP mice were adoptively transferred i.v. into Ragl™
hosts. 24 hours after transfer, recipients were treated with IMQ. Percent change in ear thickness during course of
IMQ treatment relative to baseline of Rag/~~ mice that received WT or STAT3 GOF CD4" T cells. (G) Bone
marrow from WT or STAT3 GOF (Ly5.1) was transplanted into irradiated WT (Ly5.2) recipients. On week 12-13
post-transplant, mice were treated with IMQ. Percent change in ear thickness during course of IMQ treatment
relative to baseline. (H) Quantification of donor-derived CD4" IL-22* and IL-17A" frequencies of skin tissue from
the ear by flow cytometry. Data are presented as mean + SEM. Statistical significance determined by 2-way repeated
measures ANOVA with Sidak’s multiple comparisons test (A, D-G) or unpaired two-tailed or Welch’s t-test (C, H).
Data represent 3 experiments with 5-7 mice (A, D, E), 3 experiments with 4-7 mice (F) or 4 experiments with 8-12
mice per group (G, H).

2.3.5 STAT3 GOF T cells show increased clonal expansion at baseline and
after IMQ

We have shown that both older adult and IMQ-treated STAT3 GOF mice showed an
enhanced Th17 response in the CLN as demonstrated by the increased frequency and number of
IL-22" CD4" T cells and increased total numbers of IL-17A" CD4" T cells. To examine
transcriptional changes caused by STAT3 GOF in T cells and to determine if STAT3 GOF drives
increased clonal expansion, CITE-seq with TCR-seq was performed on enriched CD3" cells
from the CLN of young adult WT and STAT3 GOF littermates, with and without IMQ treatment
(194). CITE-seq cell-surface protein markers included CD3e, TCRf, CD4, CD8a, CD62L, and
CD44 to identify naive and effector T cell populations. A multimodal UMAP projection of 54
clusters across 135,567 cells from all conditions was generated using weighted nearest neighbor
analysis of RNA and surface protein expression (Figure 2.4A) (195). Clustering remained
similar between WT and STAT3 GOF and between NT and IMQ (Figure 2.4B). However,
multiple clusters (2, 6, 10, 16, 24, 29, 39, 42, 45, and 52) were enriched for cells from STAT3
GOF samples (Figure S2.6A). Clusters of either single positive CD4 or CD8 T cells were

selected based on antibody expression (which matched gene expression) then re-clustered and
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manually annotated based on protein expression of CD44 and CD62L, and by gene signatures
documented in literature (Figure 2.4C, Figure S2.6B, and Table S2.1). T cells were identified
as naive, effector/effector memory (Eff/TEM), central memory (TCM), exhausted (Exh), and
Tregs (CD4" T cells only) or intermediate (Int, CD8" T cells only) (Figure 2.4C & D, Figure
S2.6B & C). Frequencies of CD4" TCM and Exh clusters were increased in NT STAT3 GOF
samples, and the TCM and Treg clusters increased after IMQ compared to WT (Figure 2.4D).
The frequency of the CD8" TCM cluster was increased in NT STAT3 GOF compared to WT,

suggesting that STAT3 GOF T cells have encountered antigen prior to treatment (Figure S2.6C).

Next, we examined the transcriptional differences in STAT3 GOF CD4" T cells by
annotated cluster. At baseline, STAT3 target genes (Socs3, Maf, Cxcr3), and calcium binding
genes (S100a4, S100a6, S100all) were upregulated in the TCM cluster of STAT3 GOF CD4" T
cells (Figure 2.4E), consistent with a baseline phenotype of increased STAT3 signaling in this
model. Notably, T follicular helper cell (Tth) genes such as /21 and Cxcr3, as well as exhaustion
and inflammatory genes such as Tigit, Tox2, S100a6, and S100all were upregulated in the
STAT3 GOF NT Exh cluster (Figure 2.4F), suggesting that these cells have features of both Tth
and exhausted cells. In addition to ribosomal genes, several Th17-related genes were upregulated
in the IMQ-treated STAT3 GOF Eft/TEM cluster, including //17a, 11171, 1122, Ccr6, and Rora,
consistent with our observations by flow cytometry (Figure 2.4G). In the IMQ Treg cluster,
upregulated genes in STAT3 GOF included targets of STAT3 (Jun, Socs3), Ifngrl, Igfbp4, and

Satb 1, which has been shown to alter pTreg differentiation (196). Upregulated genes in WT NT
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Tregs included Ikzf2, 112ra, and Tgfbl (Figure 4H), suggesting altered stability of STAT3 GOF

Tregs.
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Figure 2.4: STAT3 GOF T cell single-cell RNA-Seq after IMQ treatment. T cells from the CLN of NT or IMQ-
treated WT and STAT3 GOF littermates were isolated and labeled with Totalseq-C antibodies for CITE-seq. Single
cell libraries were generated using 10X Genomics. The 5> GEX v2 libraries were dual indexed with VDJ and surface
immune receptor sequencing. Cells were filtered based on mitochondrial content and feature count, then performed
standard normalization and weighted nearest neighbor analysis in Seurat. (A) UMAP projection of CD3" T cells
from CLN of untreated or IMQ-treated WT (n=2 per group) or STAT3 GOF (n=2 per group) mice used in sScCRNA-
seq experiment showing unique clusters and (B) sample identity by genotype and treatment. (C) Cellselector
function was used to separate single positive CD4 T cells, which were renormalized and reclustered based on CD44
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and CD62L surface protein expression and canonical gene expression. (D) Frequencies of annotated CD4™ clusters.
(E-H) Volcano plots showing differential expression (adjusted P < 0.05, average log2 fold change > 0.25 or <-0.25)
in cells identified as NT TCM, comparing WT and STAT3 GOF (E), cells identified as NT Exh, comparing WT and
STAT3 GOF (F), cells identified as IMQ Eff/TEM, comparing WT and STAT3 GOF (G), and cells identified as
IMQ Treg, comparing WT and STAT3 GOF (H). Ribosomal genes, genes ending in —Rik, and genes beginning with
Gm- are not labeled in volcano plots.

Our data suggest CD4" T cells are important in disease, therefore we assessed T cell
clonality and the transcriptional profile of expanded clones in STAT3 GOF CLN CD4" T cells
compared to WT. At baseline, STAT3 GOF CD4" T cells showed an increased clonal response
in the TCM, Exh, and to a minor extent, Treg clusters based on the presence of medium sized
clones (defined as 5-20 clones) (Figure 2.5A). IMQ treatment and skin disease correlated with
increased clonal expansion of Eff/TEM and TCM clusters in STAT3 GOF CD4" T cells
compared to WT; however, clonal expansion was diminished in the Treg cluster of IMQ-treated
STAT3 GOF CD4" T cells (Figure 2.5A), perhaps indicative of impaired pTreg generation or

recruitment.

Expanded CD4" clones from NT STAT3 GOF mice showed upregulation of genes
including Socs3, Cxcr5, Maf, Junb, as well as exhaustion-related genes such as Tox and Tox2
(Figure 2.5B), providing additional evidence for a persistent stimulus in STAT3 GOF mice at
baseline. Following IMQ treatment, expanded CD4" clones showed upregulation of Socs3, Junb,
Fos, and 1122, while WT expanded CD4" clones showed upregulation of Treg-related genes
including Foxp3, I12ra, and Ikzf2 (Figure 2.5C). This suggests that expanded effector CD4" T
cell clones in STAT3 GOF are more likely to have a Th17 phenotype and are perhaps less likely
to be Tregs. Surprisingly, STAT3 GOF expanded clones from the Treg cluster upregulated /122

(Figure 2.5D). We previously observed a defect in peripheral Treg induction in a model of T cell
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transfer colitis (19). However, IMQ did not reduce Treg frequency in the CLN of STAT3 GOF
mice (Figure S2.3F). Together, the diminished clonal expansion, Th17-like gene expression, and
the observations of upregulated lkzf2, I/2ra, and Tgfbl in all WT Tregs compared to STAT3

GOF, suggests that STAT3 GOF could alter Treg stability.

Two other studies of STAT3 GOF found increased clonal expansion of CD8+ T cells
associated with accelerated diabetes development or lymphoproliferative disease (20, 21).
Although CD8" T cells were not required for skin inflammation in our model, there was a similar
increased CD8" clonal expansion at baseline in Eff/TEM, TCM, and Int clusters due to STAT3
GOF (Figure S2.7A). IMQ-treated STAT3 GOF CD8" T cells showed increased clonal
expansion of TCM and Int clusters with the emergence of large sized clones (defined as 20-100
clones), but fewer Eff/TEM clones (Figure S2.7A). These data suggest that T cells in STAT3
GOF are more likely to be activated or antigen-experienced at baseline, and this could contribute
to the increased clonal response observed following stimulation. In NT STAT3 GOF CDS8*
expanded clones, there was upregulation of Ccl5, Ccr5, Ccl4, Ctla2a, Gzmk, Eomes, Nkg7, and
Gzmb (Figure S2.7B). Some of the transcripts upregulated in IMQ-treated STAT3 GOF CD8"
expanded clones were similar and included Ccl5, Ccl4, Ccr5, Gzmk, Nkg7, Ctla2a, and Tigit
(Figure S2.7C). As previously observed in the p.K392R variant on the NOD background (21),
this indicates that STAT3 GOF drives expression of genes involved with cytotoxicity and
chemotaxis in CD8" T cells at baseline and after stimulation with IMQ. Our experimental data

suggests that this may be a bystander effect, as CD8" T cells are not required for disease.
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Figure 2.5: STAT3 GOF CD4" T cells show increased clonal expansion at baseline and after IMQ. (A)
Clonotype frequency of the NT and IMQ treated CD4" T cells by annotated cluster generated with ScRepertoire. (B-
D) Volcano plot showing differential expression (adjusted P < 0.05, average log2 fold change > 0.25 or < —0.25) in
NT CD4* expanded clones, comparing WT and STAT3 GOF (B), IMQ CD4" expanded clones, comparing WT and
STAT3 GOF, and IMQ Treg expanded clones, comparing WT and STAT3 GOF (D). Ribosomal genes, genes
ending in —Rik, and genes beginning with Gm- are not labeled in volcano plots.

2.3.6 IL-22 signaling contributes to increased IMQ-induced inflammation in
STAT3 GOF

Given the observation of expanded IL-22" CD4" T cells in STAT3 GOF mice, we
hypothesized that IL-22 was important for driving enhanced disease induced by IMQ. Indeed,
previous studies have demonstrated a requirement for IL-22 in the development of IMQ-induced

skin inflammation (197). To test this hypothesis, STAT3 GOF mice were crossed to I1L-22-
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deficient (//227") mice and treated with IMQ. In the absence of IL-22, ear swelling in both
STAT3 GOF mice and WT mice was reduced, with 7722”7 STAT3 GOF mice having ear swelling
similar to IL-22-sufficient WT mice from prior experiments (Figure 2.2A data overlaid in
Figure 2.6A for IL-22 sufficient WT and STAT3 GOF). Although reduced overall, /227
STAT3 GOF mice still had increased ear swelling compared to //22”- WT mice (Figure 2.6A),
as well as increased epidermal thickness, cellular infiltrate count, and pathological score (Figure
2.6B & C). Although the frequency of skin-infiltrating neutrophils was not significantly
different, there was a significant decrease in the frequency of DCs/Langerhans cells, as well as
an increase in the total cellularity of the CLN in /227~ STAT3 GOF compared to WT (Figure
2.6D & E), which is similar to what we observed in older adult and IMQ-treated STAT3 GOF
mice sufficient for //22. The frequency of both IL-17A" CD4" T cells and yd T cells was higher
in 71227 STAT3 GOF compared to 7122 WT (Figure 2.6F). Additionally, the total number of
IL-17A" CD4" T cells was increased in the CLN of //22”- STAT3 GOF (Figure 2.6G).
Collectively, these data demonstrate that IL-22, which is enhanced in STAT3 GOF CD4" T cells,
partially mediates skin disease in STAT3 GOF and likely signals through non-hematopoietic

cells to cause the full disease phenotype induced by IMQ.

50



A - B 2 c
2277 WT + IMQ 1224 WT + IMQ ):;’325; ‘i‘l’lﬁg
B 12277 STAT3 GOF + IMQ
1004 600
200 ot — P
- 122" WT IMQ - Eo .
160-] = 122" STAT3 GOF IMQ £ ol B} g -
Ea E3
.'E 2 wd o 52 =
o x favect E o 200 o
L T = o
Hlall #all
T T 0 T T
800+ 164
14—
g -
EME 600 s oon . ::7 -
_: %‘ 400 E 8- . N
- 8 gl ® e g2 [
Helgl i
T T T T
E
1122+~ 1122+ STAT3
WT GOF 5 00553 s
—~ 20 = e =
> mm neutrophils 2 . £d © = 3
o £33 15 - €
c HEE monocytes s &0 4 o 3
o B macrophages 2, £2 as =
o = DCs/langerhans 3 © o <49 o 3
o = CD3+ Tcells TE r.gﬁ gT 29 |° E
= (=} o.0 s
0 B o] =
T T T T
F . Ji22+- STAT3 G
22 WT GOF w0 - CLN CLN
A o 6104, % 2x10%, ns
12.9 o e o & 15010 =
T ax0e - o
oo = 0 g o105 o -
Y a * e =,
T = | 2 2xroe o s o [m
go o E 52104 5]
I o
cbh4 ‘ ‘ ﬁﬁ : [;ﬁill _
] 0 T T
>k
O
L s Figure Legend:
M~
; ¢ H22--WT IMQ
a 11227-STAT3 GOF IMQ

TCRy&™id

Figure 2.6: IL-22 signaling contributes to increased IMQ-induced inflammation in STAT3 GOF. (A) Percent
change in ear thickness of 7/22”- WT and /227~ STAT3 GOF mice during course of IMQ treatment relative to
baseline overlaid with data from Figure 2A (/I122**). Day 7 statistics shown (top: 7/22*"* STAT3 GOF vs 1227
STAT3 GOF; bottom: 7I1227- WT vs 11227~ STAT3 GOF). (B) Representative images of treated ears and H&E stained
sections of IMQ-treated 7/22”- WT and 1/22"- STAT3 GOF mice. (C) Histological measurements from H&E stained
sections of ear tissue of IMQ-treated /122"~ WT and 1/227- STAT3 GOF mice. (D) Frequency and quantification of
indicated cell populations in the skin measured by flow cytometry. (E) Number of total cells in CLN on day 7. (F)
Representative flow plot and quantification of IL-17A expression in CD45.2* CD3* TCRy$  CD8 CD4* or CD45.2"
CD3* TCRy8™d skin T cells. Cytokine expression assessed after PMA/ionomycin stimulation. (G) Total number of
IL-17A expressing CD45.2* CD3* TCRyd” CD8 CD4" and CD45.2* CD3" TCRy&™¢ CLN T cells measured by flow
cytometry. Cytokine expression assessed after PMA/ionomycin stimulation. Data are presented as mean + SEM.
Statistical significance determined by 2-way repeated measures ANOVA with Tukey’s multiple comparisons test
(A) or unpaired two-tailed or Welch’s t-test (D-G). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are
representative of 3 experiments with 4-8 mice per group.
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2.3.7 JAK inhibition prevents enhanced inflammation in STAT3 GOF caused
by IMQ without affecting Th17 cytokine expression

JAK inhibitors (JAKinibs) have been used alone or in conjunction with IL-6R antagonists
to treat STAT3 GOF patients, including individuals with the p.G421R variant (198). To
determine if JAK signaling inhibition could reduce IMQ-induced inflammation in STAT3 GOF
mice, young adult STAT3 GOF and WT mice were simultaneously treated with a JAKinib (oral
tofacitinib) and IMQ for 7 days. Mice received either control chow or JAKinib-containing chow
(1g JAKinib per kg chow) starting on day 0. Treatment with tofacitinib reduced ear thickness in
STAT3 GOF mice to the level of IMQ-treated WT mice (Figure 2.7A). JAKinib treatment also
reduced epidermal thickness, cellular infiltrate, and overall pathological score in STAT3 GOF
mice compared to IMQ-only STAT3 GOF, and pathology was similar to that seen in WT mice
(with or without JAKinib) (Figure 2.7B & C). These findings demonstrate that JAK inhibition

can treat skin inflammation of STAT3 GOF mice in this model of disease.

Keratinocyte proliferation was measured by Ki-67 staining in the epidermis.
Unexpectedly, JAKinib treatment resulted in increased percent Ki-67" cells in the epidermis for
both WT and STAT3 GOF (Figure 2.7D). This contrasts with previous reports of tofacitinib
reducing IMQ-induced epidermal cell proliferation by Ki-67 staining (199). Given the overall
decrease in epidermal thickness with JAKinib treatment, increased turnover in epithelial cells
may be due to processes involved with the resolution of inflammation or other proliferative
mechanisms that do not rely on JAK1/3-STAT3 signaling. Neutrophil and monocyte infiltration
in the skin was decreased in STAT3 GOF with JAKinib treatment, while DC/Langerhans cell

frequencies were increased in both WT and STAT3 GOF (Figure 2.7E), indicating that immune
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cell recruitment or retention in the skin may be altered by tofacitnib. Analysis of skin Th17 cells
revealed no differences in IL-17A or IL-22 expression in STAT3 GOF following JAKinib
treatment (Figure 2.7F). Together, these findings demonstrate that JAKinib treatment with
tofacitinib can improve skin pathology, reduce cellular infiltration into the skin, and enhance
keratinocyte proliferation without affecting IL-17A or IL-22 production by skin CD4" T cells.
Collectively, these data provide strong supportive evidence for investigating local inflammatory

responses and pathology in both immune cells and affected tissue in STAT3 GOF syndrome.
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Figure 2.7: JAK inhibition prevents enhanced inflammation in STAT3 GOF caused by IMQ without affecting
Th17 cytokine expression. (A) WT and STAT3 GOF littermates received tofacitinib delivered in chow formulation
(Nutra-gel). Mice acclimated to Nutra-gel without drug for 3 days, then provided chow with 1g tofacitinib to 1 kg
Nutra-gel (ad libitum access). IMQ treatment started on the same day. (A) Percent change in ear thickness during
IMQ treatment relative to baseline. Day 7 statistics shown. (B) Representative images of H&E stained sections of
IMQ only or IMQ + JAKinib treated ears. (C) Histological measurements from H&E stained sections of ear tissue.
(D) Representative images of Ki-67 stained sections of IMQ only or IMQ + JAKinib treated ears with
quantification. (E) Representative flow plot and quantification of indicated cell populations in the skin. (F)
Representative flow plot and quantification of IL-17A and IL-22 expression in CD45.2" CD3* TCRys CD8 CD4*
skin T cells. Cytokine expression assessed after PMA/ionomycin stimulation. Data are presented as mean = SEM.
Statistical significance determined by 2-way repeated measures ANOVA with Sidak's multiple comparisons test (A),
or 1-way ANOVA with Sidak's multiple comparisons test (B-F). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
Data are representative of 2 experiments with 4-6 mice/group (A-D), or 3-5 mice/group (E-F).
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2.4 Discussion

Here we demonstrate spontaneous and stimulus-driven skin disease in a mouse model
harboring a pathogenic human STAT3 GOF variant (p.G421R) associated with a local, cell-
intrinsic Th17 response that does not occur in WT mice. CD4" T cells are sufficient to drive
increased ear swelling in STAT3 GOF mice following topical IMQ, and this response does not
require Y8 T or CD8" T cells. Single cell RNA sequencing revealed enhanced clonal CD4" T cell
responses in STAT3 GOF, as well as increased expression of STAT3-regulated genes, including
1122, Socs3, Junb, and Fos in IMQ-treated expanded clones. IL-22-deficient STAT3 GOF mice
had improved disease, but maintained increased infiltration of IL-17A" CD4" T cells. Treatment
with a JAK inhibitor led to significant improvement of disease, associated with reduced
neutrophil infiltration, increased keratinocyte proliferation, but no differences in Th17 cytokine

expression.

Prior studies of peripheral blood cells from patients with STAT3 GOF have not
demonstrated an overwhelming Th17 response (174). However, normalization of Th17
frequencies was associated with improvement of disease following tocilizumab treatment in two
patients with the p.G421R variant, and in another with the p.P471R variant (177, 186, 200). This
study demonstrates that in both spontaneous and IMQ-induced skin disease, there was a local
(skin and CLN), but not systemic Th17 response. This finding suggests that analysis of
peripheral blood immune cells in patients may not reflect the organ-specific inflammation at

disease sites.
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Unlike WT mice, skin inflammation in STAT3 GOF is associated with an increased Th17
response. We hypothesize that the enhanced production of Th17 cytokines can maintain STAT3
activation in immune cells and particularly through IL-22 signaling in epithelial cells. IL-22"
CD4" T cells were increased in both the skin and peripheral tissues of older adult and IMQ-
treated STAT3 GOF mice, and /122 transcript was upregulated in expanded CD4" T cell clones,
including Tregs, after IMQ treatment. STAT3 transcriptional activity can drive IL-22 expression
in CD4" T cells and y8 T cells through activating cytokines including IL-23 and IL-21 (122, 129,
159, 201, 202). In addition, the IL-22 receptor signals through STAT3 in keratinocytes and
upregulates genes involved in keratinocyte proliferation and expression of CCL20 (191, 203-
205). Consistent with these findings, the increased IL-22" CD4" T cell frequency in older adult
and IMQ-treated STAT3 GOF mice coincided with increased epidermal thickness by histology;
however, deletion of //22 did not completely prevent this. This is likely due to the expansion of
IL-17A" CD4" or y3 T cells in the skin and cervical lymph nodes, as IL-17R signaling in
keratinocytes can also drive proliferation and secretion of chemokines that recruit neutrophils to
the skin during IMQ treatment (206). A previous study showed that the number of IL-17A"
CD4" T cells was increased in IL-22"" mice treated with IMQ, suggesting a compensatory
mechanism that enhances IL-17A production in the absence of IL-22 (207). This compensation
for absent IL-22 may be further exaggerated by STAT3 GOF, as we have observed increased IL-
17A expression in skin y3 T cells with IL-22 deletion after IMQ, but not in IL-22-replete mice.
Our findings of an enhanced local and systemic IL-22 response during skin inflammation in
STAT3 GOF are also consistent with the observations of upregulated IL-22 expression in the

skin and peripheral blood of patients with psoriasis (203, 205).
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There is a diverse clinical phenotype in patients with STAT3 GOF, even among
individuals with the same genetic variant (174). Similarly, mouse models of STAT3 GOF from
our group and others have highlighted phenotypic differences likely due to different
environmental and genetic factors, including allele expression of STAT3 GOF variants (19-21).
In a model from Warshauer et. al., a heterozygous p.K392R variant (also in the DNA binding
domain) on the NOD background led to accelerated diabetes driven by effector CD8" T cells that
resisted terminal exhaustion and exhibited clonal expansion (21). In a separate study, a
heterozygous p.K392R variant on the C57BL/6 background had progressive
lymphoproliferation. This group observed increased Th17 differentiation in vitro and in a model
of induced experimental autoimmune encephalomyelitis (EAE), but no difference in clinical
disease (22). Masle-Farquhar et. al., reported two STAT3 GOF models on the C57BL/6
background with p.K658N, a variant associated primarily with somatic mutations in large
granular lymphocytic (LGL) leukemia, or the p. T716M variant seen in STAT3 GOF monogenic
disease. Both heterozygous and homozygous mice displayed significant lymphoproliferation
mediated by dysregulated oligoclonal effector CD8" T cells resembling T-LGL cells (20).
Transplantation of homozygous STAT3 GOF marrow into Ragl”" recipients showed cell-
intrinsic CD8" T cell expansion that was associated with fatal wasting disease, which was
alleviated by CD8" T cell depletion (20). They also observed spontaneous skin inflammation in
aged homozygous mice, although this was not explored in these models (20). Although
epidermal CD8" T cells are increased in psoriatic lesions and can produce IL-17A and IL-22
(208, 209), our data clearly show that CD8" T cells are not required for increased skin

inflammation with STAT3 GOF as there was no effect of CD8" depletion in Tcrd”’” mice. Similar
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to the other studies, we did observe increased expression of cytotoxic genes in expanded CD8"
clones both at baseline and after IMQ treatment (20, 21), suggesting baseline CD8" T cell
dysregulation in our mouse model. Together, these observations in multiple models of STAT3

GOF highlight different genetic and cellular requirements for disease phenotypes.

We previously reported T cell dysregulation and lymphoproliferation in older adult
STAT3 GOF mice with the p.G421R variant, including expansion of Tregs and Th1 cells, but no
differences in Th17 ex vivo. Treg function was not altered by STAT3 GOF in vitro, suggesting
that defects in Treg suppression are not driving disease in this variant; however, pTregs were
decreased. In a T cell transfer model of colitis, there was an increased frequency of IL-17A" ex-
Tregs from STAT3 GOF mice (19). Loss of FoxP3 expression and increased IL-17A expression
in Tregs has been observed in autoimmune diseases in both humans and mice. In lesional skin
(and PBMC) of patients with psoriasis, decreased FoxP3 expression and increased IL-17A
expression in Tregs can be driven by STAT3-activating cytokines IL-23 and IL-21 ex-vivo (210,
211). In mice, FoxP3 instability has been observed in NOD mice (212). In our study, there were
reduced numbers of Tregs at the site of skin inflammation and reduced clonal expansion of Tregs
with IMQ treatment in STAT3 GOF mice. Furthermore, //22 was upregulated in the expanded
Treg clones of IMQ-treated STAT3 GOF mice. These data suggest that STAT3 GOF may lead to
dysregulated recruitment of pTregs to sites of inflammation, or loss of Treg stability that results

in altered cytokine production.

This mouse model of skin inflammation suggests that the presence of STAT3 GOF in
non-hematopoietic cells of the skin influences disease, highlighted by the lack of spontaneous

disease in STAT3 GOF - WT BM chimeras, and no change in epidermal thickness despite
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more severe IMQ-induced inflammation. This is consistent with the findings of high levels of
STATS3 activity in keratinocytes from psoriatic lesions in patients (213, 214). In mice,
overexpression of STAT3 in keratinocytes led to spontaneous and wound-induced skin
inflammation resembling psoriasis (213). We unexpectedly found that STAT3 GOF bone
marrow incompletely engrafts into WT recipients; however, this mixed chimera still developed
spontaneous ear swelling as the mice aged. Finally, severe IMQ-induced disease could not be
initiated in the absence of adaptive immune cells (Ragl™). Together, these results indicate that
the combination of STAT3 GOF in both CD4" T cells and skin epithelial cells can drive the most
significant disease. These findings contrast with a recent study demonstrating deletion of Stat3 in
keratinocytes diminished IMQ-induced skin inflammation, but deletion of Stat3 in T cells had no
effect (215). However, disease driven by STAT3 GOF is distinct from IMQ-induced
inflammation in WT mice, as we have discovered that STAT3 GOF-driven disease is not
dependent on yd T cells and elicits a strong Th17 response. This could be due to the unique
inflammatory environment caused by baseline lymphoproliferation in STAT3 GOF mice.
Overall, these data demonstrate that STAT3 signaling in both hematopoietic and non-

hematopoietic cells should be considered when designing therapies for patients.

STAT3 GOF patients present with early-onset poly-autoimmunity, ranging from
enteropathy to skin disease (174). The current best therapies available include JAK inhibitors and
IL-6R antagonists, which target multiple cell types (174). Our results show that JAK inhibition
by tofacitinib, which targets JAK1 and JAK3, does not affect the enhanced Th17 response in
STAT3 GOF despite reducing skin inflammation overall. Two major cytokine receptors involved

in Th17 differentiation are IL-6R and IL-23R, which rely on JAK1/JAK2/TYK2 (160) and
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JAK2/TYK2 (216), respectively. It is therefore likely that IL-6 or IL-23 signaling still occurs in
T cells even in the presence of tofacitinib. Our data suggest that tofacitinib may have a greater
effect on STAT3 GOF skin epithelial cells, as we have observed decreased epidermal thickness
and increased proliferation by Ki-67 staining. The receptor for IL-22 is expressed mainly on non-
hematopoietic cells and signals through JAK1/TYK2, therefore inhibition of this pathway by
tofacitinib could explain the diminished epidermal cell proliferation and neutrophil recruitment
(217, 218). In addition to JAK inhibitors, other therapies for STAT3 GOF include HSCT,
although this has yielded mixed results and is likely confounded by the fact that transplantation
tends to be performed later in disease when patients have significant comorbidities (174). Our
finding of incomplete engraftment in WT = STAT3 GOF BM chimeras, despite all recipients
receiving the same conditioning, may provide insight into the relatively low efficacy of HSCT in
STAT3 GOF patients. Possible explanations include competitive advantage in the survival of
STAT3 GOF hematopoietic cells or an alteration of radiosensitivity that is caused by STAT3
GOF (116, 219). Collectively, our data may highlight a new approach to HSCT that includes

treatment with a JAK inhibitor.

STAT3 GOF is a complex monogenic disease that leads to lymphoproliferation and
organ-specific autoimmunity in pediatric patients with a highly variable clinical phenotype. The
findings here demonstrate local inflammatory responses mediated by CD4" Th17 cells and
production of IL-22 can drive skin disease, which is most prominent when STAT3 GOF is also
present in skin epithelial cells. While CD8" T cells have been implicated in other aspects of
STAT3 GOF-related disease, this work highlights the need to investigate local immune
responses in this and other immune dysregulation syndromes, and provides new insight into the
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differences in the drivers of inflammation that likely depend upon the specific organ and cell

type, genetic variables, and environment.

2.5 Materials and Methods
Mice

STAT3 GOF (p.G421R) mice were generated as previously described on a C57BL/6
background (19). p.T716M mice were generated on the C57BL/6 background using CRISPR-
Cas9 technology by the Hope Center Transgenic Vectors Core at Washington University School
of Medicine. 7122”7 mice were generously provided by the laboratory of Misty Good at
University of North Carolina at Chapel Hill (220). Rag!”" (JAX stock #002216), TCRS deficient
mice (Tcrd”, JAX stock #002120), and IL-17 GFP reporter mice (/11 748’ JAX stock
#018472) all on the C57BL/6 background were purchased from Jackson Laboratories. C57BL/6
congenic for the Ly5.1 marker (B6.SJL-Ptprc®Pepc’/BoyCrCrl, strain #564) were purchased
from Charles River. Male and female littermates aged 6-12 weeks were used in all experiments

unless stated otherwise.

In vitro Thl7 polarization

CD4" T cells were enriched from the spleen and lymph nodes using the MojoSort™
Mouse CD4" T Cell Isolation Kit (Biolegend). Naive CD4" T cells (CD3e" CD25 CD4" CD44
CD62L") were sorted on a BD FACS AriaFusion flow cytometer (BD Biosciences). 2x10° sorted
cells were cultured for 4 days on a 96-well flat bottom plate at 37°C in complete RPMI 1640

medium supplemented with 10% FBS, 1% penicillin/streptomycin, and 50 uM beta-

61



mercaptoethanol. Cells were stimulated with 10 ug/mL plate-bound anti-CD3 (clone 145-2C11,
BioXCell) and 2 ug/mL anti-CD28 (clone 37.51, BioXCell). For Th17 polarization, the culture
medium included 5 ng/mL rmTGF-B1 (Cell Signaling Technology), 10 ug/mL anti-IFNy (clone:
XMG1.2, BioXCell), 10 pug/mL anti-IL-4 (clone: 11B11, BioXCell), with or without rmIL-6

(Peprotech).

Imiquimod-induced skin inflammation

To induce psoriasiform dermatitis in mice, 5% imiquimod (IMQ) cream (Taro) was
applied to the dorsal and ventral sides of both ears for 7 consecutive days. Mice received
approximately 5 mg IMQ daily. Ear thickness was measured daily with a 0.01mm dial thickness
gauge (Peacock) by a single blinded scorer, calculated by the average of 3 separate

measurements of the right ear.

CD8" T cell depletion
For CD8" T cell depletion experiments, mice were treated daily with 150 pg anti-CD8a
(clone: 53-6.7, BioXCell) by intraperitoneal (i.p.) injection, starting 24 hours prior to the first

IMQ treatment. CD8" T cell depletion was verified by flow cytometry.

Histology

For histological analysis of the mouse skin, ears were isolated at time of euthanasia and
preserved overnight in 4% paraformaldehyde prior to paraffin embedding and hematoxylin and
eosin staining (Digestive Diseases Research Cores Center, Washington University School of
Medicine or Nationwide Histology, Missoula, MT). Whole slides were imaged with an Olympus

BX61VS slide scanner microscope. Average epidermal thickness, blood vessel area, and cellular
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infiltrate count were measured from 3 representative areas of each slide by a single blinded
scorer using Qupath-0.3.1 software. Pathological score was determined by calculating the sum of
the average epidermal thickness/10 + average blood vessel area/1000 + average cellular infiltrate

count/100.

Skin tissue processing for flow cytometry

Dorsal and ventral halves of ears were separated, minced, and placed in 1.5 mL RPMI
1640 (Corning) supplemented with 1% Antibiotic-Antimycotic (Gibco), 1% MEM Nonessential
Amino Acids (Corning), 1 mM sodium pyruvate (Corning), 25 mM HEPES Buffer (Corning),
and 50 uM beta-mercaptoethanol. Ear tissue was then digested with 125 pg/mL LiberaseTL
(Roche) and 100 ug/mL DNase I (Roche) on a rotating shaker for 90 minutes. Tissue was gently
homogenized by passing through a syringe, then filtered through a 70 um cell strainer to obtain

single cell suspensions.

Flow Cytometry

Cells from the skin, cervical lymph nodes, whole blood, and spleen were isolated and
stained as indicated. For surface staining, cells were washed with cell staining buffer (1X DPBS
[Corning] + 2% FBS + 1 mM EDTA), treated with Fc block (clone 2.4G2), stained with surface
antibodies for 30 minutes at 4°C, then washed again with cell staining buffer. For intranuclear
staining, cells were fixed for 1 hour at room temperature with the eBioscience™ Foxp3 /
Transcription Factor Staining Buffer kit and washed with permeabilization buffer (ThermoFisher
Scientific). Cells were stained with intranuclear antibodies for 1 hour at room temperature, then
washed with cell staining buffer. For intracellular staining, cells were stimulated with 5 ng/mL

PMA (Sigma) and 0.5 uM ionomycin (Sigma) with GolgiPlug (BD) for 4 hours at 37°C + 5%
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COa, prior to surface staining. Cells were fixed and permeabilized with the BD Cytofix/Cytoperm
solution (BD Biosciences), washed with permeabilization buffer (ThermoFisher Scientific), then
stained for intracellular antibodies for 30 minutes at 4°C. Dead cells were distinguished by
Zombie Yellow (Biolegend). For GFP expression analysis, unstimulated cells were pre-fixed
with 1% paraformaldehyde at 37°C for 10 minutes before proceeding to fixation and
permeabilization. Flow cytometry was performed on a LSRFortessa (BD Biosciences) or Cytek
Aurora, and data were analyzed using FlowJo 10.7.1. The following fluorochrome-conjugated
antibodies were used: anti-mouse CD3¢ (145-2C11, Biolegend), anti-mouse CD62L (MEL-14,
Biolegend), anti-mouse 1L-22 (Poly5164, Biolegend), anti-mouse/human CD44 (IM7,
Biolegend), anti-mouse FOXP3 (FJK-16s, Invitrogen), anti-mouse CD4 (GK1.5, Biolegend),
anti-mouse CD45.2 (104, BD Biosciences), anti-mouse CD19 (6D5, Biolegend), anti-mouse
CD8a (53-6.7, BD Biosciences), anti-mouse NK-1.1 (PK136, Biolegend), anti-mouse CD64
(X54-5/7.1, Biolegend), anti-mouse RORyt (Q31-378, BD Biosciences), anti-mouse IL-17A
(TC11-18H10, BD Biosciences), anti-mouse/human CD11b (M1-70, Biolegend), anti-mouse
CDl11c (HL3, BD Biosciences), anti-mouse I-Ab (AF6-120.1, Biolegend), anti-mouse IFNy
(XMG1.2, BD Biosciences), anti-mouse yd T-Cell Receptor (GL3, BD Biosciences), anti-mouse
Ly-6G (1A8, Biolegend), anti-mouse CD196 (29-2L17, Biolegend), anti-mouse CD24 (M1/69,
BD Biosciences), anti-mouse CD25 (PC61, BD Biosciences), anti-mouse IL-4 (11B11, BD
Biosciences), anti-mouse GATA3 (L50-823, BD Biosciences), anti-mouse T-Bet (4B10, BD

Biosciences).

Bone Marrow chimeras
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Bone marrow chimeras were generated by transplanting whole bone marrow cells from 7-
12 week old CD45.2" donors into CD45.1" recipients that were irradiated with 2 doses of 550
cGy. 2x10° cells were injected retro-orbitally into lethally irradiated recipients. Recipients
received 0.5 mg/mL sulfamethoxazole and 0.1 mg/mL trimethoprim in drinking water ad libitum
for 2 weeks post-transplant. Engraftment was assessed in the peripheral blood at 6, 8, 10, and 12

weeks post-transplant. IMQ experiments were started 12 weeks post-transplant.

Single Cell RNA sequencing and TCR sequencing

Bulk T cells were isolated from the cervical lymph nodes of 2 untreated and 2 IMQ-
treated WT and STAT3 GOF littermates (1 male and 1 female per group) using the EasySep
Mouse T cell Isolation Kit (StemCell) following the manufacturer’s instructions. 1 x10° purified
T cells were labeled with anti-mouse CD3e (C0182), TCRp (C0120), CD4 (C0001), CD8a
(C0002), CD44 (C0073), and CD62L (C0112) Totalseq-C antibodies (Biolegend) for CITE-seq
(194). The 5° GEX v2 libraries were generated and dual indexed with VDJ and surface immune
receptor sequencing following the manufacturer’s instructions, loading 30,000 cells per well
(10X Genomics). Libraries were sequenced and processed by the Genome Technology Access
Center at the McDonnell Genome Institute at Washington University School of Medicine
following the manufacturer’s instructions (10X Genomics). Raw data was filtered, aligned, and
aggregated using Cellranger v.6.0.0 and feature-barcode matrix analysis was performed in
Rstudio with the Seurat v4 R package. A total of 135825 cells were filtered based on
mitochondrial content and feature count. Cells with >20% mitochondrial DNA were filtered
from analysis, leaving a total of 135567 cells. Normalization, scaling, and dimensionality
reduction were performed using default parameters, with resolution at 0.8 and 30 dimensions for
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the reduction. For CITE-seq, RNA and protein data were integrated using weighted nearest
neighbor analysis (195). The CellSelector function was used to separate single-positive CD4 and
CDS8 populations based on surface protein expression, and the CD4" and CD8" populations were
renormalized using the same procedure. Non-T cell contaminants were removed from analysis.
Clusters were manually annotated based on CD44 and CD62L surface protein expression and by
expression of canonical genes found in literature. Differential gene expression was calculated
using the ‘FindMarkers’ function and the default Wilcoxon rank-sum test. Seurat,
EnhancedVolcano, ggplot2, and dittoseq R packages were used for data visualization. T cell
clonotypes were assigned and clonotype dynamics were analyzed using the ScRepertoire R
package (221). Clonotypes were assigned using the ‘cloneCall=strict’ function, which integrates
the VDJC genes of the TCR and the nucleotide sequence of the CDR3 region to define

clonotype.

Adoptive transfer

IL-17 GFP WT reporter mice and IL-17 GFP STAT3 GOF mice were treated with IMQ
for 7 consecutive days. On day 7, cervical lymph nodes and spleen were isolated and CD4" T
cells purified using the MojoSort™ Mouse CD4" T Cell Negative Isolation Kit (Biolegend).
Purified CD4" T cells were >95% pure by flow cytometry. 5x10° cells were injected into the tail
veins of sex-matched Rag/”" mice. 24 hours after transfer, Ragl”" recipients were treated with

IMQ for 7 consecutive days.

Oral tofacitinib treatment

66



Tofacitinib citrate (MedChemExpress) was delivered in chow formulation by combining
Nutra-gel dry mix kit (Bio-serv) with tofacitinib at a ratio of 1g tofacitinib to 1kg Nutra-gel.
Briefly, Nutra-gel was prepared according to manufacturer’s instruction. Tofacitinib powder was
added to the heated water and dry powder mixture, then mixed in a blender for 20-30 seconds.
Nutra-gel with and without tofacitinib was stored at 4°C until use for up to 7 days. Mice were
given Nutra-gel chow without drug for 3 days to acclimate to the diet before starting tofacitinib
treatment. Mice received fresh Nutra-gel daily (with or without tofacitinib) with ad libitum

acCcCess.

Statistics

Prism 9 was used to calculate all statistics. A 2-tailed unpaired t test or Welch’s t test was
used for comparisons of 2 groups. For comparisons of 4 groups, samples were analyzed by one-
way ANOVA with Sidak’s multiple comparison test. Percent change in ear thickness was
analyzed by two-way repeated measures ANOVA with Siddk’s multiple comparisons test. For
comparisons of 3 or more groups with 2 independent variables, two-way ANOVA with Sidék’s

multiple comparisons test was used.
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2.6 Supplementary Figures

. 2104 2x10% 1.5x10¢
. B ~ == & — *
& 2 " 1.5w104 o o 1.5%108 = o
3 = ] 2 w o qx0s
b o = o H =
= = [T B O 108 a g
2 ] - = ° o
@ ) + + £ sx0¢
= & 2 508 3 Sx104 F
s g 5 s L
[ o 0
ns
12105 . g =
— E @« °
*x o - 5 15100 g o
o 2 £
£ g & x100 :
o =10 o = g o
2 @ g 5
s S 5 s
E E O
[=]
0 0
s *
4x104 E 50104 — Ax10%
€ - ° 2 °
o w0t =" ™ axd0s
™ - S
o o Y ot c =
1 Zx0t =z ‘,— X g 200
o ®F e “E o
C=] a 2 o
E 12104 S é‘ 1r10%.
(%} 3 3104 o
o 2 e
= 0 o
e D
Fxd04- 0.0591 BxA0?, — 2x104
s — & ° € s
= a0t o ® =
+ AR
< & axns o e cd
= I 3x104 = 4 G
< R 25 . 2
d 4 . o = o 1= ==
: 2510 [P » :r w 4
& txtor g 3 g e 3
o o o o
[] o o
E F
WT STAT3 GOF WT STAT3 GOF
T T
1 ki
1047|026 | 0077 023 Lors 0 j00%3 0
| i | i
§ T e qq B b
o 585 | 6.77 o ] 217 | 3 5.10
=] ] SN S
IL-17A > IL-17A >
ns
25— .
= = =
w0 = & =
<< ‘x 4‘-“
= 15 sE A
3z i3 i
5 & S Figure Legend:
= = =
P [ 0.0720
2501044 240,
E £ 3 € [0 STAT3 GOF NT
LEERLE Pl fy 15%100
z v g5 3 s.’ )
=g 8 4 1omion s 84
R i gy M0t
(] e 1104 b E
Z ety g : & aos
- 2 =
0 0

Figure S2.1: Older adult STAT3 GOF (p.G421R) mice develop spontaneous skin inflammation. (A) Absolute

cell numbers of cells per ear and of skin immune cells of
numbers of CD45.2" CD3* TCRyd” CD8 CD4" IL-17A*

older adult WT and STAT3 GOF mice. (B) Absolute cell
and IL-22* skin, (C) CLN, and (D) spleen T cells of older
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adult WT and STAT3 GOF mice. Cytokine expression assessed after PMA/ionomycin stimulation. (E)
Representative flow plots, quantification, and absolute cell number of IL-17A, and IL-22 expression in CD45.2*
CD3* TCRyd" T cells in the CLN and (F) spleen. Cytokine expression assessed after PMA/ionomycin stimulation.
Data are presented as mean £ SEM. Statistical significance determined by unpaired two-tailed or Welch’s t-test,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data represent 3 experiments with 10-16 mice.
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Figure S2.2: Th17 polarization of naive and bulk CD4" T cells (p.G421R) and percent change in ear thickness
during IMQ treatment (p. T716M). (A) Representative flow plot and quantification of IL-17A following Th17
polarization of naive CD4* T cells with varying concentrations of IL-6. (B) Quantification of Th17 polarization of
bulk splenic CD4" T cells with varying concentrations of IL-6. (C) Adult WT and Stat3°T"1M" littermates were
treated with topical 5% imiquimod cream on both ears for 7 consecutive days. Percent change in ear thickness
during course of IMQ treatment relative to baseline. Data are presented as mean + SEM. Statistical significance
determined by two-way ANOVA with Sidak’s multiple comparisons test (A-B), or 2-way repeated measures
ANOVA with Sidék's multiple comparisons test (C), *p<0.05, *¥p<0.01, ***p<0.001, ****p<0.0001. Data
represent 2 experiments with 6 mice/group (A), 2 experiments with 4 mice/group (B), or 2 experiments with 4-7
mice/group.
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Figure S2.3: Topical imiquimod elicits severe skin inflammation and a Th17 response in young adult STAT3
GOF mice. (A) Total number of cells per ear. (B) Total number of CLN cells. (C) Frequency and total number of
lymphocyte populations in CLN. (D) Representative flow plots and frequency of CD45.2" CD3" TCRy8™ /11 7a-
GFP*, RORyt", and (E) IL-22" populations in skin. IL-22 expression assessed after PMA/ionomycin stimulation. (F)
Frequency and total number of CD45.2* CD3" TCRyd  CD4* FoxP3* RORyt,, FoxP3" RORyt", and total RORyt"
populations in CLN. (G) Frequency and number of CD45.2" CD3* TCRy8* RORyt", 1117a-GFP*, or IL-22*
populations in CLN. IL-22 expression assessed after PMA/ionomycin stimulation. Data represent 4 experiments
with 8-12 mice (A), 4 experiments with 5-10 mice (B-C), or 3 experiments with 5-9 mice (E-G) Statistical
significance determined by 1-way ANOVA with Sidak’s multiple comparisons test. *p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001.
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Figure S2.4: CD4" T cells are sufficient, and y8 T cells and CD8" T cells are not required to mediate IMQ-
induced inflammation in STAT3 GOF mice. (A) Quantification of skin immune cell frequencies of Tcrd-~ mice
treated with IMQ. (B) Quantification of skin immune cell frequencies of Tcrd”" mice treated with IMQ + anti-CDS.
(C) Quantification of Th17 cytokine frequencies in CD45.2* CD3* TCRy8§ CD8  CD4" T cells of Tcrd”- mice treated
with IMQ + anti-CD8. (D) Quantification of skin immune cell frequencies of Ragl” control or adoptive transfer
recipients treated with IMQ. (E) Quantification of total adoptively transferred CD45.2* CD4" T cells and
transcription factor/cytokine frequencies of in transferred CD4" T cells found in skin. Data are presented as mean +
SEM. Statistical significance determined by unpaired two-tailed or Welch’s t-test (A-C, E) or 1-way ANOVA with
Sidak’s multiple comparisons test. Data represent 3 experiments with 5-7 mice.
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Figure S2.5: STAT3 GOF bone marrow can exacerbate IMQ-induced inflammation in WT mice. Bone
marrow from WT or STAT3 GOF (LyS5.1) was transplanted into irradiated WT (Ly5.2) recipients. Mice were
allowed to reconstitute for 12 weeks post transplant. (A) Peripheral blood and (B) skin were analyzed for
engraftment at 12 weeks post transplant in untreated mice. (C) Ear thickness of untreated bone marrow chimeras 12
weeks post transplant. (D) Histological measurements from H&E stained sections of ear tissue of IMQ-treated WT
- WT or STAT3 GOF - WT chimeras. Data are presented as mean = SEM. Statistical significance determined by
1-way ANOVA with Sidak’s multiple comparisons test (C) or unpaired two-tailed or Welch’s t-test (D). Data
represent 4 experiments with 8-12 mice per group.

72



Percent of cells

Genctpe
10

{ W G421R
007

SR RSB B BONIOMOBN DI PO PP B
seurat_clusters

5000
4000

Genotype
3000
W Ga21R
mwT
2600
IIIIII-

of

EREE R R T R R g o S SRR IR I S SR
seurat_clusters

1 CD8a protein WT STAT3 GOF
En.
s . B naive (82 18%) B naive (74.68%)
w . oM W TCM (13.50%) B TCM (19.37%)
" Em = Exh (3.26%) T Exh (638%)
3 L + ENTEM B EAITEM (0.56%) BT EMTEM (0.52%)
2 . NT = it (0.40%) = nt(067%)
s
©
g
-10) &
=
k — Total=13705 Total=12240
&
10, o BT naive (88.31%) B naive (67.13%)
© = TCM (23.10%) B TCM (22.24%)
3 Exh (5.24%) T Exh (8 48%)
§ CD4-TotalSeqC BT EFTEM [4.15%) BT ETEM [2.79%)
o o Nove |MQ m Int{1.20%) = int (1.37%)
fo - TCM
3 Exn
H * ENTEM
5 .
o Total=15144 Total=13756
fo 5 o 1o
ARy 5 o0 5 1w =5 S
UMAP_1

Figure S2.6: STAT3 GOF T cell single-cell RNA-Seq after IMQ treatment. (A) Percent (top) and number
(bottom) of WT or STAT3 GOF cells in each cluster. (B) Cellselector function was used to separate single positive
CD8 T cells, which were renormalized and reclustered based on CD44 and CD62L surface protein expression and
canonical gene expression. (C) CD8" T cell cluster frequencies based on genotype and treatment.
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Figure S2.7: STAT3 GOF CD8" T cells show increased clonal expansion at baseline and after IMQ. (A)
Clonotype frequency of the NT and IMQ treated CD8" T cells by annotated cluster generated with ScRepertoire. (B)
Volcano plots showing differential expression (adjusted P < 0.05, average log2 fold change > 0.25 or < —0.25) in NT
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74



Table S2.1: scRNA-seq annotated cluster signatures

T cell Cluster Annotation Surface An?lbody Canonical Genes Expressed
Expression
B . Cer7, Tef7, Lefl, Sell, Igfbp4, 1177,
CD4 Naive CD62L hi, CD44 low Sipri, KIf2
1d2, Tbx21, Prdml, Zeb2, Stat4,
CD4 Ef/TEM CDS2L 1 CD44 hi Igalsl, S100a4, Itghl, Itgh7, 1118r1,
oW Y \Kirgl, Cx3erl, Slprs, Tnf Ifng, 1l17a,
11171, 1122, 1113, 114, Gata3, Bcl6
o Cer7, Sell, 1l7r, Tcf7, Cxcr3, Bcl2,
CD4 TCM CDGZLIOTV‘%Q CD44 \12rb, Cd27, Bach2, Eomes, 1d3, Belé,
Foxol, Zebl, Slprl, KIf2
Pdcdl, Havcr2, Eomes, Tox, Tigit,
CD4 Exh CD44 mid/hi Cd39, Ctla4, Lag3, Cd200, Hifla,
Theld4
CD4 Treg CD44 mid/hi Foxp3, l2ra, 112rb
Tcf7, Lefl, Cer7, Igfbp4, Nsg2, Slfn5,
CDS8 Naive CD62L hi, CD44 low Cnr2, Cxcr6, Kif2, Sipr4, Siprl,
Cd27, li7ra, Bel2
Klirgl, Prdml, Eomes, Tbx21, Ctla4,
Ifng, 112, Hif2a, Prfl, Bhihe40,
CD8 Eff/TEM CD62L low, CD44 hi 1112rb2, 1d2, Zeb2, Klrel, Slpr6,
Cxcr3, Cx3crl, Itgam, 112ra, Itgal,
Lyé6cl, 112rb, 1l15ra, Cers, Tnf, Gzm
Cer7, ll7ra, Tcfl, 112rb, Cxcr3, Cd27,
CDS TCM CD62L mid/hi, CD44 Eomes, Bcl6, Stat3, 1d3, Nsg2, Slfn5,
low/mid Cnr2, Cxcr6, KIf2, Slprd, Siprl, Bcl2,
Foxo3, Fasl, Itgal, Ly6cl, Il15ra, Lefl
CDS Exh CD44 mid/hi \Pdcdl, Ctla4, Tox, Tigit, Eomes, Lag3,
X A Cd39, Fasl
CD8 Int CDe62L }?ii//]lgv\;v, CD44 Memory and effector genes
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Chapter 3: Conclusions and Future
Directions
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STAT3 GOF syndrome is an IEI characterized by early-onset autoimmune disease and
lymphoproliferation. Our knowledge of how STAT3 GOF alters the immune system comes
mostly from the peripheral blood, but the effects of STAT3 GOF in specific tissues has not been
fully investigated. We and others have used mouse models of STAT3 GOF to study the
mechanisms behind the development and progression of autoimmunity in patients, allowing for
the study of local immune responses. The goal of my dissertation is to identify the cell types that
drive skin disease in STAT3 GOF, explore how STAT3 GOF changes functionality of these
cells, and determine if these altered functions could be targeted for therapy. This chapter
discusses how my results fit in with our current understanding of STAT3 GOF syndrome, the

implications for future treatments, and the questions that still remain.

3.1 Tissue-specific T cell dysregulation in STAT3 GOF

Immune dysregulation in patients with STAT3 GOF syndrome is commonly associated
with lymphoproliferation; however, patients present with different clinical manifestations in
multiple tissues. This suggests that aberrant responses from lymphocytes, including T cells, play
a role in the development of multi-organ autoimmunity (182). The role of STAT3 in the
development of Th17 and the inhibition of Treg differentiation would suggest that dysregulation
of these two T cell subsets can drive disease. However, not all patients with STAT3 GOF
syndrome displayed aberrant Th17 or dysfunctional Treg responses in the peripheral blood as
would be expected (174). We hypothesized that T cell dysregulation in STAT3 GOF would lead

to aberrant tissue-specific responses that lead to autoimmunity.
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We observed that STAT3 GOF mice with the p.G421R variant developed spontaneous
skin inflammation as they aged. Analysis of T cell subsets in the skin revealed increased
expression of Th17 markers including IL-17A, RORyt, and IL-22 in CD4" T cells of older adult
STAT3 GOF mice compared to WT. Increased IL-22", but not IL-17A" CD4" T cell frequencies
were also observed in the draining lymph nodes, and the spleen. A similar phenotype could be
induced by IMQ, in which case an increased Th17 response occurred in local STAT3 GOF
tissues, but not WT. Furthermore, IMQ-treated WT mice had increased Treg induction into the
skin, which did not occur in STAT3 GOF mice. We found that STAT3 GOF CD4" T cells were
sufficient to induce severe skin inflammation with IMQ treatment, and that y8 T and CD8" T
cells were not required. Within the draining lymph nodes of IMQ treated mice, we found
upregulation of Th17 genes (Il17a, I117f, 1122, Ccr6, Rora) in STAT3 GOF effector CD4" T cells
and in contrast, upregulation of Treg-related genes (lkzf2, 112ra, Tgfbl) in WT Tregs by single
cell RNA sequencing. Among expanded T cell clones, there was upregulation of 7/22 and
downregulation of Foxp3, Il2ra, and lkzf2 in STAT3 GOF. From these data, we conclude that T
cell dysregulation in STAT3 GOF causes a pathogenic local Th17 response that is distinct from

systemic responses and potentially alters Treg stability.

This conclusion is supported by other studies of STAT3 GOF mouse models that show T
cell dysregulation in specific tissues. Our lab previously observed tissue-specific T cell
dysregulation in the p.G421R variant, in which lymphoproliferation in older adult STAT3 GOF
mice was unexpectedly associated with a Th1 phenotype in the spleen at baseline and in an
adoptive transfer model of colitis (19). Two separate studies of the p.K392R variant mice

showed Th1-skewing in the spleen as well (21, 22). However, analysis of inflamed tissues
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showed alternative T cell responses. The p.K392R variant on the NOD background showed
expansion of effector CD8" T cells infiltrating the pancreatic islets (21). Induction of
experimental autoimmune encephalomyelitis (EAE) in p.K392R variant on the C57BL/6
background resulted in an expansion of the Th17 subset and a reduction of Tregs in the central
nervous system (22). Our results contrast with previous reports of skin inflammation and T cell
dysregulation in two other mouse models of STAT3 GOF, in which CD8" T cells were found to
be the mediators of spontaneous lethal disease in mice homozygous for the p.K658N variant
(20). However, the cellular phenotype within the skin was not examined in these mice, or in
homozygotes of the p.T716M variant, which also developed spontaneous skin disease. To our
present knowledge, ours is the first in-depth study of skin disease in STAT3 GOF. Taken
together, our findings support the conclusion that the nature of T cell dysregulation in STAT3

GOF, even within the same variant, greatly depends on the tissue environment.

There are still questions regarding T cell dysregulation in STAT3 GOF that need to be
addressed. While we observed spontaneous skin inflammation in STAT3 GOF mice as they
aged, we did not determine the mechanisms required to initiate this response. Based on the
results described in this dissertation, I hypothesize that CD4" T cell dysregulation, specifically of
IL-22-secreting Th17, caused by STAT3 GOF initiates spontaneous skin disease. Monitoring
Ragl”" or 122" STAT3 GOF mice for spontaneous skin inflammation would be useful initial
experiments to support this hypothesis. A major caveat in designing experiments to test the
requirement of Th17 for the initiation of spontaneous disease is that the plasticity and multiple
subsets of CD4" T cells or shared effector cytokine profile with yd T cells and innate lymphoid

cells (ILCs) creates a challenge in targeting this subset for genetic deletion or depletion.
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Additionally, we have yet to investigate STAT3 GOF pTreg dysregulation in the context of skin
disease. Experiments with fate-mapping transgenic mouse models may be useful in helping us
understand if STAT3 GOF can induce the loss of Treg identity and adoption of a Th17
phenotype, and if this affects Treg suppressor function in different inflammatory environments.
Finally, we have not examined dysregulation of Tth cells, which also require STAT3 signaling
for identity and function. Future studies of STAT3 GOF in Tth may shed light on the
development of autoimmune cytopenias in patients through the induction of autoantibodies and

autoreactive B cells (174).

3.2 STAT3 GOF in hematopoietic and non-hematopoietic
cells

We have demonstrated that STAT3 GOF causes T cell dysregulation that results in
increased IL-22 production in CD4" T cells. However, IL-22 signaling mostly occurs through
non-hematopoietic cells (205). In the skin, IL-22 signaling through its receptor in keratinocytes
activates STAT3 and the transcription of genes involved with proliferation and chemokine
expression (122, 222). IL-22 signaling is also important in mediating skin inflammation in the
IMQ model, driving epidermal hyperplasia and neutrophil recruitment (197). I hypothesize that
STAT3 GOF T cell dysregulation in the context of skin disease drives the activation of STAT3
within non-hematopoietic cells, leading to the observed phenotype of increased epidermal

thickness and neutrophil infiltration into the skin.
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In our study, we found that STAT3 GOF in hematopoietic cells is sufficient to drive
increased inflammation with IMQ treatment at 12 weeks post-transplant, and that the increased
Th17 response is T cell-intrinsic. In these chimeras, we observed increased ear swelling and cell
infiltration into the skin; however, this increase in IL-17A and IL-22 expression in STAT3 GOF
CD4" T cells was not sufficient to cause increased epidermal thickness or spontaneous disease.
This indicates that the response to IMQ in the epidermis could be due to STAT3 GOF activity in
those cells. Indeed, STAT3 GOF = STAT3 GOF and WT = STAT3 GOF chimeras developed
spontaneous ear swelling. However, WT = STAT3 GOF chimeras had on average incomplete
engraftment of myeloid populations in the blood and most radio-sensitive cell types of the skin at
12 weeks post-transplant. Although the WT = STAT3 GOF chimera was mixed in nature, we
can infer that STAT3 GOF in non-hematopoietic cells also plays a role in the signaling cascades

that lead to spontaneous skin disease.

Other mouse models of STAT3 GOF have shown that pathogenic T cell defects are cell-
intrinsic; however, the responses appear to be tissue-specific. A study from our lab showed that
homozygous STAT3 GOF (p.G421R) bone marrow could induce lymphoproliferation and a Thl
response in the spleen of WT recipients, but spontaneous disease was not observed at 12 weeks
post-transplant, unlike germline p.G421R homozygous mice, which died around the time of
weaning (19). Homozygous STAT3 GOF (p.K658N or p.T716M) bone marrow induced
spontaneous disease marked by lymphoproliferation, hair loss, and wasting disease in WT
recipients on the Rag!”" background (20). In this case, disease was prevented by CD8" T cell
depletion (20). Finally, heterozygous STAT3 GOF (p. K392R) bone marrow accelerates the

development of diabetes in WT recipients on the NOD background (21). These findings and the
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results within this dissertation support our conclusion that STAT3 GOF causes tissue-specific, T
cell-intrinsic defects, but cannot rule out a role for STAT3 GOF in non-hematopoietic cells

responding to signals from dysregulated T cells in the development of spontaneous disease.

Additional studies are needed to understand how STAT3 GOF in specific cell types, both
hematopoietic and non-hematopoietic, affects spontaneous skin inflammation. An important
study that we were unable to perform is analyzing the effect of STAT3 GOF in specific cell
types. These experiments would require an inducible transgenic model, which we were unable to
acquire during this thesis project. While we demonstrated that STAT3 GOF in hematopoietic
cells is sufficient to drive increased skin inflammation, our bone marrow chimeras were limited
by the presence of radio-resistant cell types in the skin. Therefore, an inducible transgenic system
(for example, expressing the STAT3 GOF variant in keratinocytes only) would be superior in
determining which cell types are necessary for initiating skin disease. Furthermore, future studies
should be directed toward understanding why WT bone marrow failed to engraft into STAT3
GOF recipients. Understanding the cause of incomplete engraftment would be extremely
important for patients, as HCST has had limited success in treating STAT3 GOF syndrome.
Generation of an intentional 1:1 mixed bone marrow chimera, combining WT and STAT3 GOF
donor cells to transplant into a WT recipient, would help us determine if STAT3 GOF confers a

competitive advantage in hematopoietic cells.
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3.3 Cellular targets of JAK signaling inhibition

STAT3 signaling canonically requires phosphorylation by the JAK proteins associated
with a given cytokine or growth factor receptor (6). JAK inhibitor therapy has successfully
treated the symptoms of patients with STAT3 GOF syndrome (198). We have concluded that T
cell dysregulation is a major driver of disease in STAT3 GOF, and that T cell responses are
organ-specific. We have also concluded that STAT3 GOF in both hematopoietic and non-
hematopoietic cells is important in driving skin inflammation. Therefore, it is important to
understand what cells are affected by JAKinib treatment. To our present knowledge, the results
described in this dissertation are the first analysis of the effects of JAK inhibition on immune

cells in STAT3 GOF mice.

To determine if JAK inhibition could ameliorate IMQ-induced ear swelling in STAT3
GOF mice, we simultaneously treated STAT3 GOF and WT littermates with oral tofacitinib (a
JAK1/3 inhibitor) in chow formulation and induced skin inflammation with topical IMQ.
JAKinib treatment reduced ear swelling in both WT and STAT3 GOF mice, and this was
associated with a reduction in epidermal thickness and neutrophil skin infiltration. We were
surprised to find that JAK inhibition had no effect on IL-22 or IL-17A production by CD4" T
cells in the skin, despite having shown that STAT3 GOF T cells are sufficient to drive increased
skin inflammation and that the presence of IL-22 plays a large role in the differences in skin
disease observed between WT and STAT3 GOF. These data led us to conclude that STAT3

signaling in Th17 is likely continuing through pathways that are not targeted by tofacitinib. Our
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findings support the use of combination therapy that targets multiple cell types and pathways for

patients with STAT3 GOF syndrome.

Additional studies are needed to determine if other JAK inhibitors can ameliorate T cell
dysregulation, and in doing so, prevent other aspects of disease. Treatment with ruxolitinib, a
JAK1/2 inhibitor also used to successfully treat STAT3 GOF syndrome, may be able to
ameliorate Th17 dysfunction through the inhibition of IL-6R and IL-23R signaling (160, 216).
Furthermore, long-term treatment of STAT3 GOF mice with tofacitinib would allow us to study
the development of spontaneous disease, and whether uncontrolled Th17 dysregulation can still

cause disease despite the likely inhibition of IL-22 signaling pathways in the skin.

3.4 Concluding Remarks

Although they are rare, IEI provide the opportunity to understand how a single gene
influences the entire immune system. When the products of such genes are as widespread and
pleiotropic as STAT proteins, we face the additional challenge of dissecting the interplay
between immune and non-immune cells in multiple tissues. Mouse models of IEI allow us to
take patient observations and explore their effects across the body without relying on a single
tissue source or the confounding variables introduced by concurrent immunosuppressive
treatment. Moreover, the effects of successful drug therapies on certain cell types and tissues can
be studied more easily in mouse models, allowing for the fine-tuning of treatment regimens for

patients. Collectively, my doctoral dissertation research provides evidence for organ-specific T

84



cell dysregulation and highlights a need for studies of local immune responses in the

development of targeted therapies for autoimmunity in IEIL.
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