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Abstract

BACKGROUND—Disabling pansclerotic morphea (DPM) is a rare systemic inflammatory 

disorder, characterized by poor wound healing, fibrosis, cytopenias, hypogammaglobulinemia, and 

squamous-cell carcinoma. The cause is unknown, and mortality is high.

METHODS—We evaluated four patients from three unrelated families with an autosomal 

dominant pattern of inheritance of DPM. Genomic sequencing independently identified three 

heterozygous variants in a specific region of the gene that encodes signal transducer and activator 

of transcription 4 (STAT4). Primary skin fibroblast and cell-line assays were used to define the 

functional nature of the genetic defect. We also assayed gene expression using single-cell RNA 

sequencing of peripheral-blood mononuclear cells to identify inflammatory pathways that may be 

affected in DPM and that may respond to therapy.

RESULTS—Genome sequencing revealed three novel heterozygous missense gain-of-function 

variants in STAT4. In vitro, primary skin fibroblasts showed enhanced interleukin-6 secretion, with 

impaired wound healing, contraction of the collagen matrix, and matrix secretion. Inhibition of 

Janus kinase (JAK)–STAT signaling with ruxolitinib led to improvement in the hyperinflammatory 

fibroblast phenotype in vitro and resolution of inflammatory markers and clinical symptoms in 

treated patients, without adverse effects. Single-cell RNA sequencing revealed expression patterns 

consistent with an immunodysregulatory phenotype that were appropriately modified through JAK 

inhibition.

CONCLUSIONS—Gain-of-function variants in STAT4 caused DPM in the families that we 

studied. The JAK inhibitor ruxolitinib attenuated the dermatologic and inflammatory phenotype in 

vitro and in the affected family members. (Funded by the American Academy of Allergy, Asthma, 

and Immunology Foundation and others.)

Disabling pansclerotic morphea (DPM) is a severe systemic inflammatory disorder in the 

scleroderma continuum; it is characterized by poor wound healing with rapidly progressive 

deep fibrosis involving the mucous membranes, dermis, subcutaneous fat, fascia, muscles, 

and bone, leading to contractures, musculoskeletal atrophy, and articular ankylosis.1 

Systemic manifestations include cytopenias and hypogammaglobulinemia, but scleroderma-

associated autoantibodies are usually not present. DPM is refractory to therapy, including 

systemic glucocorticoids, immunosuppression, and autologous stem-cell transplantation.2 

Disease pathogenesis has been attributed to abnormal collagen synthesis and deposition, 

vascular damage, and altered immunoregulation similar to that in other forms of 

scleroderma.3 Current treatment integrates multiple, broad-spectrum pharmaceutical and 

ancillary therapies (e.g., methotrexate, mycophenolate mofetil, and ultraviolet A light 

therapy),3,4 which are directed at halting disease progression but have had limited success 

and unacceptable side effects.5,6 DPM is associated with high morbidity and mortality due to 
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squamous-cell carcinoma, restrictive pulmonary disease, sepsis, and gangrene, resulting in a 

postdiagnosis survival time of less than 10 years.1 A genetic cause has not been identified.

We describe four persons in three independent families with DPM and monoallelic gain-

of-function variants in the gene encoding signal transducer and activator of transcription 

(STAT) 4 (STAT4). STAT proteins are recruited to activated receptors at the plasma 

membrane through interaction of the SH2 domain with a receptor phosphotyrosine residue 

generated by Janus kinase (JAK) activity. STAT proteins are also JAK substrates, and 

phosphorylation of a STAT leads to its dimerization, nuclear import, and activation of 

transcription of “downstream” genes. JAK-STAT signaling regulates cytokine responses 

and acts in immune responses, cell growth and differentiation, cell survival, apoptosis, 

and oncogenesis.7–9 STAT4 is also essential for transcriptional activation downstream 

of interleukin-6 receptor signaling and for transcription of interleukin-6.10 Members of 

the interleukin-6 family of cytokines have been proposed to coordinate immune–stroma 

cross-talk and have been implicated in other forms of morphea.11–13 Understanding the 

pathophysiology of DPM may shed light on a much larger range of disorders characterized 

by poor wound healing and severe, unchecked fibrosis.

METHODS

PATIENTS

Blood samples were obtained from the affected patients and immediate family members. 

Skin-biopsy samples were obtained from the Family 1 proband and healthy controls. 

All the participants (or legal guardians if the patient was a minor) provided written 

informed consent under their respective institutional review boards. All procedures that 

were performed in studies involving human participants were in accordance with the ethical 

standards of the respective institutions. Details of DNA isolation, library construction, and 

sequencing, as well as methods for site-directed mutagenesis, mammalian cell culture, 

transfection and expression of recombinant proteins, flow cytometry and fluorescence 

imaging, wound-healing assays, immunocytochemical assays, contraction assays, and 

enzyme-linked immunosorbent assays, are described in Supplementary Appendix 1, 

available with the full text of this article at NEJM.org.

STATISTICAL ANALYSIS

For in vitro experiments, statistical analyses and graphing were performed in Microsoft 

Excel and GraphPad Prism, version 5.03 (GraphPad Software) with the two-tailed, unpaired 

Student’s t-test or the Kruskal–Wallis test; significant P values were confirmed with the use 

of the two-tailed nonparametric Mann–Whitney test. Flow-cytometry data were analyzed 

with FlowJo software. Data are expressed as means and standard errors. No samples were 

excluded from the analyses, and no randomization of samples was performed. A P value 

of less than 0.05 was considered to indicate statistical significance. For 10x Genomics 

single-cell RNA-sequencing data analyses, see Supplementary Appendix 1.

Baghdassarian et al. Page 5

N Engl J Med. Author manuscript; available in PMC 2023 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://NEJM.org


RESULTS

PATIENT CHARACTERISTICS

We evaluated three unrelated kindreds with features of DPM (Table S1 in Supplementary 

Appendix 1). Family 1 was identified at the University of California, San Diego; mucosal 

lesions had developed in Patient 1 beginning at 3 years of age, and the first symptom that 

developed in Patient 2 was polyarthritis. In both patients, the condition had progressed to 

include inflammation and ulcerative lesions of the skin and joint swelling and contractures; 

both had received diagnoses of DPM by means of skin biopsy. Patient 3 had been enrolled 

in the National Institutes of Health (NIH) Undiagnosed Diseases Program and was admitted 

to the NIH Clinical Center at 25 years of age. He had been ascertained in Greece as having 

an autoinflammatory disease with joint swelling at 3 years of age, hand contractures at 7 

years of age, and progressive skin ulcerations beginning at 8 years of age, and he had been 

included in a pediatric series of patients with DPM.1 Patient 4 had been referred to the 

University of Pittsburgh Scleroderma Center and was enrolled in tandem in the National 

Registry of Childhood Onset Scleroderma, after a nonhealing skin ulcer had developed at 9 

months of age and progressive muscle wasting had developed by 12 months of age, leading 

to the clinical diagnosis of DPM. All four patients had had disease onset before 5 years of 

age, with signs of mucosal ulcerations and skin sclerosis (Fig. 1A through 1E, and Fig. S1 

in Supplementary Appendix 1). The results of hematoxylin and eosin staining of skin-biopsy 

samples were consistent with morphea (Fig. 1F and 1G). Musculoskeletal imaging showed 

deep-tissue inflammation and sclerosis of several levels from subcutis to muscle, findings 

consistent with DPM.

Laboratory evaluations showed mild neutropenia and lymphopenia, especially with respect 

to CD4+ T cells, and elevated serum inflammatory markers in three of the four patients. 

Similarly, serum levels of immunoglobulin classes IgG and IgA were reduced in three of 

the four patients (Fig. S2 in Supplementary Appendix 1), and no patients had detectable 

autoantibodies. Immunohistochemical staining of the skin (Fig. 1H and 1I) showed extensive 

staining for alpha smooth-muscle actin, a finding consistent with fibrosis, and CD3-positive 

staining in most of the subepidermal lymphocytes, which confirmed an inflammatory 

infiltrate composed of mostly T cells.

Despite multiple systemic immunosuppressive therapies (Figs. S3 and S4 in Supplementary 

Appendix 1), three of the patients had spreading of their rash and worsening ulcerations, 

with rapid development of contractures, muscular atrophy, and impairments in mobility. Two 

patients also had recurrent infections, and squamous-cell carcinoma had developed in one 

patient. Pulmonary nodules and infiltrates, pulmonary and portal hypertension, rapid-onset 

blindness (glaucoma and cataracts resulting in surgery), and sensorineural hearing loss were 

less frequent findings.

Two of the families had first-degree relatives with oral ulcerations, mild skin disease, or 

early-onset progressive hand swan-neck deformities, which suggested a possible inherited 

cause (Fig. 1J). For detailed clinical presentations, see Supplementary Appendix 1.
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SEGREGRATION OF STAT4 VARIANTS WITH DISEASE

Independent genomic analyses identified heterozygous variants in STAT4 in all three 

kindreds (STAT4 c.1904 C→T, c.1949C→A, and c.1867C→T, predicting amino acid 

substitutions of A635V, A650D, and H623Y, respectively) (Figs. S5 and S6 in 

Supplementary Appendix 1). These variants were not reported in the Genome Aggregation 

Database, Trans-Omics for Precision Medicine database, or deCODE Allele Frequency 

Browser and were predicted to be damaging (Fig. S6 in Supplementary Appendix 1). 

Each occurs in the region of STAT4 that encodes the SH2 domain (Fig. 1K); variants 

affecting the SH2 domain in other STAT proteins have been implicated in other immune 

diseases, including chronic mucocutaneous candidiasis (STAT1) and hyper-IgE syndrome 

(STAT3).14–17

STAT4 VARIANTS AND GAIN-OF-FUNCTION PHENOTYPE

The clinical presentation of the patients and the inheritance pattern in the families were 

consistent with a gain-of-function cause. Multiple-species sequence alignment indicates that 

A635, A650, and H623 are evolutionarily conserved amino acids, as is the SH2 domain. In 

silico modeling18 predicts that they are directly involved with the phosphotyrosine peptide-

binding pocket of the SH2 domain (Fig. 1K). The H623Y and A635V variants stabilize 

the dimer through hydrophobic interactions and thereby activate it, whereas the A650D 

mutation probably leads to intramonomer interactions with R705 and causes disease through 

a different mechanism.

To test whether the variants have a gain-of-function phenotype, we stably transfected a cell 

line containing a luciferase gene driven by the human IL6 promoter (a target of STAT410) 

with a plasmid containing either nonvariant (control) or variant STAT4. We tested each of 

the three variants. In the absence of stimulation, cells carrying the mutant plasmids had 

greater luciferase activity than those carrying the control plasmids (Fig. 2A, and Fig. S7 in 

Supplementary Appendix 1). To analyze phosphorylated STAT4 (pSTAT4) levels, U3A cells 

(deficient in STAT1 and STAT4) were stably transfected with plasmids containing control or 

variant STAT4. In unstimulated cells with variant STAT4, pSTAT4 levels were higher than 

those in cells transfected with control STAT4 (Fig. 2B). After interferon alfa stimulation, 

cells carrying control or variant STAT4 had similarly increased pSTAT4 levels at 30 minutes 

after exposure. However, the increased levels of pSTAT4 were comparatively durable in 

cells containing variant STAT4, showing elevated levels (as compared with cells containing 

control STAT4) at 240 minutes and supporting the hypothesis that variant STAT4 is resistant 

to mechanisms that inhibit or reduce STAT4 signaling (Fig. 2C).

RNA sequencing of transfected U3A cells was used to monitor global transcriptional 

changes caused by the variants. Variant-transfected cells that were stimulated with interferon 

alfa displayed a greater number and variety of differentially expressed genes than control 

interferon alfa–stimulated cells (Fig. S8A and S8B in Supplementary Appendix 1). 

Expression levels of genes encoding proteins in STAT4 pathways, including interleukin-6 

and the counterregulatory suppressor of cytokine signaling (SOCS) proteins, were higher in 

variant-transfected cells than in control-transfected cells, even though baseline levels of total 

STAT4 protein were similar (Fig. S8C and S8D in Supplementary Appendix 1).
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This enhanced transcriptional activity was associated with a greater accumulation of STAT4 

in the nucleus of STAT4 H623Y- or A635V-transfected HEK293T cells than with control 

and the “phospho-dead” Y693A control variant (Fig. 2D, and Fig. S9A in Supplementary 

Appendix 1). Similarly, pSTAT4 was evident at baseline in primary skin fibroblasts from 

patients but not in fibroblasts from healthy donors despite these cells having similar levels 

of STAT4 expression (Fig. 2E, and Fig. S9B and S9C in Supplementary Appendix 1). 

Interleukin-6 stimulation enhanced nuclear and perinuclear pSTAT4 in fibroblasts (Fig. 2E), 

whereas interleukin-12–induced phosphorylation of STAT4 in patient peripheral-blood T 

cells, typical of type 1 helper T (Th1) cell skewing, was not affected, although T-cell subsets 

had evidence for exhaustion (Fig. S10 in Supplementary Appendix 1 and Tables S2 and 

S3 in Supplementary Appendix 2). Taken together, these data make a strong case that the 

patient-identified STAT4 variants cause a gain-of-function phenotype.

WOUND HEALING, INFLAMMATION, AND FIBROSIS

STAT4 is expressed in leukocytes and skin19–21 and may perpetuate inflammation in 

fibroblasts derived from patients with rheumatoid arthritis.10 Given the dramatic impairment 

in wound healing in DPM (Fig. 1), we used primary skin fibroblasts from a patient 

with STAT4 A635V and unrelated healthy donors to study an in vitro model of wound 

healing. We first tested a scratch assay that requires all three wound-healing processes 

(i.e., epithelialization, contraction, and connective-tissue deposition). In the scratch assay, 

a fibroblast monolayer is scratched to induce a uniform gap, and the rate of closure is 

monitored (Fig. S11A in Supplementary Appendix 1). Skin fibroblasts from a patient with 

STAT4 A635V did not migrate as rapidly as fibroblasts from healthy donors and ultimately 

did not close the induced gap (Fig. 3A). We also found defects in individual wound-healing 

processes. Contraction was tested by embedding primary skin fibroblasts in a collagen 

matrix, followed by stimulation with transforming growth factor β (TGF-β) (Fig. S11B and 

S11C in Supplementary Appendix 1). Patient-derived fibroblasts had less contractility than 

fibroblasts from healthy donors (Fig. 3B), a finding consistent with the continued presence 

of inflammatory mediators.22 Immunofluorescence staining of F-actin filaments showed 

greater disorganization and larger cell size in patient fibroblasts than in fibroblasts from 

healthy donors (Fig. 3C, and Fig. S11D in Supplementary Appendix 1). Similarly, matrix 

secretion of procollagen α1 by patient fibroblasts was diminished relative to fibroblasts from 

healthy donors, whereas fibronectin secretion was unchanged, a finding consistent with poor 

wound healing (Fig. S11E and S11F in Supplementary Appendix 1).

INTERLEUKIN-6 SECRETION BY PATIENT FIBROBLASTS

Fibroblasts secrete proinflammatory mediators, including interleukin-1, interleukin-6, TGF-

β, and vascular endothelial growth factor.23 We found that unstimulated skin fibroblasts 

from patients secreted 12 times as much interleukin-6 as those from healthy donors (Fig. 

3D). In contrast, the secretion of interleukin-1 and interferon was at the limits of detection 

in cultures from healthy donors and patients. To explore the potential role of interleukin-6 

in the pathology of the patient fibroblasts, cells from healthy donors were pulsed with 

recombinant interleukin-6 every 8 hours for the duration of a scratch assay. Remarkably, 

interleukin-6 reduced the migration of fibroblasts derived from healthy donors, prevented 

scratch closure, reduced TGF-β–induced contraction, and increased the size of cells (Fig. 
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3E, and Fig. S12A and S12B in Supplementary Appendix 1). Together, these data suggest 

that the gain-of-function STAT4 A635V variant causes an autoinflammatory loop, largely 

mediated by interleukin-6, which drives the fibroblast phenotype. In vitro treatment with 

anti–interleukin-6 led to a modest improvement in fibroblast function but suggested that 

upstream targeting of this molecular pathway may be required to inhibit autoinflammation 

(Fig. S12C in Supplementary Appendix 1).

THERAPEUTIC TARGETING WITH JAK INHIBITORS

To determine whether the hyperinflammatory fibroblast phenotype could be ameliorated in 

vitro by disrupting STAT4 signaling, we treated cultures of primary skin fibroblasts from 

patients with the JAK inhibitor ruxolitinib. Ruxolitinib significantly reduced interleukin-6 

secretion at concentrations achievable in serum (Fig. 4A). Similarly, ruxolitinib enhanced 

the rate of scratch closure of patient fibroblasts to one nearly identical to that of fibroblasts 

from healthy donors (Fig. 4B) but did not affect the rate of scratch closure of fibroblasts 

from healthy donors (data not shown). The results of other assays of individual steps in 

wound healing showed less response to ruxolitinib treatment (Fig. S13 in Supplementary 

Appendix 1). Ruxolitinib treatment also reduced the total amount of pSTAT4 and its nuclear 

localization in unstimulated U3A cells and patient fibroblasts (Fig. 4C and 4D). However, 

the persistent levels of pSTAT4, even in the absence of new phosphorylation (Fig. 4E and 

4F), suggest that the mutant STAT4 dimers are more stable than dimers of wild-type STAT4, 

which would be consistent with in silico predictions.

The identification of gain-of-function STAT4 variants led us to initiate oral ruxolitinib 

treatment in Patients 1 and 2. Peripheral-blood samples, collected from Patient 1 while 

he was receiving treatment and from Patient 2 while he was not receiving treatment, 

were analyzed by means of single-cell RNA sequencing to identify cell types (Fig. S14 

in Supplementary Appendix 1) and to analyze differential gene expression in specific cell 

types such as natural killer cells and T cells, which are known to highly express STAT4 

(Supplementary Appendix 2). In these cell types, pathway analysis based on differentially 

expressed genes showed that ruxolitinib treatment decreased the activity of genes such as 

IFNG, IFNA, TNF, IL6 and STAT1, which control multiple inflammatory pathways. These 

cell types were also associated with increased expression of genes in pathways controlled by 

upstream regulators (Fig. 5A, and Fig. S15 in Supplementary Appendix 1).

Initiation of oral ruxolitinib therapy yielded clinical success. Patient 1 had notable 

improvement in his nodular rash, without development of new lesions. After 11 months of 

therapy, the rash and oral ulcers had largely resolved. The most recent laboratory evaluation 

was notable for stable leukocyte counts, normal levels of inflammatory markers, and normal 

IgG and IgM levels, with persistent IgA deficiency. No adverse events have been reported 

during ruxolitinib treatment. At 18 months after initiation of ruxolitinib, he had discontinued 

all other medications, with complete resolution of his chest rash, substantial clearing on 

the arms and legs, and global clinical improvement (Fig. 5B, 5C, and 5D). Patient 2 has 

since begun therapy with ruxolitinib, with improvement in his pulmonary hypertension. He 

continues to receive intravenous immunoglobulin (2 g per kilogram of body weight) for IgG 

levels below 1000 mg per deciliter but has been able to avoid infusions for up to 2 months at 
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a time. His neutropenia resolved, inflammatory markers normalized, anemia decreased, and 

thrombocytopenia stabilized (see Supplementary Appendix 1).

DISCUSSION

DPM, the most severe subtype of deep morphea within the spectrum of juvenile localized 

scleroderma, is characterized by rapid sclerosis in all layers of the skin, fascia, muscle, 

and bone.24 The cause of DPM has been elusive since the first description in 1923.24 

Despite the general belief that a genetic component underlies disease development, a genetic 

basis for DPM has not been previously identified. Our identification of novel, autosomal 

dominantly inherited or de novo variants in STAT4 appears to be the first description of a 

gain-of-function variant in this gene and the first genetic link for DPM.

The roles played by STAT4 that could drive the multiple clinical facets of DPM10 include 

its involvement in Th1 cell development and function25 and in regulation of interleukin-6 by 

stromal cells.13,23 Genomewide association studies have also implicated single-nucleotide 

polymorphisms in STAT4 with multiple autoimmune diseases (Fig. S16 in Supplementary 

Appendix 1).26,27 Given the number of pathways in which STAT4 is a member, additional 

genetic modifiers of disease severity could exist, which may account for the presence of a 

parent with milder disease in two of the three families.

Increasing evidence points to fibroblasts as inflammatory mediators in sites of 

inflammation.13,23 Interleukin-6 family cytokines specifically have been proposed to 

coordinate immune–stroma cross-talk.11–13 Interleukin-6 has also been implicated in 

negatively regulating Th1 cell differentiation,28 which may explain the lack of Th1 cell 

skewing and reduced phosphorylation to interleukin-12, as well as in generating a chronic 

inflammatory disease state, which is consistent with the T-cell exhaustion29,30 we observed 

before treatment. The prominent interleukin-6 signature observed in our fibroblast cultures 

also suggests that anti–interleukin-6 monoclonal antibodies — such as tocilizumab, which 

is currently approved for interstitial lung disease in systemic sclerosis31 — may be an 

alternative therapy or may be useful in combination with JAK inhibitors in patients with 

DPM.

We speculated that the STAT4 gain-of-function mutations were dependent on JAK activity 

and explored the use of the clinically available JAK inhibitor ruxolitinib for patients in 

the most severely affected family. In the patient receiving consistent therapy, we observed 

normalization of most immunologic variables and resolution of systemic symptoms, without 

adverse effects. Given the multiple systems and body-surface area affected, we expect that 

oral systemic therapy, rather than topical JAK inhibitor therapy, would be appropriate in 

patients with DPM. We propose that this immunomodulatory approach may be promising 

for patients with refractory disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clinical Manifestations of Disabling Pansclerotic Morphea (DPM).
Clinical images show oral ulceration and limitation in tongue protrusion (Panel A); 

spreading waxy, hypopigmented lesions on the back and waxy hypopigmented “tank top” 

sign on the chest (Panels B and C); and ulcerations with articular ankylosis of the legs 

and arms (Panels D and E). Histologic sections of skin-biopsy samples show prominent 

inflammation (Panel F) and dermal thickening and hyalinization of morphea (Panel G). 

Images are shown of immunohistochemical staining for smooth-muscle action (Panel H) and 

CD3 (Panel I) in skin-biopsy samples before use of ruxolitinib. Family pedigrees (Panel J) 

are shown, with probands indicated by arrows. Circles represent female family members, 

squares male family members, and solid symbols persons who have received a diagnosis of 

DPM. Grey shading indicates persons with the STAT4 variants but with milder symptoms. 

The genotype at the specified locus is indicated under each person. A linear protein model 

(Panel K) shows the approximate locations of the identified variants in the SRC homology 

2 (SH2) domain. CC denotes coiled-coil domain, DBD DNA-binding domain, LD linker 

domain, N the N-terminal domain, TAD transactivation domain, and Y the phosphotyrosyl-

tail segment.
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Figure 2. Effects of STAT4 Variants on Phosphorylation.
Panel A shows absolute luciferase emission from the interleukin-6 Leeporter cell line 

transfected with vector carrying wild-type or variant STAT4. Transcriptional activity was 

enhanced in the presence of STAT4 A635V, H623Y, and A650D, as compared with 

wild-type STAT4 and the nontransfected cell line, with or without stimulation with 

lipopolysaccharide (LPS) or interleukin-6. Panels B and C show STAT4 phosphorylation 

in U3A cells stably transfected with wild-type or variant STAT4. Flow cytometry that was 

used to measure the mean fluorescence intensity (MFI) of phosphorylated STAT4 (pSTAT4) 

showed increased pSTAT4 in unstimulated cells (Panel B) that were transfected with A635V 

(red), A650D (green), and H623Y (purple) variants, as compared with wild-type STAT4 
(blue). In response to interferon alfa (Panel C), STAT4 phosphorylation persisted in variant 

cells at 240 minutes as compared with wild-type cells. In Panels A and C, error bars indicate 

standard errors. Panel D shows HEK293T cells transiently transfected with plasmids 

containing wild-type, H623Y, A635V, or phospho-dead Y693A STAT4 tagged with green 

fluorescent protein. Unstimulated cells that were transfected with H623Y or A635V variants 

had a greater accumulation of STAT4 in the nucleus than those transfected with wild-type or 

Y693A STAT4. Panel E shows that primary skin fibroblasts from a patient with the A635V 

variant had prominent pSTAT4 (green), as compared with fibroblasts from a healthy donor. 

Phosphorylated STAT4 staining of patient fibroblasts persisted in a perinuclear location with 

interleukin-6 stimulation. Nuclear staining was performed with DRAQ5 (blue).
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Figure 3. Evaluation of the Function of Primary Skin Fibroblasts In Vitro.
Panel A shows that wound healing as measured by scratch assay was reduced in fibroblasts 

from patients with STAT4 A635V (red), as compared with fibroblasts from healthy donors 

(blue). For the scratch assays, three experiments were performed with six scratches each. 

Panel B shows that transforming growth factor β–induced contraction of collagen matrix 

by patient-derived fibroblasts (red) was reduced relative to fibroblasts from healthy donors. 

Panel C shows that in F-actin immunocytochemical analysis, cell size was increased in 

primary skin fibroblasts from a patient with STAT4 A635V, as compared with fibroblasts 

from healthy donors. Panel D shows that patient fibroblasts had enhanced interleukin-6 

secretion in the absence of stimulation. Panel E shows that wound healing was reduced in 
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primary skin fibroblasts from healthy donors when treated with varying concentrations of 

interleukin-6, with rates approaching those of cells from patients with STAT4 A635V (three 

experiments with six scratches each). Throughout the figure, P values were calculated by 

means of two-way analysis of variance. Error bars indicate standard errors.
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Figure 4. Janus Kinase Inhibition, Reduction of STAT4 Phosphorylation, and Wound Healing.
Panel A shows that patient fibroblasts had enhanced interleukin-6 secretion that was 

responsive to ruxolitinib. Data for healthy donors are a summary of three such donors. 

The P value for patient cells treated with ruxolitinib as compared with untreated patient 

cells is 0.02. Panel B shows that pretreatment with ruxolitinib led to enhanced fibroblast 

migration in wound-healing assays, with closure at 24 hours that was similar to that 

in unaffected fibroblasts (three experiments with six scratches each). Panel C shows 

that STAT4 phosphorylation in unstimulated U3A cells was reduced after treatment with 
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ruxolitinib. Panel D shows that nuclear pSTAT4 was reduced in response to ruxolitinib 

treatment of patient fibroblasts. Panels E and F show that interferon alfa–stimulated U3A 

cells expressing variant STAT4 had higher levels of pSTAT4 than cells expressing wild-

type STAT4 at 240 minutes. Ruxolitinib treatment decreased phosphorylation in cell lines 

expressing variant STAT4 and in those expressing wild-type STAT4. In Panel F, mean 

decreases and standard errors are shown. Throughout the figure, P values were calculated by 

means of two-way analysis of variance. Error bars indicate standard errors.
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Figure 5. Ruxolitinib Treatment and Resolution of the Inflammatory Phenotype.
Shown are peripheral-blood mononuclear cells analyzed by means of single-cell RNA 

sequencing (Panel A), plotted in uniform manifold approximation and projection (UMAP) 

space and clustered for each of the control and patient samples. NKT cells denote 

natural killer T cells, and Tregs regulatory T cells. Photographs show waxy, erythematous 

nodular lesions on bilateral hands and feet before (Panel B) and after (Panel C) initiation 

of ruxolitinib therapy. Shown are clinical scores (Panel D) on the modified Localized 

Scleroderma Skin Severity Index (mLoSSI, red) and the Physician Global Assessment 

(PGA, blue) of disease activity. Scores on both scales range from 0 to 100, with higher 

scores indicating greater disease activity.
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