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ABSTRACT OF THE THESIS

Use of primary skin fibroblasts to understand the etiology of Disabling Pansclerotic Morphea

by

Vivian K. Hua
Master of Science in Biology
University of California San Diego, 2020

Professor Lori Broderick, Chair
Professor Elina I. Zuniga, Co-Chair

Disabling Pansclerotic Morphea (DPM) is a rare fibrotic skin disorder that is
characterized by rapid sclerosis in all skin layers, fascia, muscle, and bone. This disease
primarily affects children under 14 years of age and has an unknown etiology. Diagnosis of DPM
is largely dependent on recognition of clinical features and current treatment options are non-

specific. To determine the current state of knowledge of DPM, we conducted a literature review



to identify all published cases of disease. This is the first study to summarize all DPM patients
reported in the literature and the collective information will function as a valuable resource for
both clinicians and scientists who are seeking more information about this disease. Our findings
revealed that patients typically present with prominent skin findings accompanied by various
extracutaneous complications which contribute to morbidity and mortality. Additionally, patient
responses to current treatment options are inconsistent. Given the rarity of the disease and
limited understanding of its pathophysiology, we attempted to define the etiology underlying
DPM through use of primary human cell lines, and evaluation of wound healing by an in vitro
scratch assay. Results from our optimization experiments show that scratching at a 45° angle
decreases interexperiment variability. Finally, we have proposed experiments that will examine
the inherent disease features on elements of fibroblast biology including inflammatory gene
transcription and cell morphology. We believe results from these experiments will help unveil
the molecular basis of DPM and aid in the identification of a more specific therapy for these

patients.
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INTRODUCTION
Overview of the Immune System

The immune system is the body’s defense mechanism against perceived danger signals,
including foreign particles, potentially pathogenic microbes, and cell metabolites. Traditionally
split into innate and adaptive immunity, the immune response is a series of carefully orchestrated
molecular interactions that maintain host homeostasis by balancing host defense and self-
tolerance mechanisms. Errors in any stage of the immune response, may be detrimental to the
host from failing to eradicate infection (immunodeficiency), perpetuating inflammation

(autoinflammation) or generating self-reactive cells and autoantibodies (autoimmunity).

Autoimmune Diseases

Autoimmune diseases result from an erroneous immune response to self-antigens
characterized by a disruption of immune regulatory mechanisms, including failure to delete self-
reactive clones, or clonal anergy (1). The spectrum of autoimmune disorders ranges from
localized, organ-specific inflammation to systemic disease (2). Despite being individually rare,
autoimmune diseases collectively represent one of the ten leading causes of death among women
under the age of 65 years (3). While women are disproportionately affected, autoimmune disease
can manifest in anyone, regardless of sex, age, or race. The chronic nature of this type of disease
leads to patient morbidity and mortality, as well as high economic costs (4). For many
autoimmune diseases, the precise etiology remains unknown, but multifactorial models involving
genetic susceptibility, loss of regulatory cells, hormonal factors, and exposure to environmental

triggers have been proposed (1,2,5).



Skin manifestations of autoimmune diseases

As one of the largest organs of the human body, the skin functions as the body’s first line
of defense as both a mechanical and an immunological barrier to external pathogens.
Mechanically, the skin’s extensive surface area covers and protects the body from external harm.
Immunologically, the skin provides a complex microenvironment where a variety of cell
populations can interact and participate in both the initiation and regulation of an effective
immune response (6). Due to its involvement in maintaining immune homeostasis, the skin is
widely recognized as a reflection of internal pathological conditions, including autoimmunity
(7). Defects in immune regulation, including within the skin, have been linked to the
development of both organ-specific and systemic autoimmune diseases accompanied by
prominent skin findings. For example, hypopigmented spots, erythematous plaques, and blisters
can be found on the skin of patients with vitiligo, psoriasis, and autoimmune blistering diseases,
respectively. Skin manifestations of systemic autoimmune diseases vary depending on the
specific disease, but the development of nodules and lesions are the most common cutaneous
findings in these patients (7).

Scleroderma is an autoimmune skin disorder characterized by an accumulation of
extracellular matrix (ECM) proteins, vascular injury, and immunological abnormalities which
results in fibrosis (8). Similar to many autoimmune disorders, scleroderma exists on a spectrum
ranging from the less severe localized scleroderma to the most severe form known as systemic
sclerosis. Localized scleroderma, or morphea, is the most common subtype among the pediatric
population, and may be further classified by the depth and distribution of lesions (9). The
juvenile localized scleroderma (JLS) spectrum consists of six different subtypes: plaque,

generalized, bullous, linear, deep morphea and mixed (10,11). Sixty-five percent of JLS patients



have linear morphea, while the deep subtype is only 2% of reported cases (12). Disabling
Pansclerotic Morphea (DPM), is the most severe subtype of deep morphea and is characterized
by rapid sclerosis in all layers of the skin, fascia, muscle, and bone (Figure 1). This disease is a
life-threatening condition for patients and, partially due to its rarity, the exact mechanism behind
this disease is not well understood. Lack of knowledge of the underlying pathophysiology adds
to the diagnostic challenges, as well as inhibiting systematic treatment trials, and as a result, a

consistent effective therapy has not been established for patients with this disease (13).

Molecular and genetic etiology of autoimmune diseases

Antigens are foreign or self-molecules that evoke specific immune responses.
Consequently, the expression of self-antigens in the thymus and bone marrow facilitates clonal
deletion of self-reactive B- and T-lymphocytes. Clonal deletion is an important central tolerance
mechanism that prevents autoreactive progenitor cells generated during lymphocytic
development from entering peripheral circulation (2,4). Due to the lack of organ-specific antigen
expression within the thymus and bone marrow, a small number of autoreactive lymphocytes
may escape the clonal deletion process and enter the periphery. Peripheral tolerance mechanisms,
such as cell anergy, immunological ignorance, and immune response regulation, ensure that the
activity of the escaped autoreactive cells is controlled so unnecessary tissue damage may be
prevented (4). Defects in these tolerance mechanisms lead to an autoimmune pathology.
Environmental triggers may also contribute to autoreactivity. For example, organ-specific
autoimmune diseases are frequently associated with history of trauma, which results in the

release of isolated autoantigens followed by their recognition by autoreactive lymphocytes



present in periphery (2). This mechanism is particularly relevant to autoimmune skin diseases as
the skin is an organ that is frequently injured.

Beyond environmental influences, genetics are also frequently implicated in the etiology
of autoimmune disease. A few autoimmune diseases are caused by single gene mutations such as
autoimmune lymphoproliferative syndrome and syndrome of autoimmune polyglandular
endocrinopathy with candidiasis and ectodermal dysplasia (APECED, reviewed in (5,14)). In
families, disease prevalence in first degree relatives is approximately five times higher than the
0.1-1% frequency observed on the general population, with an additional fivefold increase in
monozygotic twins of affected individuals (15). However, these rare cases suggest that most
autoimmune diseases are multigenic and require multiple susceptibility genes working together
to produce the disease phenotype. For example, although many autoimmune diseases are linked
to specific class | or class Il human leukocyte antigen (HLA) molecules, these associations may
only be valid with linkage to polymorphisms in other genes, such as those encoding tumor
necrosis factor-a (TNF-a) or other complement proteins (reviewed in (5)). It is likely that
different susceptibility genes confer variable levels of risk and the predisposition to autoimmune
disease is determined by the different combinations of susceptibility and protective genes present

in any given individual (reviewed in (5)).

Likelihood of a genetic link in morphea

The likelihood of a genetic link in morphea is high. Up to 46% of morphea patients have
either a personal or family history of autoimmune disease, indicating that a there may be a
common susceptibility locus for these disorders (reviewed in (16)). Specific HLA subtypes, such

as HLA-B*37 and HLA-DRB1*04.04, have been shown to increase susceptibility to morphea



(17). Furthermore, cases of familial morphea can be found within in the literature (18-22).
However, despite these findings, the specific genetic cause for this disease has not been
identified.

Our lab recently identified patients with familial DPM, and a heterozygous mutation in
STAT4, p.A635V (Broderick et al., in preparation). STAT4 is a member of a family of latent
transcription factors that are heavily involved in JAK-STAT signaling, an intracellular signal
transduction pathway that is critical for immune regulation. In addition to its involvement in
regulating immune pathways, STAT4 may also play a crucial role in regulating cell division in
non-immune cells. High levels of serine phosphorylated STAT4 have been reported in mitotic
cells of the skin (23). Furthermore, STAT4 is involved in an autocrine loop with leukemia
inhibitor factor (LIF) and LIF receptor to drive the production of IL-6 in fibroblasts (24).
Together, these findings suggest that STAT4 activity and related pathways may contribute to the
hyperproliferative and inflammatory phenotype seen in patients with various autoimmune and

autoinflammatory skin diseases, including DPM.

Proposed mechanisms of morphea

The diversity of autoimmune disorders in addition to the differences in clinical
manifestations between patients cannot be explained by a single theory or mechanism (1).
Therefore, the proposed pathophysiological mechanisms underlying morphea closely follows the
multifactorial model of autoimmune disease (Figure 2). Morphea patients are believed to be
genetically predisposed to the disease (16,25), with disease processes thought to be initiated
upon vascular injury and damage to endothelial cells. Endothelial cell injury subsequently

stimulates the upregulation of adhesion molecules and the release of cytokines from the injury



site (16,25,26). These changes activate the immune response by facilitating the recruitment of
antigen presenting immune cells such as eosinophils, CD4+ T cells, and macrophages to the
injury site. It is proposed that during the recruitment process, these antigen presenting cells have
an opportunity to present autoantigens that were released during injury, resulting in the formation
of autoantibodies in morphea patients (reviewed in (25)). In addition to promoting an immune
response, the cytokines released from the injury site can also promote fibroblast activation with
increases in collagen and other ECM proteins (16,25,26). The imbalance between increased
collagen production and reduced matrix metalloproteinases that mediate collagen degradation is
the hallmark of the fibrosis seen in morphea patients (25). The mechanism leading up to this

imbalance, however, remains unknown.

Role of fibroblasts in inflammation, wound healing, and fibrosis

Fibroblasts are mesenchymal cells derived from mesoderm tissue and they are the most
common cell type found in connective tissues throughout the body. The principal role of
fibroblasts is to produce, secrete, and maintain ECM components. However, fibroblasts also play
pivotal roles in processes beyond ECM production and maintenance such as angiogenesis, cancer
progression, inflammation, and wound healing (27). Upon wound injury, fibroblasts can produce
and respond to proinflammatory cytokines, such as interleukin (IL)-1p, IL-6, IL-13, 1L-33, and
transforming growth factor-f3 (TGF-p) in a paracrine and autocrine manner (27). The cytokines
secreted from fibroblasts promote the migration of various immune cells to the site of injury. In
response to the secreted cytokines, fibroblasts differentiate into myofibroblasts that have an
upregulated rate of ECM production and enhanced contractility that facilitates wound contraction

at the injury site (27). In an effectively regulated immune response, the inflammation process



resolves with the clearance of recruited immune cells and fibroblasts reverting to a resting state
(28,29). Dysregulation of the immune response promotes overactivation of fibroblasts, continual
secretion of proinflammatory cytokines, and the persistence of an inflammatory infiltrate that
results in chronic inflammation and fibrosis (27-29). Taken all together, fibroblasts are key
mediators in the wound healing process, and dysregulation of the immune response by

fibroblasts will likely lead to the manifestation of disease.

Primary dermal fibroblasts as a cell model system to study skin disease

Primary dermal fibroblasts have been used extensively to study fibrotic disorders of the
skin and have provided valuable insight into the underlying mechanisms of disease. In
autoimmune disorders of the skin, these studies have implicated abnormal activation of the Wnt
signaling pathway and increased production of profibrotic cytokines such as TGF-f and platelet-
derived growth factor (PDGF, reviewed in (16,30,31)). These in vitro studies have formed the
basis of many ongoing clinical trials, emphasizing the importance of these models on translating
basic science findings to treatment of patients (32). For example, in vitro testing of TGF-p and
PDGF pathway inhibitors on primary dermal fibroblasts led to the discovery of imatinib
mesylate as a potential therapy for patients with autoimmune skin disease including scleroderma
(reviewed in (31)). The use of fibroblasts in the study of various skin disorders strongly suggests
that utilization of the same in vitro cell model system may be useful in defining the mechanisms

that are involved in DPM.



Use of a fibroblast model to identify therapeutic targets for the treatment of DPM

Beyond understanding the mechanisms of disease progression in DPM, identification of a
candidate gene enables an opportunity to study targeted therapies in our in vitro system. STATs
are a family of latent cytoplasmic transcription factors that play a critical role in facilitating
cellular responses to cytokines and are involved in a variety of processes including immune
responses, cell growth and differentiation, cell survival, apoptosis, and oncogenesis (33-35).
Phosphorylation of STATSs by Janus kinases (JAKS) in response to cytokines results in the
formation of homo- or heterodimers that can translocate into the nucleus, bind DNA, and
regulate the expression of many cytokine-responsive genes (33). An understanding of the
extensive involvement of JAK-STAT signaling immunity and inflammation has led to the
identification and implementation of JAK inhibitors as a treatment for many inflammatory
disorders, including autoimmune disease. The first FDA-approved JAK inhibitor was a
JAK1/JAK?2 specific inhibitor named ruxolitinib, developed for the treatment of
myeloproliferative disorders. Subsequently, tofacitinib, a JAK1/3 inhibitor was developed to
treat patients with rheumatoid arthritis (36). The success of these JAK inhibitors has led to the
development and testing of a new generation of JAK inhibitors that are even more selective for
various rheumatological disorders and autoimmune skin diseases (37,38). Our fibroblast model

allows for pre-clinical testing of these new inhibitors as potential therapies for DPM.

Aims of Research
In the field of immunology, studies in single patients have paved the way for the
establishment of a causal relationship between genotype and phenotype (39). Consequently, in

rare disease research, a review of clinical case reports is essential as they provide the necessary



background for clinicians and scientists to postulate molecular and genetic mechanisms
implicated in disease pathogenesis (40). Prior to the establishment of a causal relationship, an
understanding of the phenotype of the patient is necessary. However, an abundance of rare
disease related phenotypic information is thought to be buried amongst the growing amount of
medical literature (41). Therefore, to better recognize the phenotype of patients and to better
understand the current state of knowledge of DPM, this study aims to identify all published cases
of DPM in addition to identifying common characteristics and symptoms by conducting a
literature review. Attempted therapies and outcomes will also be identified and summarized.
Compilation of all DPM relevant information will serve as a valuable resource for clinicians and
scientists who are seeking background information, common symptoms, and trialed therapies for
this rare disease. This study also aims to determine whether the novel STAT4 variant discovered
in our patient is a likely gene candidate for DPM by conducting a literature review on studies
that implicate STAT4 variants in the development of various autoimmune diseases. Finally, we
describe the development of an in vitro assay to study fibroblast biology in this syndrome.

We hypothesize that we can use patient-derived dermal fibroblasts to characterize the
differences in fibroblast biology in DPM. An in vitro wound healing assay (scratch assay) will be
used to investigate the variant’s effect on wound healing. Initial experiments will focus on
optimizing the conditions of the scratch assay with a focus on scratch angle in two different cell
lines. In addition, we propose future experiments that can be conducted to examine differences in
inflammatory gene transcription and cell morphology between patient and control dermal
fibroblasts. Our goal is that these experiments will serve as the foundation for the discovery of
the molecular basis of DPM and pave the way for the identification of a more specific and

effective therapy for DPM patients.



MATERIALS AND METHODS
Identification of published DPM cases

A literature search was conducted using the search terms ‘disabling pansclerotic morphea
of childhood’ and ‘pansclerotic morphea’ on Google scholar and PubMed. All original articles,
case reports, abstracts, and letters to the editor written in English were included regardless of
publication date. Additional publications were identified by performing a general Google search
using the same search terms or by directly searching for the title of publications cited within

articles that were already obtained.

Identification of STAT4 variants related to autoimmune disease

A literature search was conducted using the search terms ‘STAT4,” ‘STAT4 SNP’ and
‘STAT4 and autoimmune disease’ on Google scholar and PubMed. English publications that
implicated STAT4 in the development of autoimmune disease were included regardless of
publication date or study type. Additional information about SNP type, chromosome 2 location,
associated alleles, and sequence change was obtained from a combination of details found on the

gnomAD website and the SNP database on the NCBI website (see URLS).

Fibroblast cell culture

Primary dermal fibroblast cell lines were isolated from consented donors and were
previously established in culture in the Broderick lab under a UCSD IRB approved protocol.
Human primary skin fibroblasts were cultured from skin biopsy samples as previously described
(42). Briefly, 1mm skin biopsy pieces were placed in a 6-well plate coated with 0.1% gelatin and

DMEM with 20% FBS and 1% Antibiotic-Antimycotic (Gibco). Media was replaced every 2-3

10



days, and cell cultures were confluent after 2-3 weeks. After passage 2, cells were maintained in
DMEM/F12 with 10% FBS and 1% antibiotic-antimycotic at 37°C and 5% CO,. All cells were

used between passages 4 and 9.

Optimization of in-vitro wound healing assay (scratch assay)

Primary dermal fibroblast cells from independent donors were seeded at a density of 2 x
10° cells/mL onto a 6-well plate in DMEM/F12 with 10% FBS and 1% antibiotic-antimycotic
(Gibco), and incubated at 37°C and 5% CO- until a confluent monolayer was formed. A linear
wound was induced by gently scratching the monolayer at a 90° angle or at a 45° angle with a P-
200 pipette tip. Images of the wound area were taken using a ToupCam camera (ToupTek
Photonics) at 4X objective every 7 hours, 3 times a day until complete closure of the wound was
observed. A total of 3 images corresponding the top, middle, and bottom of the well were taken
per condition per timepoint to account for unevenness of the induced scratch throughout the well.
Wound width was measured using ImagelJ software (Version 1.52a, Java 1.8.0_112) by
overlaying and centering a grid. Wound width measurements were taken by measuring the
distance between each side of the induced scratch. A total of 4 wound width measurements were
recorded in pixels per image. The average of the 4 width measurements at 0 hours post-scratch
was used to normalize all wound width values at each timepoint to 1. The average of the
normalized values obtained from the 3 separate images per each timepoint was used to represent

the normalized wound width of the entire scratch for each condition.

URLs

gnomAD: https://gnomad.broadinstitute.org/
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SNP database: https://www.ncbi.nlm.nih.gov/snp/

Statistical analysis

Data are expressed as means and standard deviation. Statistics and graphing were
performed using Microsoft Excel and GraphPad Prism (Version 8.4.3, Graph Pad Software Inc.,
CA). Statistical significance was determined using a student’s t test. A p value of less than 0.05

was considered statistically significant.

Planned Experiments

RNA Extraction

Total RNA will be homogenized and extracted from patient and control cells at the same
timepoints as the scratch assay using the Trizol Reagent protocol per the manufacturer’s
instructions (Life Technologies). First, RNA will be isolated from the samples by phenol-
chloroform extraction. RNA will be located within the upper layer within the aqueous phase
while proteins and DNA are in the lower layer within the organic phase. Following extraction of
the aqueous phase, RNA will be precipitated with isopropanol and dissolved in RNase free

water. RNA concentration will be determined via NanoDrop and samples will be stored at -80°C.

RT-qgPCR
Isolated RNA will be diluted to 25 ng/pl and used to generate cDNA using the High

Capacity cDNA Reverse Transcription Kit per the manufacturer’s instructions (Applied

Biosystems). Primers were designed using the Realtime PCR Tool on https://www.idtdna.com by

selecting for only exons and coding regions. Primer sequences to be used are listed in
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Supplementary Table 1. The gPCR reactions will be carried out in a SYBR green system.

Samples will be run in triplicate in a thermocycler (Bio-rad CFX96) and the results will be
analyzed using CFX Manager. Relative gene expression will be determined by the 27 AACt

method and normalized to the expression of the controls. GAPDH will be used as the

housekeeping gene for both control and patient samples.

Enzyme-linked Immunosorbent Assay (ELISA)

Secreted proteins will be measured in the cell culture supernatants by ELISA. Secreted
IL-6, pro-collagen I alpha-1 and fibronectin, etc. will be accessed using the Duo-Set ELISA Kits
(R and D Systems, Inc.) per manufacturer’s protocol. ELISA absorbances will be measured on

an EnSpire Plate Reader.

Western-Blot

Changes in levels of STAT4, PIASx, SOCS3, fibroblast activation protein (FAP),
vimentin, and alpha-smooth muscle actin (a-SMA) will be visualized by Western-blot. Amount
of phosphorylated STAT4 (p-STAT4) will be used to quantify the magnitude of signaling via the
JAK-STAT pathway. Detection of p-STAT4 will be achieved with an anti-p-STAT4 (Tyr693)
antibody. Fibroblast cells will be lysed at corresponding timepoints during the scratch assay in
Lysis Buffer (50 mM Tris pH 7.8, 50 mM NaCl, 0.1% Nonidet P-40, 5 mM EDTA, 10%
glycerol, and 1 tablet of Roche Complete Mini without EDTA). The soluble proteins will be run
on a pre-made PAGE gel (4-15%, Bio-rad) and transferred onto a polyvinylidene fluoride

(PVDF) membrane (Bio-rad). GAPDH will be used as a loading control. Protein will be detected

13



via chemiluminescent- HRP substrates (ThermoScientific) and exposed onto radiography film.

ImageJ will be used to quantify and compare the density of the protein bands.

Immunocytochemistry (ICC)

To examine morphological differences, patient and control fibroblast cells will be grown
on glass coverslips and fixed with 4% paraformaldehyde prior to staining for F-actin filaments
with Alexa Fluor 488 phalloidin (ThermoScientific). Staining for vimentin and FAP will also be
performed. Nuclei will be stained with DRAQ5 (Invitrogen). All staining procedures will be
performed according to the manufacturer’s instructions and images will be collected on a Lecia

confocal microscope. Patient and control fibroblasts will be stained both pre- and post-scratch.

Treatment of fibroblasts with ruxolitinib

To determine if JAK inhibition can alter fibroblast biology and whether the observed
changes are dosage dependent, patient and control fibroblast cells will be treated with either 0.1
UM or 1 uM of ruxolitinib. Cells will be treated for a total of 5 days prior to the start of the
scratch assay and sample collection. 24 hours prior to the beginning of the scratch assay, the cells
will be given a fresh dose of ruxolitinib and will remain in the media throughout the duration of

the scratch assay experiment.
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RESULTS
Patient characteristics and symptoms

We identified a total of 48 reports comprising 67 patients published between February
1980 and March 2020. With less than 70 reported cases within the last 40 years, our results
support the rarity of DPM. A small number of adult-onset DPM cases have been reported in
literature in addition to juvenile-onset cases. Juvenile-onset DPM cases and adult-onset DPM
cases are summarized in Table 1 and Table 2, respectively. Among juvenile-onset DPM patients,
females were more frequently diagnosed, with the age of disease onset ranging from 5 months to
14 years. In contrast, males were predominately affected among adult-onset patients with age of
disease onset ranging from 18 to 76 years.

In patients with DPM, rapid and deep fibrosis of the skin results in chronic ulcerations,
atrophy, and painful joint contractures that interfere with mobility (13). Fibrotic conditions
promote the formation of pigmented sclerotic plaques which predominately affected the scalp,
trunk, face, and exterior surfaces of the limbs (43). Although the extremities were reportedly
involved during the initial stages of disease, they were usually spared during the later stages (44).
Hardening of the skin is one of the most common initial symptoms observed in patients.
Alopecia, ectropion of the eyelid, and squamous cell carcinoma were also observed (Table 3).
Extracutaneous complications including hair loss, gastrointestinal involvement, vascular
involvement, neoplasia, bone abnormalities, restrictive pulmonary disease, and cardiomyopathy
have also been reported. Histological examination of skin biopsies from patients with DPM
commonly revealed a thickened dermis and dense collage bundles. Calcification of tissues were
also present in some cases. Notably, signs of a lymphohistiocytic infiltrate suggest that an

overactive immune response may be involved. This is further supported by laboratory findings
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including elevated C-reactive protein and erythrocyte sedimentation rates. Except for anti-
nuclear antibody, autoimmune markers were often absent in patients with DPM. Table 4
summarizes the most common histopathological and laboratory findings among DPM patients

reported in literature.

DPM as diagnostic challenge

Due to a lack of a definitive test for DPM, diagnosis is largely dependent on recognition
of clinical features. Traditionally, DPM is distinguished from generalized morphea via
involvement beyond the skin layer and from systemic sclerosis by the absence of Raynaud’s
phenomenon (13). Additionally, the presence of “tank top sign,” a pattern of skin fibrosis of the
torso that makes the patients appear to be wearing a tank top, can help distinguish DPM from
other fibrotic skin diseases (45). However, the diagnosis of DPM remains difficult due to the
overlap of symptoms from other diseases. For example, a patient with simultaneous presentation
of symptoms of eosinophilic fasciitis (EF) and DPM has been noted within the literature (46). In
addition, while histopathology can help support DPM diagnosis, the findings are largely
indistinguishable from other forms of morphea (13). In a few cases, patients have been
misdiagnosed with rheumatoid arthritis, EF, or ulcerative dermatitis, before receiving a final
diagnosis of DPM (47-49). These delays in diagnosis and subsequent morbidity and mortality

further underscore the needs for greater knowledge about DPM.

Treatments and outcomes of DPM
Available treatment options for both juvenile and adult patients integrate multiple drug

therapies that target the pathogenic mechanisms that are thought to be involved in disease
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manifestation and progression (Figure 2). Suppression of the immune system is achieved by
various immunosuppressive drugs including methotrexate, mycophenolate mofetil, and
corticosteroids (50). In the most severe cases, autologous stem cell transplant has been reported
to be effective in halting disease progression, but it has not been curative (51). Phototherapy
involving ultraviolet A (UVA) 1 or psoralen plus UVA (PUVA) is commonly implemented in an
attempt to degrade the excess ECM components contributing to fibrosis and cases of successful
treatment of DPM patients with both types of phototherapy have been reported in literature.
More recently, bosentan, imatinib mesylate, and anti-thymocyte globulin have been reported to
be effective in treating DPM (52-54).

While some patients exhibit a partial response to treatment, responses are overall
inconsistent as subsets of patients show no improvement in symptoms despite being treated with
the same or similar therapies. Table 5 provides a detailed summary of the various attempted
treatments and outcomes of DPM patients reported in literature. In some cases, a single therapy
was clearly responsible for the improvement of symptoms and these treatments are bolded within
the body of the table. However, despite multiple therapeutic attempts, the survival time of DPM
patients after diagnosis remains less than 10 years (13). The most common cause of death is
cachexia, although other complications such as pneumonia, sepsis, and gangrene also contribute

to patient mortality (13).

Genetic etiology of DPM
The familial autoimmune background of morphea patients in addition to the
ineffectiveness of available treatment options in curing disease, suggests that there is likely an

underlying genetic component in DPM pathogenesis (9,25). The lab recently identified a variant
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in STAT4 as a putative cause for DPM. The STAT4 gene, encoding the STAT4 protein, is
believed to have arisen due to a tandem gene duplication along with STAT1 (55). STAT4 is
expressed in myeloid cells, testis, thymus, heart, brain, and skin (55-57) and is predominately
activated by IL-12, although other cytokines such as type | interferons, IL-23, IL-2, IL-27, and
IL-35 can also induce its activation. (58). STAT4 has been shown to be crucial for T helper type-
1 cell function, development, and interferon-y production (59). To determine the relationship
between STAT4 variants and disease, we conducted a literature review on studies that implicated
single nucleotide polymorphisms (SNPs) in the STAT4 locus in various diseases. A total of 44
studies published between September 2007 and June 2020 were identified. Various single
nucleotide polymorphisms (SNPs) in the STAT4 locus have been associated with an increased
risk of developing a wide variety of immune-related diseases (Figure 3). All reported SNPs were
intronic and the most reported STAT4 SNP is rs7574865, with most studies being genome-wide
association studies (GWAS) (Supplementary Figure 1). Table 6 details the various STAT4 SNPs
reported in literature with the associated disease and the population of interest. The variant
discovered in our patient has not been reported in any database, further supporting that this is

may be likely gene candidate for DPM.

Optimization of scratch assay set-up: scratching at a 45° angle improves consistency between
scratch assay experiments

A causal relationship between candidate genotype and clinical phenotype must be
established via a relevant cellular phenotype (39). Based on clinical observations, DPM patients
have an impaired wound healing ability. In the normal wound healing process, fibroblasts are

first recruited to the wound site and then become activated to produce collagen and ECM
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components. In the later stages of wound healing, fibroblasts are involved in wound contraction
and remodeling of ECM (reviewed in (60)). Given the extensive involvement of fibroblasts in
multiple stages of this process, we sought to characterize the phenotype of DPM fibroblasts by
first examining for differences in wound healing ability in vitro. Wound healing was assessed via
an in vitro “scratch” assay by quantifying fibroblast migration rate, as shown in Figure 4. The
assay’s compatibility with microscopy and low cost of materials make it an ideal method to
measure cell migration in vitro. In addition, fibroblast migration patterns observed in this assay
closely mimics migration patterns in vivo (61). Because wound width measurements will be
obtained from a picture of a specific area of the wound, it is important to establish a method to
ensure that the same location is photographed each time to reduce variability and ensure accurate
results. Published protocols have recommended marking a point of reference directly on the plate
with either a marker or a razor blade (61,62). However, we opted to mark reference points using
a paper set-up to avoid tampering with the plate and to allow more freedom to select which area
will be photographed (Figure 5). While the paper set-up enabled the same area to be
photographed each time, we noticed that our experimental repeats were inconsistent (Figure 6A).

Several factors could contribute to the variability of the results, including differences in
pressure, tip angle (62), and utilization of different cell lines. Because pressure and tip angle are
factors that are controlled by the individual conducting the assay, this led us to realize the scratch
assay is largely operator dependent. Therefore, we sought to optimize the variable factors
involved in this assay, beginning with the tip angle. Our results show that migration rates were
more consistent when scratches were made at a 45° angle rather than at a 90° angle (Figure 6B),
and this may be attributed, at least partially, to a notable decrease in clumps of cells located

within the wound area (Figure 6C). Next, we sought to determine whether the same decrease in
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variability that resulted from changing the tip angle can be observed across different cell lines.
Using two independent fibroblast cell lines, we compared the migration rate of the cells
(indicated by the slope of the plotted line) when scratching at a 90° angle to the migration rate
when scratching at a 45° angle. Our results indicate that tip angle modification reduces

interexperimental variability across all cell lines tested (Figure 7).
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DISCUSSION

This study aims to establish an association between a candidate genotype and a clinical
phenotype by establishing a model to study rare skin diseases. A thorough review of the
literature is an important component of the research process as it not only provides the necessary
background for high quality research but also maximizes relevance and originality (63). In rare
disease research, a review of clinical case reports is essential as the phenotypic information
described within the reports forms the foundation for future research projects on a specific
disease. DPM is an ultra-rare and severe form of deep morphea and its effects extend beyond the
layers of the skin. It is known for following an aggressive course of disease progression that
leads to patient immobility and ultimately death. Details regarding the underlying etiology
remain largely unknown.

To begin to understand the current state of knowledge of DPM, we conducted a literature
review on all published cases of this disease. Our findings revealed that while both juvenile-
onset and adult-onset cases have been reported, there are fewer adult-onset cases compared to the
number of juvenile-onset cases. The differences in average age of disease onset and male-female
distribution suggest that adult-onset patients may be suffering from an entirely different disease.
However, it currently remains unclear if adult-onset disease is an extreme of the same disease or
represents an independent pathophysiological entity. Whether adults and juveniles have an
equivalent version of the disease is an important clinical distinction that needs to be established
to ensure accurate diagnoses. The misdiagnoses of DPM as other diseases is likely attributed to
lack of familiarity with this rare disease (50). This is the first study to summarize all DPM
patients reported in literature, their associated symptoms, clinical test results, and attempted

treatments. However, we recognize that the number of reported cases included within this study
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may not accurately reflect the number of reported cases worldwide. Because this study only
synthesized information from case reports published in English and there have been cases of
DPM reported in other languages, the total number of DPM cases reported in this study may
underestimate disease prevalence. However, despite this limitation, all DPM relevant
information summarized in this study will be useful in increasing knowledge and clinician
familiarity with DPM. Additionally, the summarized findings will be a useful resource for
scientists who are interested in studying this specific disease.

Our literature review findings also show that available therapies are non-specific for
DPM and patient responses to treatment have been inconsistent. The inconsistencies in responses
to treatment suggest that identification of a genetic cause could lead to a more specific and
targeted therapy for DPM patients. We have identified a novel variant of STAT4 in a family with
DPM. To determine whether this could be a likely gene candidate for disease, we conducted a
literature review on STAT4 variants and their relationship to autoimmune disease development.
Our findings revealed that STAT4 variants are highly associated with development of various
autoimmune disorders, suggesting that this is a likely gene candidate within the family.
Furthermore, based on all the information gathered from our literature review, we reasoned that
an in vitro fibroblast cell model system would be useful in characterizing the effect that this
variant has on disease pathogenesis. Based on this cellular model, we have planned experiments
that utilize patient derived fibroblasts to determine the variant’s effect on wound healing,
inflammatory gene transcription, and cell morphology.

To examine wound healing, we attempted to quantify fibroblast migration rate using an in
vitro scratch assay. However, we noticed that our initial experimental repeats were inconsistent.

These inconsistencies led us to realize that slight variations in factors such as tip angle could
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greatly affect result consistency and accuracy, making this assay largely operator dependent. To
maximize consistency and accuracy of results, we sought to determine the optimal tip angle to
use for this assay. Our results suggest that scratching at a 45° angle is optimal for maintaining
consistency between scratch assay experiments across different cell lines. However, variability
between experimental repeats still exists (Figure 6). This variability could be attributed to the
difference in pressure applied between experimental replicates. Because the scratches were made
manually using a pipette tip, the amount of pressure applied when scratching may be difficult to
control. This issue could be addressed by switching to performing a circular wound closure assay
(CWCA), an alternative version of the current scratch assay method. Unlike the scratch assay,
the CWCA utilizes a pipette tip attached to a vacuum that facilitates the removal of a small
circular area of cells (64). This set-up is suggested to enable the creation of consistent sized
wounds while controlling for pressure. In addition, the circular wound eliminates the need to take
multiple pictures per timepoint, making this assay more efficient than the current method.
Wound closure rates can still be quantified using freely available imaging analysis software such
as ImageJ.

Regardless of the type of migration assay used, we anticipate the migration rate of the
patient fibroblasts to be slower than that of control fibroblasts based on the impaired-healing
phenotype observed in DPM patients. If the results from our fibroblast migration assay match
what we expect, we can conclude that patient fibroblasts have an impaired rate of migration and
that this impairment may be influenced by the novel STAT4 variant. We hypothesize that JAK-
STAT signaling dysregulation in patient fibroblasts will result in persistent signaling down this
pathway and the overproduction of proinflammatory mediators. Therefore, we anticipate higher

levels of p-STAT4 in patient samples compared to controls. STAT4 signaling may be induced by
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several cytokines including IL-12, 1L-23, and IL-2 (58), but not all of these pathways are present
in skin fibroblasts. Therefore, experiments will focus on examining levels of IL-6 and STAT4
due their involvement in autocrine signaling in fibroblasts (65). We expect to see increased
expression of both IL-6 and STAT4 at the RNA and protein level in patient samples at baseline
(pre-scratch) compared to control samples. In addition, we would also expect these high
expression levels to be maintained in the patient samples throughout all timepoints of the scratch
assay. In contrast, in control fibroblasts, we anticipate the levels of inflammatory transcripts and
protein to initially rise following disruption of the cell monolayer via scratching, but then drop
back to baseline levels towards the end of scratch assay as the wound approaches full closure.

Reduced efficacy of regulatory factors may also contribute to JAK-STAT dysregulation.
Suppressors of cytokine signaling (SOCS), and protein inhibitor of activated STATs (PIAS) are
two families of proteins that negatively regulate JAK-STAT signaling. SOCS protein expression
is induced by cytokines and they exert their inhibitory effects by either directly binding to JAKS,
binding to receptors to interfere with JAK binding, competing with STATS to bind to activated
receptors, or by targeting signal transducers for proteasomal degradation (66—69). In contrast,
PIAS proteins are constitutively expressed and they exert their inhibitory effects by directly
interacting with STAT dimers in the nucleus (67,69,70). Depending on how our identified
variant interacts with signaling receptors and/or the regulatory proteins, we may expect to see
increased or decreased expression of these transcripts compared to controls.

Upon activation, fibroblasts acquire a different morphology than their quiescent
counterparts (reviewed in (60)). Therefore, we anticipate seeing a difference in the expression of
structural elements related to fibroblast activation between patient and control cells. FAP,

vimentin, and a-SMA are all markers that are associated with fibroblast activation and we expect
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to see low expression levels of all three markers in control samples at baseline. During the
scratch assay, we would expect to see increased levels of all three expression markers followed
by a decrease in expression towards the end of the assay. In patient cells, we would expect to see
high expression of FAP and a-SMA, but lower levels of vimentin at all timepoints. Vimentin
deficient fibroblasts have been shown to have impaired rates of motility and this is aligned with
our hypothesis of patient fibroblasts having an impaired rate of migration compared to control
fibroblasts (47).

Finally, this system may be useful to study potential therapeutics for DPM. Due to the
ability of JAK inhibitors to block signaling down the JAK-STAT pathway, we would expect to
see decreases in levels of proinflammatory transcripts and cytokines in patient fibroblasts
following treatment with ruxolitinib. We hypothesize that limiting JAK-STAT signaling will
lead to improvements in migration rates and cell morphology in patient fibroblasts. Specifically,
we would expect both migration rates and morphology to resemble that of control fibroblasts
following JAK inhibition. We do not anticipate significant changes in control fibroblasts
following JAK inhibition due to integration of JAK-STAT regulatory mechanisms within these
cells.

As with many experiments, there will be instances in which the results that were obtained
do not match what we expect. In preparation for this, we have considered alternative
experimental outcomes and have planned future experiments that could contribute to further
characterization of the STAT4 variant’s effect on fibroblast biology. In terms of wound healing, if
the results indicate that there is no difference between patient and control fibroblast migration
rate, this would suggests that the impaired wound healing ability of DPM patients may be due to

a defect in fibroblast contraction rather than migration. Differences in fibroblast contraction can
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be examined by performing a collagen gel contraction assay. Cells in contact with a 3D
environment behave differently than cells in conventional tissue culture so usage of a 3D
collagen matrix may better mimic fibroblast behavior in vivo (71).

Regarding expression of regulatory factors, one possible outcome would be that there is
no difference in expression levels of the factors involved in regulating JAK-STAT signaling. In
this case, the results would suggest that pathway dysregulation may be due to a defect in
regulatory factor binding rather than expression and that we should shift our focus to examining
protein-protein interaction. Initial experiments would focus on examining PIASXx due to its
ability to interact directly with phosphorylated STAT4 in the nucleus (72). PIASx-STAT4
interaction can be evaluated via immunoprecipitation of p-STAT4 followed by Western-blot
with an anti-PIASx antibody. The role of JAK-STAT regulatory proteins in fibroblasts has not
been explored and the results of these experiments may help characterize their specific functions
in the context of DPM pathogenesis. Finally, if the results from our immunocytochemistry
experiments indicate that there are minimal differences between structural elements of patient
and control fibroblast, this would suggest that a fibroblast cell model may not have been a good
model to use to examine mechanisms implicated in disease pathogenesis and that we should
consider utilizing a different cellular model. Several proinflammatory and profibrotic cytokines
involved in the development of dermal fibrosis can be produced by keratinocytes. Furthermore,
highly proliferative keratinocytes have been found within the epidermis of systemic sclerosis
patients (reviewed in (16)), suggesting that we could use keratinocytes as an alternative cellular
model to characterize the molecular differences between patient and control cells.

By synthesizing all the information obtained from performing a literature review, we

were able to hypothesize that a novel association exists between a specific STAT4 genotype and
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the phenotype of DPM. In addition, the information from the literature enabled us to deduce that
primary dermal fibroblasts would be useful cellular model to study rare skin diseases. The
experiments described in this study aims to characterize the effects of a novel STAT4 variant on
DPM pathogenesis in addition to evaluating the therapeutic potential of JAK inhibition for this
specific disease. If the results align with our expectations, it will provide support for our
hypothesis that DPM is driven by persistent JAK-STAT signaling and that dysregulation of the
signaling pathway may be driven by the novel STAT4 variant found in our patient. More
importantly, it will provide evidence that JAK inhibition is effective in altering the skin
phenotype associated with DPM and should be further explored as a potential therapeutic option.
It is our hope that the results from these experiments will provide more insight into the
mechanisms behind DPM pathogenesis and pave the way for the implementation of a more
specific and targeted therapy for these patients. Finally, we believe that all the information
pertaining to DPM and STAT4 variants summarized in this study will serve as the foundation for

other research studies in the future.
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Figure 1. Disabling Pansclerotic Morphea is a severe form of juvenile localized
scleroderma. Scleroderma spectrum disorders range from localized scleroderma to systemic
sclerosis. The juvenile localized scleroderma (JLS) spectrum comprises of 6 different subtypes
(mixed subtype not depicted). Deep morphea is located at the severe end of the JLS spectrum
and DPM is the most severe subtype of deep morphea.
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Figure 2. Proposed multifactorial mechanism of morphea. Morphea patients are thought to be
genetically predisposed to the disease. Among genetically predisposed individuals, morphea is
initialed upon vascular injury resulting in endothelial cell damage and the upregulation of both
cellular adhesion molecules and proinflammatory cytokines. Upregulation of these molecules
simultaneously triggers the activation of an immune response and activation of fibroblasts.
Immune response activation will facilitate the recruitment of immune cells to the injury site
while fibroblast activation will stimulate the upregulation of collagen and ECM proteins. Excess
production of collagen and ECM proteins result in fibrosis. Red arrows indicate the three main
areas of pathogenesis that are targeted by currently available treatments.
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Figure 3. Various STAT4 SNPs and their associated diseases. Each sector of the circle
represents the 16 different diseases associated with SNPs in the STAT4 gene. Colors represent
different STAT4 SNP numbers. Abbreviations: HBV: Hepatitis B Virus; NMOSD: Neuromyelitis
Optica Spectrum Disorder; JIA: Juvenile Idiopathic Arthritis; RA: Rheumatoid Arthritis; SLE:
Systemic Lupus Erythematous; BD: Behget Disease; PFAPA: Periodic fever, aphthous
stomatitis, pharyngitis, and cervical adenitis syndrome; SSc: Systemic Sclerosis; UC: Ulcerative
Colitis; SjS: Sjogren’s Syndrome; APS: Antiphospholipid Syndrome; T1D: Type | Diabetes
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Figure 4. Schematic demonstrating analysis of scratch assay. For every image taken
underneath the microscope, a grid was overlayed and centered using ImageJ software. Red lines
indicate where the 4 different wound width measurements were taken (every other line). The
average of the 4 wound width measurements at 0 hours post-scratch was used to normalize the
wound width of every image to 1. The average of the normalized wound width for the “top,”
“middle,” and “bottom” images was used to represent the normalized wound width at a specific
timepoint.
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1045857

Figure 5. Use of a paper set-up to mark reference points for the scratch assay. The
microscope stage was overlayed with a piece of blank paper. For each image taken, one upper
and one lower corner of the plate were marked. Markings were used to align the plate for
subsequent picture taking. New markings were created on a new sheet of paper for each

experimental repeat.
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Figure 6. Modification of scratch angle from 90° to 45° leads to more reproducible
migration rates in a single cell line. (A) Initial experimental repeats had inconsistent migration
rates when scratching at a 90° angle. (B) Migration rates were more consistent when scratching
at a 45° angle. (C) Scratching at 90° (left) produced more cell clumps within the wound area
compared to scratching at 45° (right). Red arrows indicate presence of cell clumps when
scratching at 90° and its absence when scratching at 45°.
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Figure 7. Tip angle modification reduced interexperiment variability in different cell lines.
Normalized wound widths from 90° (n=3) and 45° (n=2) experiments were calculated at each
scratch assay timepoint and plotted overtime. Magnitude of the slope of the resulting line was
calculated by linear regression. Data are represented as means and standard deviation. Student’s t
test indicates no significant difference with p values > 0.05.
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Supplementary Table 1. Sequence of primers to be used for RT-gPCR

Gene of interest

Primer sequence 5° > 3’

STAT4 TGGGTATGTCATGGGCTTTG
TCACTTCCCCACTTTCAGAATG
IL6 CCACTCACCTCTTCAGAACG
CATCTTTGGAAGGTTCAGGTTG
SOCS1 CTTCTGTAGGATGGTAGCACAC
AGGAGGAAGAGGAGGAAGG
SOCS3 AGCCTATTACATCTACTCCGGG
GCTGGGTGACTTTCTCATAGG
PIAS2 TGAAAGTATCCAGCCAACCG
GGTCTTCCTCTTCGTCAGAAG
ACTA2 CCACAATGTCCCCATCTATGAG
CGGACAATCTCACGCTCAG
FAP TGTTTCGGTCCTGTCTATATGTG
CCCATCCAGTTCTGCTTTCT
VIM GTCAGCAATATGAAAGTGTGGC
CTCAGTGGACTCCTGCTTTG
GAPDH AATCCCATCACCATCTTCCAG

AAATGAGCCCCAGCCTTC
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Supplementary Figure 1. STAT4 SNPs are largely reported by Genome-Wide Association
Studies. The three SNPs marked with an asterisk were reported in the article by Sabri et al. in
which a GWAS FBAT was conducted followed by a GWAS Case-Control study. All three SNPs
were significantly associated with disease in GWAS FBAT. However, only rs7572482 and
rs897200 were significant in the GWAS Case-Control study. SNP rs1031509 became significant
only when FBAT and Case-Control data were combined under a recessive model. Abbreviations:
GWAS: Genome-Wide Association Study; FBAT: Family Based Association Test

48



REFERENCES

1.

10.

11.

12.

13.

Deodhar SD. Autoimmune diseases: overview and current concepts of pathogenesis.
Clinical Biochemistry. 1992;25(3):181-5.

Smith DA, Germolec DR. Introduction to immunology and autoimmunity. Environmental
Health Perspectives. 1999;107(SUPPL. 5):661-5.

Walsh SJ, Rau LM. Autoimmune diseases: A leading cause of death among young and
middle-aged women in the United States. American Journal of Public Health.
2000;90(9):1463-6.

Rose NR. Autoimmune Disease 2002: An Overview. Journal of Investigative
Dermatology Symposium Proceedings [Internet]. 2004;9(1):1-4. Available from:
http://dx.doi.org/10.1111/].1087-0024.2004.00837.x

Davidson A, Diamond B. Autoimmune Diseases. New England Journal of Medicine.
2001;345(5):340-50.

Beissert S, Cavazzana |, Mascia F, Meroni P, Pastore S, Tessari G, Girolomoni G.
Mechanism of immune-mediated skin diseases: An overview. Clinical and Experimental
Rheumatology. 2006;24(SUPPL. 40).

Rashtak S, Pittelkow MR. Skin Involvement in Systemic Autoimmune Diseases. Current
Directions in Autoimmunity. 2008;10:344-58.

Yamamoto T. Autoimmune mechanisms of scleroderma and a role of oxidative stress.
Self/Nonself - Immune Recognition and Signaling. 2011;2(1):4-10.

Torok KS, Li SC, Jacobe HM, Taber SF, Stevens AM, Zulian F, Lu TT.
Immunopathogenesis of pediatric localized scleroderma. Frontiers in Immunology.
2019;10(APR):1-11.

Peterson LS, Nelson AM, Su D. Classification of Morphea (Localized Scleroderma).
Mayo Clinic Proceedings [Internet]. 1995;70(11):1068-76. Available from:
http://dx.doi.org/10.4065/70.11.1068

Laxer RM, Zulian F. Localized scleroderma. Current Opinion in Rheumatology.
2006;18(6):606-13.

Zulian F, Athreya BH, Laxer R, Nelson AM, Feitosa de Oliveira SK, Punaro MG, Cttica
R, Higgins GC, Van Suijlekom-Smit LWA, Moore TL, Lindsley C, Garcia-Consuegra J,
Esteves Hilario MO, Lepore L, Silva CA, Machado C, Garay SM, Uziel, Y, Martini G,
Foeldvari I, Peserico A, Woo P, Harper J. Juvenile localized scleroderma: Clinical and
epidemiological features in 750 children. An international study. Rheumatology.
2006;45(5):614-20.

Wollina U, Buslau M, Petrov I, Pramatarov K. Disabling pansclerotic morphea of
childhood. Expert Review of Dermatology. 2007;2(6):775-84.

49



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Chaplin DD. Overview of the immune response. Journal of Allergy and Clinical
Immunology [Internet]. 2010;125(2):S3-23. Available from:
http://dx.doi.org/10.1016/j.jaci.2009.12.980

Wahren-Herlenius M, Dérner T. Immunopathogenic mechanisms of systemic
autoimmune disease. The Lancet [Internet]. 2013;382(9894):819-31. Available from:
http://www.sciencedirect.com/science/article/pii/S014067361360954 X

Saracino AM, Denton CP, Orteu CH. The molecular pathogenesis of morphoea: from
genetics to future treatment targets. British Journal of Dermatology. 2017;177(1):34-46.

Jacobe H, Ahn C, Arnett FC, Reveille JD. Major histocompatibility complex class I and
class Il alleles may confer susceptibility to or protection against morphea: findings from
the Morphea in Adults and Children cohort. Arthritis & rheumatology (Hoboken, NJ)
[Internet]. 2014 Nov;66(11):3170-7. Available from:
https://pubmed.ncbi.nlm.nih.gov/25223600

Rees RB, Bennett J. Localized scleroderma in father and daughter. AMA archives of
dermatology and syphilology. 1953 Sep;68(3):360.

Taj M, Ahmad A. Familial localized scleroderma (morphoea). VVol. 113, Archives of
dermatology. United States; 1977. p. 1132-3.

Wadud MA, Bose BK, al Nasir T. Familial localised scleroderma from Bangladesh: two
case reports. Bangladesh Medical Research Council bulletin. 1989 Jun;15(1):15-20.

Iranzo P, Lopez I, Palou J, Herrero C, Lecha M. Morphoea in three siblings. Journal of
the European Academy of Dermatology and Venereology. 2001;15(1):46—7.

Pham CM, Browning JC. Morphea affecting a father and son. Pediatric dermatology.
2010;27(5):536-7.

Ferreli C, Lai C, August S, Buggy Y, Kumar P, Brownlow N, Parker P, Friedmann PS,
Ardern-Jones M, Pickard C, Healy E. STAT4 expression and activation is increased
during mitosis in vitro and in vivo in skin- and mucosa-derived cell types: implications in
neoplastic and inflammatory skin diseases. Journal of the European Academy of
Dermatology and Venereology. 2017;31(10):1663-73.

Nguyen HN, Noss EH, Mizoguchi F, Huppertz C, Wei KS, Watts GFM, Brenner MB.
Autocrine Loop Involving IL-6 Family Member LIF , LIF Receptor , and STAT4 Drives
Sustained Fibroblast Production of Inflammatory Mediators Article Autocrine Loop
Involving IL-6 Family Member LIF , LIF Receptor, and STAT4 Drives Sustained
Fibroblast. Immunity [Internet]. 2017;46(2):220-32. Available from:
http://dx.doi.org/10.1016/j.immuni.2017.01.004

Fett N, Werth VP. Update on morphea: Part I. Epidemiology, clinical presentation, and
pathogenesis. Journal of the American Academy of Dermatology [Internet].
2011;64(2):217-28. Available from: http://dx.doi.org/10.1016/j.jaad.2010.05.045

50



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fett N. Scleroderma: Nomenclature, etiology, pathogenesis, prognosis, and treatments:
Facts and controversies. Clinics in Dermatology [Internet]. 2013;31(4):432—7. Available
from: http://dx.doi.org/10.1016/j.clindermatol.2013.01.010

Kendall RT, Feghali-Bostwick CA. Fibroblasts in fibrosis: Novel roles and mediators.
Frontiers in Pharmacology. 2014;5:1-13.

Buckley CD, Pilling D, Lord JM, Akbar AN, Scheel-Toellner D, Salmon M. Fibroblasts
regulate the switch from acute resolving to chronic persistent inflammation. Trends in
Immunology. 2001;22(4):199-204.

Buckley CD. Why does chronic inflammation persist: An unexpected role for fibroblasts.
Immunology Letters [Internet]. 2011;138(1):12—4. Available from:
http://dx.doi.org/10.1016/j.imlet.2011.02.010

Gilbane AJ, Denton CP, Holmes AM. Scleroderma pathogenesis: a pivotal role for
fibroblasts as effector cells. Arthritis Research & Therapy [Internet]. 2013;15(3):215.
Available from: https://doi.org/10.1186/ar4230

Garrett SM, Baker Frost D, Feghali-Bostwick C. The mighty fibroblast and its utility in
scleroderma research. Journal of scleroderma and related disorders [Internet]. 2017/05/109.
2017;2(2):69-134. Available from: https://pubmed.ncbi.nlm.nih.gov/29270465

Garrett SM, Frost D. The mighty fibroblast and its utility in scleroderma research.
Physiology & behavior. 2017;176(1):139-48.

Xin P, Xu X, Deng C, Liu S, Wang Y, Zhou X, Ma H, Wei D, Sun S. The role of
JAK/STAT signaling pathway and its inhibitors in diseases. International
Immunopharmacology [Internet]. 2020;80:1-11. Available from:
https://doi.org/10.1016/j.intimp.2020.106210

Shuai K. Modulation of STAT signaling by STAT-interacting proteins. Oncogene.
2000;19(21):2638-44.

O’Shea JJ, Plenge R. JAKs and STATSs in Immunoregulation and Immune-Mediated
Disease. Immunity. 2013;36(4):542-50.

Welsch K, Holstein J, Laurence A, Ghoreschi K. Targeting JAK/STAT signalling in
inflammatory skin diseases with small molecule inhibitors. European Journal of
Immunology. 2017;47(7):1096-107.

el Jammal T, Gerfaud-Valentin M, Seve P, Jamilloux Y. Inhibition of JAK/STAT
signaling in rheumatologic disorders: The expanding spectrum. Joint Bone Spine
[Internet]. 2020;87(2):119-29. Available from:
https://doi.org/10.1016/j.jbspin.2019.09.005

Howell MD, Kuo FI, Smith PA. Targeting the Janus Kinase Family in Autoimmune Skin
Diseases. Frontiers in Immunology. 2019;10(October).

51



39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Casanova J-L, Conley ME, Seligman SJ, Abel L, Notarangelo LD. Guidelines for
genetic studies in single patients: lessons from primary immunodeficiencies. The Journal
of experimental medicine [Internet]. 2014/10/13. 2014 Oct 20;211(11):2137-49.
Available from: https://pubmed.ncbi.nlm.nih.gov/25311508

Carey JC. The importance of case reports in advancing scientific knowledge of rare
diseases. Advances in Experimental Medicine and Biology. 2010;686:77—86.

Shen F, Liu S, Wang Y, Wen A, Wang L, Liu H. Utilization of electronic medical
records and biomedical literature to support the diagnosis of rare diseases using data
fusion and collaborative filtering approaches. Journal of Medical Informatics.
2018;6(4):e11301.

Vangipuram M, Ting D, Kim S, Diaz R, Schiile B. Skin punch biopsy explant culture for
derivation of primary human fibroblasts. Journal of visualized experiments : JOVE
[Internet]. 2013 Jul 7;(77):e3779-e3779. Available from:
https://pubmed.ncbi.nlm.nih.gov/23852182

Pan J, Ker K, Tang M. Childhood disabling pansclerotic morphoea complicated by leg
ulcers, contractures and gangrene. Malaysian Journal of Dermatology. 2010;25:25-30.

Devidayal, Singh S, Kumar L, Radotra B. Disabling pansclerotic morphea of childhood
and hypogammaglobulinemia: A curious association. Rheumatology International.
2002;21(4):158-60.

Sherber NS, Boin F, Hummers LK, Wigley FM. The “tank top sign”: A unique pattern of
skin fibrosis seen in pansclerotic morphea. Annals of the Rheumatic Diseases.
2009;68(9):1511-2.

Odhav A, Hoeltzel MF, Canty K. Pansclerotic morphea with features of eosinophilic
fasciitis: Distinct entities or part of a continuum? Pediatric Dermatology. 2014;31(2):42—
7.

Diaz-Perez JL, Connolly SM, Winkelmann RK. Disabling pansclerotic morphea of
childhood. Arch Dermatol. 1980;116:169-73.

Kweon HJ, Shin HC, Kim DS, Kim SW. Squamous cell carcinoma arising from chronic
ulcerative lesion in a patient with disabling pansclerotic morphea. VVol. 6, Annals of
Dermatology. 1994. p. 81-5.

Zhang A, Nocton J, Chiu Y. A Case of Pansclerotic Morphea Treated with Tocilizumab.
JAMA Dermatology. 2019;155(3):388-9.

Florez-Pollack S, Kunzler E, Jacobe HT. Morphea: Current concepts. Clinics in
Dermatology [Internet]. 2018;36(4):475-86. Available from:
https://doi.org/10.1016/j.clindermatol.2018.04.005

52



51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

Moll M, Holzer U, Zimmer C, Rieber N, Kuemmerle-Deschner J. Autologous stem cell
transplantation in two children with disabling pansclerotic morphea. Pediatric
Rheumatology. 2011;9(S1):77.

Roldan R, Morote G, Castro MDC, Miranda MD, Moreno JC, Collantes E. Efficacy of
bosentan in treatment of unresponsive cutaneous ulceration in disabling pansclerotic
morphea in children. Journal of Rheumatology. 2006;33(12):2538-40.

Banks T, Steen V, Katona I, Jones O. Successful Treatment of Pansclerotic Morphea
with Imatinib Mesylate in a Pediatric Patient. Annals of Paediatric Rheumatology.
2013;2(1):43-9.

Song P, Gocke C, Wigley FM, Boin F. Resolution of pansclerotic morphea after
treatment with antithymocyte globulin. Nature Reviews Rheumatology [Internet].
2009;5(9):513-6. Available from: http://dx.doi.org/10.1038/nrrheum.2009.159

Yamamoto K, Kobayashu H, Arai A, Miura O, Hirosawa O, Miyasaka N. cDNA
cloning, expression and chromosome mapping of the human STAT4 gene: both STAT4
and STATL1 genes are mapped to 2932.3-g32.3. Cytogenetics and Cell Genetics.
1997;77:207-10.

Zhong Z, Wen Z, Darnell JE. Stat3 and Stat4: Members of the family of signal
transducers and activators of transcription. Proceedings of the National Academy of
Sciences of the United States of America. 1994;91(11):4806-10.

Nishio H, Matsui K, Tsuji H, Tamura A, Suzuki K. Immunolocalisation of the janus
kinases (JAK) - Signal transducers and activators of transcription (STAT) pathway in
human epidermis. Journal of Anatomy. 2001;198(5):581-9.

Yang C, Mai H, Peng J, Zhou B, Hou J, Jiang D. STAT4: An immunoregulator
contributing to diverse human diseases. International Journal of Biological Sciences.
2020;16(9):1575-85.

Wourster AL, Tanaka T, Grusby MJ. The biology of Stat4 and Stat6. Oncogene.
2000;19(21):2577-84.

Foster DS, Jones RE, Ransom RC, Longaker MT, Norton JA. The evolving relationship
of wound healing and tumor stroma. JCI Insight [Internet]. 2018 Sep 20;3(18):1-17.
Available from: https://doi.org/10.1172/jci.insight.99911

Liang CC, Park AY, Guan JL. In vitro scratch assay: A convenient and inexpensive
method for analysis of cell migration in vitro. Nature Protocols. 2007;2(2):329-33.

Pinto BI, Cruz ND, Lujan OR, Propper CR, Kellar RS. In Vitro Scratch Assay to
Demonstrate Effects of Arsenic on Skin Cell Migration. JOVE [Internet].
2019;(144):e58838. Available from: https://www.jove.com/t/58838

53



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Maggio LA, Sewell JL, Artino Jr AR. The Literature Review: A Foundation for High-
Quality Medical Education Research. Journal of graduate medical education [Internet].
2016 Jul;8(3):297-303. Available from: https://pubmed.ncbi.nIm.nih.gov/27413425

de leso ML, Pei JV. An accurate and cost-effective alternative method for measuring cell
migration with the circular wound closure assay. Bioscience Reports. 2018;38(5):1-9.

Arora T, Liu B, He H, Kim J, Murphy TL, Murphy KM, Modlin RL, Shuai K. PIASX is
a transcriptional co-repressor of signal transducer and activator of transcription 4. Journal
of Biological Chemistry. 2003;278(24):21327-30.

Mitchell TJ, John S. Signal transducer and activator of transcription (STAT) signalling
and T-cell lymphomas. Immunology. 2005;114(3):301-12.

Greenhalgh CJ, Hilton DJ. Negative regulation of cytokine signaling. Clinical Reviews
in Allergy and Immunology. 2005;28(3):205-20.

Alexander WS, Hilton DJ. The Role of Suppressors of Cytokine Signaling (SOCS)
Proteins in Regulation of the Immune Response. Annual Review of Immunology.
2004;22(1):503-29.

Lim CP, Cao X. Structure, function, and regulation of STAT proteins. Molecular
BioSystems. 2006;2(11):536-50.

Seif F, Khoshmirsafa M, Aazami H, Mohsenzadegan M, Sedighi G, Bahar M. The role
of JAK-STAT signaling pathway and its regulators in the fate of T helper cells. Cell
Communication and Signaling. 2017;15(1):1-13.

Glowacka E, Lewkowicz P, Rotsztejn H, Zalewska A. IL-8, IL-12 and IL-10 cytokines
generation by neutrophils, fibroblasts and neutrophils- fibroblasts interaction in psoriasis.
Advances in Medical Sciences. 2010;55(2):254-60.

Eckes B, Dogic D, Colucci-Guyon E, Wang N, Maniotis A, Ingber D, Merckling A,
Langra F, Aumailley M, Delouvee A, Koteliansky V, Babinet C, Krieg T. Impaired
mechanical stability, migration and contractile capacity in vimentin deficient fibroblasts.
Journal of Cell Science. 1998;111(13):1897-907.

Scharfetter-Kochanek K, Goldermann R, Lehmann P, Holzle E, Goerz G. PUVA therapy
in disabling pansclerotic morphoea of children. British Journal of Dermatology.
1995;830-1.

Gruss C, Stucker M, Kobyletzki G von, Schreiber D, Altmeyer P, Kerscher M. Low dose
UVA 1 phototherapy in disabling pansclerotic morphoea of childhood. British Journal of
Dermatology. 1997;136:293-4.

Todd DJ, Askari A, Ektaish F. PUVA therapy for disabling morphoea of children.
British Journal of Dermatology. 1998;138(1):201-2.

54



76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Wollina U, Looks A, Schneider R, Maak B. Disabling morphoea of childhood-beneficial
effect of intravenous immunoglobulin therapy. Clinical and Experimental Dermatology.
1998;23:292-3.

Wollina U, Looks A, Uhlemann C. Pansclerotic Morphea of Childhood - Follow-up
Over 6 Years. Pediatric Dermatology. 1999;16(3):245—7.

Mihailov I, Trashlieva M, Gospodinov D, Valkova S, Hajdoudova C, Konova E. PUVA
therapy in disabling pansclerotic morphea of children. European Journal of Pediatric
Dermatology. 1999;9(3):141-4.

Chakravarty J, Coondoo A, Banerjee R. Disabling Pansclerotic Morphea of Children.
Indian Journal of Dermatology. 2001;46(4):234-5.

Parodi PC, Riberti C, Draganic Stinco D, Patrone P, Stinco G. Squamous cell carcinoma

arising in a patient with long-standing pansclerotic morphea. British Journal of
Dermatology. 2001;144(2):417-9.

Wollina U, Buslau M, Weyers W. Squamous cell carcinoma in pansclerotic morphea of
childhood. Pediatric Dermatology. 2002;19(2):151-4.

Nguyen XH, Hansen R, Valencia F. Severe ankle deformity secondary to pansclerotic
morphea in a 9-year-old girl: Correction involving arthrodesis and free flap coverage.
Pediatric Dermatology. 2002;19(6):560-3.

Doede T, Wollina U, Hindermann W, Schier F, Bondartschuk M. Pansclerotic morphea
in childhood: A case report. Pediatric Surgery International. 2003;19(5):406-8.

Yildirim M, Baysal V, Aridogan BC, Kesici D, Erturan I. Pansclerotic morphea treated
with UVA: A case report. Journal of Dermatology. 2003;30(8):625—7.

Padmavathy L, Rao LL. Unilateral linear pansclerotic morphea affecting face and limbs.
Indian Journal of Dermatology, Venereology and Leprology. 2005;71(3):192-4.

Nandy M, Samanta A, Ghosh A, Mandal K, Nath Barbhuiya J. Disabling pansclerotic
morphea. Indian Journal of Dermatology. 2005;50(3):164-5.

Surjushe A, Jindal S, Junagade M, DG S. Disabling Pansclerotic Morphoea of Children
Treated With Methotrexate. Pediatric Oncall. 2007;4(1):12-3.

Igbal MP, Baiaj DR. Disabling Pansclerotic and Plague Morphoea. Journal of College of
Physicians and Surgeons of Pakistan. 2007;17(8):495-6.

Wollina U, Buslau M, Heinig B, Petrov I, Unger E, Kyriopoulou E, Koch A, Kostler E,
Schonlebe J, Haroske G, Doede T, Pramatarov K. Disabling pansclerotic morphea of
childhood poses a high risk of chronic ulceration of the skin and squamous cell carcinoma.
International Journal of Lower Extremity Wounds. 2007;6(4):291-8.

55



90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

Case Reports: Fourth Annual Research Night, May 15, 2007, Ochsner Health System,
Brent House Atrium, New Orleans, LA. The Ochsner Journal [Internet]. 2007;7(2):94-8.
Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3096385/

Forsea AM, Cretu AN, lonescu R, Giurcaneanu C. Disabling pansclerotic morphea of
childhood--unusual case and management challenges. Journal of medicine and life.
2008;1(3):348-54.

Petrov I, Gantcheva M, Miteva L, Vassileva S, Pramatarov K. Lower lip squamous cell
carcinoma in disabling pansclerotic morphea of childhood. Pediatric Dermatology.
2009;26(1):59-61.

Tekin NS, Altinyazar HC, Tekin 10, Keskin SI, Kucukoglu R, Onsun N. Disabling
pansclerotic morphoea: A case report. International Journal of Clinical Practice.
2010;64(1):99-101.

Marques R, Ramos F, Costa P, Canhao H, Fonseca J, Pereira Da Silva J. Endothelin
Receptor Antagonist in Treatment of Pansclerotic Morphoea in Children - Case Report.
Rheumatology. 2012;51:1i27-123.

Kura MM, Jindal SR. Disabling pansclerotic morphea of childhood with extracutaneous
manifestations. Indian Journal of Dermatology. 2013;58(2):159.

Dasgupta MK, Patra C, Sarkar S, Das S. Pansclerotic morphea: A male child with
hemiatrophy of lower limb. Indian Dermatology Online Journal. 2014;5(2):170-2.

Grewal I, Khan O, Davis W. Squamous cell carcinoma and eosinophilia in a long-term
course of pansclerotic morphea. BMJ Case Reports. 2014;13(6):1-3.

Ruiz-Matta JM, Flores-Bozo LR, Dominguez-Cherit J. Metastatic Squamous Cell
Carcinoma in a Patient with Disabling Pansclerotic Morphea of Childhood. Pediatric
Dermatology. 2017;34(4):164—7.

Martini G, Campus S, Raffeiner B, Boscarol G, Meneghel A, Zulian F. Tocilizumab in
two children with pansclerotic morphoea: A hopeful therapy for refractory cases? Clinical
and Experimental Rheumatology. 2017;35(4):S211-3.

Jamalpur I, Mogili HR, Koratala A. Disabling pansclerotic morphoea of childhood.
BMJ case reports. 2018;1-3.

Soh HJ, Samuel C, Heaton V, Renton WD, Cox A, Munro J. Challenges in the diagnosis
and treatment of disabling pansclerotic morphea of childhood: case-based review.
Rheumatology International [Internet]. 2019;39(5):933-41. Available from:
http://dx.doi.org/10.1007/s00296-019-04269-w

Kaddioui Z, el Fetoiki FE, Hali F, Dehbi HS, Chiheb S. Pansclerotic morphea: a
historical case in children. Our Dermatology Online. 2020;11(e):e25.1-e25.2.

56



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Cantwell AR, Jones JE, Kelso DW. Pleomorphic, Variably Acid-fast Bacteria in an
Adult Patient With Disabling Pansclerotic Morphea. Archives of Dermatology.
1984;120(5):656-61.

Peter RU, Ruzicka T, Eckert F. Low-Dose Cyclosporine A in the Treatment of
Disabling Morphea. Arch Dermatol. 1991;127:1420-1.

Maragh SH, Davis MDP, Bruce AJ, Nelson AM. Disabling pansclerotic morphea:
Clinical presentation in two adults. Journal of the American Academy of Dermatology.
2005;53(2):115-9.

Singh A, Singhal K, Choudhary S, Bisati S, Arora M. Adult-onset unilateral disabling
pansclerotic morphea. Indian Journal of Dermatology. 2014;59(3):316.

El Jouari O, Zaougui A, Kassel J, Senhaji G, Elloudi S, Douhi Z, Baybay H, Farih MH,
Mernissi FZ. Last Onset Unilateral Pansclerotic Morphea. Journal of Cosmetology.
2018;2(2):1-2.

Abbas LF, Coias J, Jacobe HT, Nijhawan RI. Hyaluronidase injections for treatment of
symptomatic pansclerotic morphea-induced microstomia. JAAD Case Reports [Internet].
2019;5(10):871-3. Available from: https://doi.org/10.1016/j.jdcr.2019.08.004

Adil R, el Kassimi I, Nawal S, Meryem Z, Thouda M, Youssef S. Rapidly Progressive
Pansclerotic Morphea Associated with Raynaud Phenomenon. Journal of Rheumatic
Diseases. 2020;27(2):120-2.

Prahalad S, Hansen S, Whiting A, Guthery SL, Clifford B, McNally B, Zeft AS,
Bohnsack JF, Jorde, LB. Variants in TNFAIP3, STAT4, and C120rf30 loci associated
with multiple autoimmune diseases are also associated with juvenile idiopathic arthritis.
Arthritis and Rheumatism. 2009;60(7):2124-30.

Fan ZD, Wang FF, Huang H, Huang N, Ma HH, Guo YH, Zhang YY, Qian XQ, Yu
HG. STAT4 rs7574865 G/T and PTPN22 rs2488457 G/C polymorphisms influence the
risk of developing juvenile idiopathic arthritis in Han Chinese patients. PLoS ONE.
2015;10(3):1-11.

Remmers EF, Plenge RM, Lee AT, Graham RR, Hom G, Behrens TW, De Bakker PIW,
Le JM, Lee HS, Batliwalla F, Li W, Masters SL, Booty MG, Carulli JP, Padyukov L,
Alfredsson L, Klareskog L, Chen WV, Amos ClI, Criswell LA, Seldin MF, Kastner DL,
Gregersen PK. STAT4 and the risk of rheumatoid arthritis and systemic lupus
erythematosus. New England Journal of Medicine. 2007;357(10):977-86.

Palomino-Morales RJ, Rojas-Villarraga A, Gonzalez Cl, Ramirez G, Anaya JM, Martin
J. STAT4 but not TRAF1/C5 variants influence the risk of developing rheumatoid arthritis
and systemic lupus erythematosus in Colombians. Genes and Immunity. 2008;9(4):379—
82.

57



114.

115.

116.

117.

118.

119.

120.

Kobayashi S, Ikari K, Kaneko H, Kochi Y, Yamamoto K, Shimane K, Nakamura Y,
Toyama Y, Mochizuki T, Tsukahara S, Kawaguchi Y, Terai C, Hara M, Tomatsu T,
Yamanaka H, Horiuchi T, Tao K, Yasutomo K, Hamada D, Yasui N, Inoue H, Itakura M,
Okamoto H, Kamatani N, Momohara S. Association of STAT4 with susceptibility to
rheumatoid arthritis and systemic lupus erythematosus in the Japanese population.
Anrthritis and Rheumatism. 2008;58(7):1940-6.

Orozco G, Alizadeh BZ, Delgado-Vega AM, Gonzélez-Gay MA, Balsa A, Pascual-
Salcedo D, Fernandez-Gutierrez B, Gonzalez-Escribano MF, Petersson IF, Van Riel
PLCM, Barrera P, Coenen MJH, Radstake TRDJ, Van Leeuen MA, Wijmenga C,
Koeleman BPC, Alarcon-Riquelme MA, Martin J. Association of STAT4 with rheumatoid
arthritis: A replication study in three European populations. Arthritis and Rheumatism.
2008;58(7):1974-80.

Lee H-S, Remmers EF, Lee JM, Kastner DL, Bae S-C, Gregersen PK. Association of
STAT4 with Rheumatoid Arthritis in the Korean Population. Molecular Medicine.
2007;13(9-10):455-60.

Mirkazemi S, Akbarian M, Jamshidi AR, Mansouri R, Ghoroghi S, Salimi Y,
Tahmasebi Z, Mahmoudi M. Association of STAT4 rs7574865 with susceptibility to
systemic lupus erythematosus in Iranian population. Inflammation. 2013;36(6):1548-52.

Abelson AK, Delgado-Vega AM, Kozyrev SV, Sanchez E, Velazquez-Cruz R, Eriksson
N, Woijcik J, Linga Reddy P, Lima G, Alfonso SD, Migliaresi S, Baca V, Orozco L, Witte
T, Ortego-Centeno, Abderrahim H, Pons-Estel BA, Gutierrez C, Suarez A, Gonzalez-
Escribano MF, Martin J, Alrcon-Riquelme ME. STAT4 associates with systemic lupus
erythematosus through two independent effects that correlate with gene expression and act
additively with IRF5 to increase risk. Annals of the Rheumatic Diseases.
2009;68(11):1746-53.

Han JW, Zheng HF, Cui Y, Sun LD, Ye DQ, Hu Z, Xu JH, Cai ZM, Huang W, Zhao
GP, Xie HF, Fang H, Lu QJ, Xu JH, Li XP, Pan YF, Deng DQ, Zeng FQ, Ye ZZ, Zhang
XY, Wang QW, Hao F, Ma L, Zuo XB, Zhou FS, Du WH, Cheng YL, Yang JQ, Shen SK,
Li J, Sheng YJ, Zuo XX, Zhu WF, Gao F, Zhang PL, Guo Q, Li B, Gao M, Xiao FL, Quan
C, Zhang C, Zhang Z, Zhu KJ, Li Y, Hu DY, Lu WS, Huang JL, Liu SH, Li H, Ren YQ,
Wang ZX, Yang CJ, Wang PG, Zhou WM, Lv YM, Zhang AP, Zhang SQ, LinD, Li Y,
Low HQ, Shen M, Zhai ZF, Wang Y, Zhang FY, Yang S, Liu JJ, Zhang XJ. Genome-wide
association study in a Chinese Han population identifies nine new susceptibility loci for
systemic lupus erythematosus. Nature Genetics. 2009;41(11):1234-7.

Rueda B, Broen J, Simeon C, Hesselstrand R, Diaz B, Suarez H, Ortego-Centeno N,
Riemekasten G, Fonollosa V, Vonk MC, Van den Hoogen FHJ, Sanchez-Roman J,
Aguirre-Zamorano MA, Garcia-Portales R, Pros A, Camps MT, Gonzalez-Gay MA,
Coenen MJH, Airo P, Beretta L, Scorza R, Van Laar J, Gonzalez-Escribano MF, Nelson
JL, Radstake TRDJ, Martin J. The STAT4 gene influences the genetic predisposition to
systemic sclerosis phenotype. Human Molecular Genetics. 2009;18(11):2071—7.

58



121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

Dieudé P, Guedj M, Wipff J, Ruiz B, Hachulla E, Diot E, Granel B, Sibilia J, Tiev K,
Mouthon L, Cracoski JL, Carpentier PH, Amoura Z, Fajardy I, Avouac J, Meyer O, Kahan
A, Boileau C, Allanore Y. STAT4 is a genetic risk factor for systemic sclerosis having
additive effects with IRF5 on disease susceptibility and related pulmonary fibrosis.
Anrthritis and Rheumatism. 2009;60(8):2472-9.

YiL, Wang JC, Guo XJ, Gu YH, TuWZ, Guo G, Yang L, Xiao R, Yu L, Mayes MD,
Asassi S, Jin L, Zou HJ, Zhou XD. STAT4 is a genetic risk factor for systemic sclerosis in
a Chinese population. International Journal of Immunopathology and Pharmacology.
2013;26(2):473-8.

Tsuchiya N, Kawasaki A, Hasegawa M, Fujimoto M, Takehara K, Kawaguchi Y,
Kawamoto M, Hara M, Sato S. Association of STAT4 polymorphism with systemic
sclerosis in a Japanese population. Annals of the Rheumatic Diseases. 2009;68(8):1375-6.

Stock CJW, de Lauretis A, Visca D, Daccord C, Kokosi M, Kouranos V,
Margaritopoulos G, George PM, Molyneaux PL, Nihtyanova S, Chua F, Maher TM, Ong
V, Abraam DJ, Denton CP, Wells AU, Wain LV, Renzoni EA. Defining genetic risk
factors for scleroderma-associated interstitial lung disease: IRF5 and STAT4 gene variants
are associated with scleroderma while STAT4 is protective against scleroderma-associated
interstitial lung disease. Clinical Rheumatology. 2020;39(4):1173-9.

Korman BD, Alba MlI, Le JM, Alevizos I, Smith JA, Nikolov NP, Kastner DL,
Remmers EF, Illei GG. Variant form of STAT4 is associated with primary Sjogren’s
syndrome. Genes and Immunity. 2008;9(3):267—70.

Zervou MI, Mamoulakis D, Panierakis C, Boumpas DT, Goulielmos GN. STAT4: A
risk factor for type 1 diabetes? Human Immunology. 2008;69(10):647-50.

YiJ, Fang X, Wan Y, Wei J, Huang J. STAT4 polymorphisms and diabetes risk:
Ameta-analysis with 18931 patients and 23833 controls. International Journal of Clinical
and Experimental Medicine. 2015;8(3):3566-72.

Bi C, Li B, Cheng Z, Hu Y, Fang Z, Zhai A. Association study of STAT4
polymorphisms and type 1 diabetes in Northeastern Chinese Han population. Tissue
Antigens. 2013;81(3):137-40.

Lee HS, Park H, Yang S, Kim D, Park Y. STAT4 polymorphism is associated with
early-onset type 1 diabetes, but not with late-onset type 1 diabetes. Annals of the New
York Academy of Sciences. 2008;1150:93-8.

Glas J, Seiderer J, Nagy M, Fries C, Beigel F, Weidinger M, Pfennig S, Klein W,
Epplen JT, Lohse P, Folwaczny M, Goke B, Ochsenkuhn T, Diegelamann J, Muller-
Myhsok B, Roeske D, Brand S. Evidence for STAT4 as a common autoimmune gene:
Rs7574865 is associated with colonic Crohn’s disease and early disease onset. PL0oS
ONE. 2010;5(4):1-8.

59



131.

132.

133.

134.

135.

136.

137.

138.

139.

Aiba Y, Yamazaki K, Nishida N, Kawashima M, Hitomi Y, Nakamura H, Komori A,
Fuyuno Y, Takahashi A, Kawaguchi T, Takazoe M, Suzuki Y, Motoya S, Matsui T, Esaki
M, Matsumoto T, Kubo M, Tokunaga K, Nakamura M. Disease susceptibility genes

shared by primary biliary cirrhosis and Crohn’s disease in the Japanese population.
Journal of Human Genetics. 2015;60(9):525-31.

Zervou MI, Goulielmos GN, Castro-Giner F, Tosca AD, Krueger-Krasagakis S. STAT4
gene polymorphism is associated with psoriasis in the genetically homogeneous
population of Crete, Greece. Human Immunology [Internet]. 2009;70(9):738-41.
Available from: http://dx.doi.org/10.1016/j.humimm.2009.05.008

Diaz-Gallo LM, Palomino-Morales RJ, Gomez-Garcia M, Cardefia C, Rodrigo L, Nieto
A, Alcain G, Cueto I, Lopez-Nevot MA, Martin J. STAT4 gene influences genetic
predisposition to ulcerative colitis but not Crohn’s disease in the Spanish population: A
replication study. Human Immunology. 2010;71(5):515-9.

Xu L, Dai WQ, Wang F, He L, Zhou YQ, Lu J, Xu XF, Guo CY. Association of STAT4
gene rs7574865G > T polymorphism with ulcerative colitis risk: Evidence from 1532
cases and 3786 controls. Archives of Medical Science. 2014;10(3):419-24.

Yan N, Meng S, Zhou J, Xu J, Muhali FS, Jiang W, Shi L, Shi X, Zhang J. Association
between STAT4 Gene Polymorphisms and Autoimmune Thyroid Diseases in a Chinese
Population. International Journal of Molecular Sciences. 2014;15(7):12280-93.

Shi Z, Zhang Q, Chen H, Lian Z, Liu J, Feng H, Miao X, Du Q, Zhou H. STAT4
Polymorphisms are Associated with Neuromyelitis Optica Spectrum Disorders.
Neuromolecular Medicine. 2017;19(4):493-500.

Yin H, Borghi MO, Delgado-Vega AM, Tincani A, Meroni PL, Alarcon-Riquelme ME.
Association of STAT4 and BLK, but not BANK1 or IRF5, with primary antiphospholipid
syndrome. Arthritis and Rheumatism. 2009;60(8):2468-71.

Jiang DK, Sun J, Cao G, Liu Y, Lin D, Gao YZ, Ren WH, Long XD, Zhang H, Ma XP,
Wang Z, Jiang W, Chen TY, Gao Y, Sun LD, Long JR, Huang HX, Wang D, Yu H,
Zhang P, Tang LS, Peng B, Cai H, Liu TT, Zhou P, Liu F, Ling X, Tao S, Wan B, Sai-Yin
HXG, Qin LX, YinJ, Liu L, Wu C, Pei Y, Zhou YF, Zhai Y, Lu PX, Tan A, Zuo XB, Fan
J, Chang J, Gu X, Wang NJ, Li Y, Liu YK, Zhai K, Zhang HW, Hu Z, Liu J, Yi Q, Xiang
Y, Shi R, Ding Q, Zheng W, Shu X0, Mo Z, Shugart YY, Zhang XJ, Zhao G, Shen G,
Zheng LS, Xu J, Yu L. Genetic variants in STAT4 and HLA-DQ genes confer risk of
hepatitis B virus-related hepatocellular carcinoma. Nature Genetics. 2013;45(1):72-5.

Clark A, Gerlach F, Tong H van, Hoan NX, Song LH, Toan NL, Bock CT, Kremsner
PG, Velavan TP. A trivial role of STAT4 variant in chronic hepatitis B induced
hepatocellular carcinoma. Infection, Genetics and Evolution [Internet]. 2013;18:257-61.
Available from: http://dx.doi.org/10.1016/j.meegid.2013.05.025

60



140.

141.

142.

143.

144,

145.

146.

147.

148.

Zhao X, Jiang K, Liang B, Huang X. STAT4 Gene Polymorphism and Risk of Chronic
Hepatitis B-Induced Hepatocellular Carcinoma. Cell Biochemistry and Biophysics.
2014;71(1):353-7.

Kim LH, Cheong HS, Namgoong S, Kim JO, Kim JH, Park BL, Cho SW, Park NH,
Cheong JY, Koh IS, Shin HD, Kim YJ. Replication of genome wide association studies on
hepatocellular carcinoma susceptibility loci of STAT4 and HLA-DQ in a Korean
population. Infection, Genetics and Evolution [Internet]. 2015;33:72—6. Available from:
http://dx.doi.org/10.1016/j.meegid.2015.04.013

Sigurdsson S, Nordmark G, Garnier S, Grundberg E, Kwan T, Nilsson O, Eloranta ML,
Gunnarsson I, Svenungsson E, Sturfelt G, Bengtsson AA, Jonsen A, Truedsson L,
Rantapaa-Dahlqvist S, Eriksson C, Alm G, Goring HHH, Pastinen T, Syvanen AC,
Ronnblom L. A risk haplotype of STAT4 for systemic lupus erythematosus is over-
expressed, correlates with anti-dsSDNA and shows additive effects with two risk alleles of
IRF5. Human Molecular Genetics. 2008;17(18):2868—76.

Piotrowski P, Lianeri M, Wudarski M, Olesinska M, Jagodzinski PP. Contribution of
STATA4 gene single-nucleotide polymorphism to systemic lupus erythematosus in the
Polish population. Molecular Biology Reports. 2012;39(9):8861-6.

Nordmark G, Kristjansdottir G, Theander E, Appel S, Eriksson P, Vasaitis L,
Kvarnstrom M, Delaleu N, Lundmark P, Lundmark A, Sjowall C, Brun JG, Jonsson MV,
Harboe E, Goransson LG, Johnsen SJ, Soderkvist P, Eloranta ML, Alm G, Baecklund E,
Wahren-Herlenius M, Omdal R, Ronnblom L, Jonsson R, Syvanen AC. Association of
EBF1, FAM167A(C80orf13)-BLK and TNFSF4 gene variants with primary Sjogren’s
syndrome. Genes and Immunity. 2011;12(2):100-9.

LuY, Zhu Y, Peng J, Wang X, Wang F, Sun Z. STAT4 genetic polymorphisms
association with spontaneous clearance of hepatitis B virus infection. Immunologic
Research [Internet]. 2015;62(2):146-52. Available from:
http://dx.doi.org/10.1007/s12026-015-8645-1

Hou S, Yang Z, Du L, Jiang Z, Shu Q, Chen Y, Li F, Zhou Q, Ohno S, Chen R, Kijltra
A, Rosenbaum JT, Yang P. Identification of a susceptibility locus in STAT4 for Behget’s
disease in Han Chinese in a genome-wide association study. Arthritis and Rheumatism.
2012;64(12):4104-13.

Sabri A, Grant A v., Cosker K, el Azbaoui S, Abid A, Abderrahmani Rhorfi I, Souhi H,
Janah H, Alaoui-Tahiri K, Gharbaoui Y, Benkirane M, Orlova M, Boland A, Deswarte C,
Migaud M, Bustamante J, Schurr E, Boisson-Dupuis S, Casanova JL, Abel L, EI Baghdadi
J. Association study of genes controlling IL-12-dependent IFN-y immunity: STAT4
alleles increase risk of pulmonary tuberculosis in morocco. Journal of Infectious Diseases.
2014;210(4):611-8.

Mitchell AL, Macarthur KDR, Gan EH, Baggott LE, Wolff ASB, Skinningsrud B, Platt
H, Short A, Lobell A, Kampe O, Bensing S, Betterle C, Kasperli-Zaluska A, Zurawek M,

61



149.

150.

151.

152.

153.

Fichna M, Kockum I, Eriksson GN, Ekwall O, Wahlb J, Dahlqgvist P, Hulting AL, Penna-
Martinez M, Meyer G, Kahles H, Badenhoop K, Hahner S, Quinkler M, Falorni A,
Phipps-Green A, Merriman TR, Ollier W, Cordell HJ, Undlien D, Czarnocka B, Husebye
E, Pearce SHS. Association of autoimmune Addison’s disease with alleles of STAT4 and
GATAS3 in European Cohorts. PLoS ONE. 2014;9(3).

Huang X, Wang Z, Jia N, Shangguan S, Lai J, Cui X, Wu F, Wang L. Association
between STAT4 polymorphisms and the risk of juvenile idiopathic arthritis in Han
Chinese populations. Clinical and experimental rheumatology. 2019;37(2):333-7.

Li Y, Zhang K, Chen H, Sun F, Xu J, Wu Z, Li P, Zhang L, Du Y, Luan H, Li X, Wu L,
Li H, Wu H, Li X, Li X, Zhang X, Gong L, Dai L, Sun L, Zuo X, Xu J, Gong H, Li Z,
Tong S, Wu M, Li X, Xiao W, Wang G, Zhu P, Shen M, Liu S, Zhao D, Liu W, Wang Y,
Huang C, Jiang Q, Liu G, Liu B, Hu S, Zhang W, Zhang Z, You X, Li M, Hao W, Zhao C,
Leng X, Bi L, Wang Y, Zhang F, Shi Q, Qi W, Zhang X, JiaY, Su J, Li Q, Hou Y, Wu Q,
Xu D, Zheng W, Zheng M, Wang Q, Fei Y, Zhang X, Li J, Jiang Y,Tian X, Zhao L, Wang
L, Zhou B, Li Y, Zhao Y, Zeng X, Ott J, Wang J, Zhang F. A genome-wide association
study in Han Chinese identifies a susceptibility locus for primary Sjogren’s syndrome at
7011.23. Nature Genetics. 2013;45(11):1361-7.

Manthiram K, Preite S, Dedeoglu F, Demir S, Ozen S, Edwards KM, Lapidus S, Katz
AE, Feder Jr HM, Lawton M, Licameli GR, Wright PF, Le J, Barron KS, Ombrello AK,
Barham B, Romero T, Jones A, Srinivasalu H, Mudd PA, DeBiasi RL, Gul A, Marshall
GS, Jones OY, Chandrasekharappa SC, Stepanovsiy Y, Ferguson PJ, Schwatzberg PL,
Remmers EF, Kastner DL . Common genetic susceptibility loci link PFAPA syndrome,

Behget’s disease, and recurrent aphthous stomatitis. Proceedings of the National Academy
of Sciences of the United States of America. 2020;117(25):14405-11.

Moon CM, Cheon JH, Kim SW, Shin DJ, Kim ES, Shin ES, Kang Y, Park JJ, Hong SP,
Nam SY, Kim TI, Kim WH. Association of signal transducer and activator of transcription
4 genetic variants with extra-intestinal manifestations in inflammatory bowel disease. Life
Sciences [Internet]. 2010;86(17-18):661-7. Available from:
http://dx.doi.org/10.1016/j.1fs.2010.02.016

Lessard CJ, Li H, Adrianto I, Ice JA, Rasmussen A, Grundahl KM, Kelly JA, Dozmorov
MG, Miceli-Richard C, Bowman S, Lester S, Eriksson P, Eloranta ML, Brun JG,
Goransson LG, Harboe E, Guthridge JM, Kaufman KM, Kvarnstrom M, Jazebi H,
Cunninghame Graham DS, Granditis ME, Nazmul-Hossain ANM, Patel K, Adler AJ,
Maier-Moore JS, Farris AD, Brennan MT, Lessard JA, Chodosh J, Gopalakrishnan R,
Hefner KS, Houston GD, Huang AJW, Hughes PJ, Lewis DM, Radfar L, Rohrer MD,
Stone DU, Wren JD, Vyse TJ, Gaffney PM, James JA, Omdal R, Wahren-Herlenius M,
lllei GG, Witte T, Jonsson R, Rischmueller M, Ronnblom L, Nordmark G, Ng WF,
Mariette X, Anaya JM, Rhodus NL, Segal BM, Scofield RH, Montgomery CG, Harley JB,
Sivils KL. Variants at multiple loci implicated in both innate and adaptive immune

62



responses are associated with Sjogren’s syndrome. Nature Genetics. 2013;45(11):1284—
94,

63





