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Abstract

Fibrosis of the skin and internal organs is a hallmark of systemic sclerosis (SSc). Although the
pathogenesis of SSc is poorly understood, increasing evidence suggests that interleukins (I1L)-4
and - 13 contribute to the pathogenesis of skin fibrosis by promoting collagen production and
myofibroblast differentiation. Signal transducers and activators of transcription 6 (STAT6) is

one of the most important downstream transcription factors activated by both IL-4 and IL-13.
However, it is not completely understood whether STAT6 plays a role during the pathogenesis

of skin fibrosis in SSc. In this study, we observed increased STAT6 phosphorylation in fibrotic
skin samples collected from SSc patients as well as bleomycin-injected murine mice. Knockout of
Stat6 in mice significantly (1) suppressed the expression of fibrotic cytokines including //13, 1/17,
1122, Ccl2, and the alternatively activated macrophage marker Ca206, (2) reduced the production
of collagen and fibronectin, and (3) attenuated late-stage skin fibrosis and inflammation induced
by bleomycin. Consistently, mice treated with STAT6 inhibitor AS1517499 also attenuated skin
fibrosis on day 28. In addition, a co-culture experiment demonstrated that skin epithelial cells with
STAT6 knockdown had reduced cytokine expression in response to 1L-4/IL-13, and subsequently
attenuated fibrotic protein expression in skin fibroblasts. On the other side, STAT6 depletion

in skin fibroblasts attenuated IL-4/1L-13-induced cytokine and fibrotic marker expression, and
reduced CXCLZ2expression in co-cultured keratinocytes. In summary, our study highlighted an
important yet not fully understood role of STATG6 in skin fibrosis by driving innate inflammation
and differentiation of alternatively activated macrophages in response to injury.
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INTRODUCTION

Systemic sclerosis (SSc) is a rare autoimmune disease characterized by fibrosis of multiple
organs, autoimmunity, as well as vascular damage.! Skin tightening and fibrosis is one of the
major features of SSc that are normally associated with the overproduction of extracellular
matrix (ECM) proteins, including collagen type I, type 11, fibronectin, and aminoglycans by
myofibroblasts in the connective tissues.2 Although the mechanisms that lead to fibrosis of
the skin and visceral organs in SSc have been studied to some extent, the development of
effective therapeutic agents for SSc fibrotic complications is hampered due to an incomplete
understanding of the disease pathophysiology.

Several profibrogenic cytokines have been reported to modulate the proliferation and
deposition of ECM proteins by fibroblasts. Transforming growth factor-p (TGF) is the

key cytokine of tissue fibrosis that promotes the synthesis of collagens and fibronectins.?
Th2 cytokines including interleukin-4 and -13 (IL-4 and IL-13) have been shown to have
increased levels in the serum of SSc patients compared to controls. Both cytokines have
been reported to promote the transcription of collagen genes in dermal fibroblasts.>¢ Several
studies indicated that IL-4 and 1L-13 facilitate TGFp-induced fibrosis by promoting the
expression of TGFB,’~2 suggesting complex interactions and co-regulation among multiple
cytokines during the pathogenesis of fibrosis.

Interestingly, IL-4 and IL-13 share common receptor complexes and can both signal through
Janus kinase 1 (JAK1) and signal transducers and activators of transcription 6 (STAT6).10
The activation of their receptors induces JAK1 tyrosine phosphorylation. Phosphorylated
JAK1 permits tyrosine phosphorylation of STAT6 on residue Y641.11.12 The phosphorylated
STAT6 forms homo- or hetero-dimers which translocate into the nucleus and bind to the
STAT-responsive element (SRE), facilitating the expression of target genes.13 IL-4 and 1L-13
have over-lapping functions as they share a common receptor and both signal through

the STAT6 pathway.4 The role of IL-4 and IL-13 in fibrosis and fibroblast activity has

been emphasized in several studies. Both IL-4 and IL-13 have been reported to induce
myofibroblast differentiation from fibroblasts and promote the expression and deposition

of ECMs in vitro.1%16 Moreover, IL-4 overexpression under the control of an insulin
promoter stimulated pancreatic fibrosis,1’ while blocking 1L-4 signaling with anti-I1L-4
antibodies prevented skin fibrosis in tight skin (TSK1) mice.18 Similarly, neutralization

of 1L-13 attenuated bleomycin-induced lung fibrosis in mice.12-20 Consistent with these
findings, Romilkimab, an antibody neutralizing 1L-4/-13 is currently in a clinical trial

for the treatment of early diffuse cutaneous SSc.2! Because STATS is the most critical
downstream transcription factor of 1L-4 and IL-13, these findings suggest a potential role

of STAT6 signaling in skin fibrosis in SSc. Indeed, STAT6 was found hyper-activated

in hypochlorous acid-induced skin and lung fibrosis, and Leflunomide (a drug to treat
rheumatoid arthritis) attenuated skin and lung fibrosis is associated with STAT® inhibition.2
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Moreover, a previous study using a JAK-STAT6 inhibitor suggested that inhibition of the
STAT6 signal prevents Th2 cytokine-stimulated eotaxin-3 expression in both fibroblasts
and epithelial cells,23 supporting JAK-STAT6 inhibition as a novel approach to treating
inflammation and fibrosis. However, it remains elusive whether STAT6 is activated in SSc
skin, and whether a specific STAT6 inhibition could attenuate skin fibrosis. Moreover, few
studies were reported using genetically modified mice to understand the role of STAT6 in
skin fibrosis.

The goal of the present study was to examine the role of STAT6 in skin fibrosis. We
observed significantly increased STAT6 phosphorylation in epidermal and dermal cells

of fibrotic skin collected from SSc patients and bleomycin-treated mice. Next, using the
repetitive bleomycin-induced murine skin fibrosis model, we found that mice with Stat6
knockout or treated with STAT6 inhibitor AS1517499 attenuated late-stage skin fibrosis.
Moreover, in vitro co-culture demonstrated an important role of STAT6 in epithelial and
fibroblast crosstalk by regulating cytokines release. Taken together, our data demonstrated
that STAT6 activation could promote skin fibrosis by dysregulating the normal epithelial-
fibroblasts interactions.

MATERIALS AND METHODS

Human samples

Skin biopsy samples were collected from SSc patients and age-, gender-, and ethnicity-
matched healthy controls from the Genetic versus Environment In Scleroderma Outcome
Study (GENISOS) cohort at UTHSC at Houston (See Table S1 for the patient and control
information). All patients included had affected skin at the site of the biopsy. The healthy
control subjects had no personal or family medical history of autoimmune diseases. All
subjects provided written informed consent, and the study was approved by the institutional
review boards at UTHSC.

Cell culture and treatment

The skin keratinocyte cell line HaCaT was purchased from AddexBio and cultured in
modified Dulbecco’s Modified Eagle Medium (DMEM) (AddexBio) containing 10% fetal
bovine serum (FBS) and 1% antibiotics to avoid contamination. Primary human skin
fibroblasts were isolated using an out-growth model from skin biopsies from normal donors
and SSc patients. Isolated fibroblasts were cultured in DMEM (Sigma-Aldrich) containing
10% FBS (FBS) and 1% antibiotics, and mycoplasma infection was tested using the
MycoAlert™ Mycoplasma Detection Kit (Lonza). Passage 4-6 fibroblasts were used. Cell
culture was maintained at 37°C in a humidified 5% carbon dioxide atmosphere.

For the co-culture experiment, STAT6 was knocked down in skin keratinocyte HaCaT cells
(or primary human skin fibroblasts) with non-targeting (negative control) or STAT6siRNA
(50 picomole/ml, Sigma-Aldrich) and lipo-fectamine RNAimax (Thermo Fisher Scientific).
Two days after transfection, cells were stimulated with both IL-4 and 1L-13 (10 ng/ml each)
for 6 h. The cell media were then changed to IL-4/IL-13 free media, and the keratinocytes

(or human skin fibroblasts) were co-cultured with primary skin fibroblasts (or HaCaT) that
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were plated in cell culture inserts for an additional 24 h before harvesting RNA and protein
for analysis.

2.3 | Masson’s trichrome stain and immunohistochemistry (IHC)

Human or mouse skin were fixed in 10% phosphate-buffered formalin for at least 24

h, dehydrated, paraffin-embedded, and sectioned at a thickness of 4 um. For Masson’s
trichrome staining, skin sections were deparaffinized, rehydrated, and stained using the
trichrome stain (Masson) Kit (Sigma-Aldrich). Images were taken from an Olympus BX60
equipped with a DP71 camera. The dermal thickness of Masson’s trichrome-stained skin
was blindly measured by a well-trained technician using ImageJ (National Institutes of
Health). Three randomly selected areas were measured per skin and data were presented as
mean + standard error.

For IHC, sections were dewaxed in Histo-Clear (National Diagnostics) and rehydrated in a
series of ethanol solutions. Then, the sections were quenched with 3% hydrogen peroxide
and incubated in 1X citrate buffer (VectorLabs) for antigen retrieval. After that, sections
were incubated with BLOXALL® Endogenous Blocking Solution (VectorLabs) followed by
blocking with 5% normal goat serum. Then sections were incubated with primary antibodies
overnight at 4°C. The following primary antibodies were used for this study: p-STAT6
(1:200, rabbit polyclonal, Abcam), Mac-3 (1: 50, rabbit polyclonal, BD Biosciences), and
CD3 (1:800, rabbit polyclonal, Proteintech). After primary antibody incubation, slides

were then incubated with IMmPRESS anti-rabbit secondary antibodies (\ectorLabs) for

1 h at room temperature. After rinsing, human slides were developed with Vector Red
(VectorLabs) and counter-stained with 4”,6-diamidino-2-phenylindole (DAPI) (VectorLabs).
And mouse slides were developed with DAB Substrate Kit (MectorLabs) and counter-stained
with Vector hematoxylin (VectorLabs).

2.4 Animals and treatment

The wildtype C57BL/6 and Staté knockout (Stat6™~, strain # 005977) mice were purchased
from the Jackson Laboratory. Mice were maintained under specific pathogen-free conditions
in our animal facility. The use of animals was in full compliance with the Animal Welfare
Committee. No evidence of fungal, parasitic, or bacterial infection was observed.

The mouse model of skin fibrosis was generated by repetitive subcutaneous (s.g.) bleomycin
(Teva Pharmaceuticals, Northwales, PA) injection. Briefly, 8-week-old female C57BL/6 or
Stat6~ mice were anesthetized with isoflurane using an isoflurane vaporizer. Bleomycin

in phosphate-buffered saline (0.02 U/mouse/day) was injected subcutaneously into two
locations on the shaved dorsum of the mice six times per week for 2 or 4 weeks. For mice
treated with STAT6 inhibitor AS1517499, 100 ul AS1517499 (0.1 mg/ml in 20% Dimethyl
sulfoxide (DMSO)) were subcutaneously injected twice a week starting 1 week after the
initial bleomycin injection at the same locations. Mice injected with 20% DMSO were used
as controls. The mouse skin was collected for real-time qRT-PCR, histology, and western
blot analysis on day 14 or day 28 after the first bleomycin injection.

FASEB J. Author manuscript; available in PMC 2023 May 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

25|

2.6

2.7

3
3.1

Page 5

Real-time quantitative reverse transcription PCR (real-time qRT-PCR)

Skin tissues were homogenized using TRIZOL Reagent (Thermo Fisher Scientific, MA),
and total RNA was extracted using RNeasy Mini Kit (Qiagen, MD). Extracted RNA was
treated with Heat & Run gDNA remover kit (ArcticZymes, PA) to remove the genomic
DNA, and reverse transcribed into cDNA using iScript™ cDNA Synthesis Kit (Bio-Rad,
CA). Real-time gRT-PCR was carried out with Roche LightCycler 96 using the primers
defined in Table S2. The data were quantified using the comparative Ct method and
presented as mean ratio to f-actin + standard error.

Western blot

Skin samples were homogenized in RIPA lysis buffer (50 mM Tris—HCI pH 7.4, 150 mM
NaCl, 1% NP-40) containing both protease and phosphatase inhibitor cocktail (Thermo
Fisher Scientific, NJ). The same amount of protein was loaded on the sodium dodecyl
sulfate-polyacrylamide gels for electrophoresis. Protein was then transferred from the gels
to polyvinylidene fluoride membrane sheets. After blocking with 5% milk in TBST (Tris-
buffered saline, 0.1% Tween 20) buffer for 1 h, the membranes were incubated with primary
rabbit anti-collagen 1 (Abcam, AB21286), rabbit anti-fibronectin (Sigma-Aldrich, F3648),
mouse anti-p-actin (Sigma-Aldrich, A3854), or mouse anti-a-SMA antibodies (Sigma-
Aldrich, ABT1487) at 4°C overnight, and then incubated with corresponding secondary
antibodies conjugated to horseradish peroxidase (Cell Signaling Technology). Finally, the
membranes were developed with Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific) and visualized with a Bio-Rad Gel Doc imaging system.

Statistical analysis

All statistical analysis were carried out using GraphPad Prism 6.0 (San Diego). Data
were presented as mean + standard error. Two-tailed unpaired Student’s #test was used
to compare the statistical significance between two treatment groups. A p-value <.05 was
considered to be statistically significant.

RESULTS
STATG is activated in the fibrotic skin of SSc patients

To understand the role of STAT6 in skin fibrosis, we first carried out immunohistochemistry
(IHC) to determine whether fibrotic skin had increased STAT6 activation. As shown in
Figure 1A, SSc skin had increased phosphorylated-STAT6 (p-STAT6)-positive cells in

both the epidermal and dermal layers compared to normal controls. Blinded cell counting
indicated that the number of p-STAT6-positive cells at both epidermal and dermal layers
per field was significantly elevated in SSc skin tissues compared to normal controls (Figure
1B). Consistent with these findings, p-STAT6 protein levels were elevated in 4 out of 5
primary skin fibroblasts isolated from SSc patients compared to those from normal donors
(Figure 1C). To understand whether p-STAT6 elevation could also be observed in a murine
model of fibrosis, we used a repetitive bleomycin-induced skin fibrosis model to induce skin
fibrosis in mice. In this model, bleomycin was subcutaneously injected six times a week

for 2 or 4 weeks. This model is an inflammation-driven skin fibrosis model that is initiated
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with a massive inflammation response that peaks within the first 2 weeks, and progressed
with increased ECM deposition and significant dermal fibrosis observed at the 4-week time
point.2425 Similarly, p-STATS staining was also observed in day 28 bleomycin-injected
murine skin in both epidermal, especially at the sites of injections (Figure 1D, middle panel),
and dermal layers (Figure 1C, right panel). Quantification analysis suggested increased
p-STAT6 cells at both epidermal and dermal layers in bleomycin skin compared to PBS skin
(Figure 1E). In summary, these results indicate that STAT® is activated in both human and
mouse fibrotic skin, and abrogated expression or activation of STAT6 may contribute to the
pathogenesis of fibrosis in SSc patients.

STAT6 depletion increases fibrotic marker expression but not dermal thickness in

the early stage of bleomycin-induced injury

Given the critical role of IL-4 and IL-13 in dermal fibrosis, we hypothesize that their
downstream transcription factor STATG6 also contributes to skin fibrosis. Here, we used the
repetitive bleomycin-induced skin fibrosis model to induce skin fibrosis in both wild type
(WT) and Stat6 knockout (Stat6~") mice. The Stat6 ™~ mice are viable and fertile, and

do not show any behavioral abnormalities compared to the WT mice.28 Because SSc is
more prevalent in female patients (female to male ratio of 3:1),27 only female mice were
selected for our following experiments. As shown in Figure 2A, the Stat6 transcript levels
were significantly suppressed in the Stat6~~ mice, suggesting a successful Stat6 deletion.
After exposure to 14 days of bleomycin, at which point inflammation accommodates the
initiation of fibrosis, Stat6~ mice had decreased protein levels of type | collagen (COL1)
and fibronectin (FN1) compared to WT controls (Figure 2B). However, Masson’s trichrome
staining showed that the collagen deposition and dermal thickness did not differ significantly
between Stat6'~ and WT mice (Figure 2C,D). To understand whether there is any difference
in the inflammation, we performed IHC using Mac-3 (maker for macrophages, lysosome-
associated membrane protein 2, also known as LAMP2) and CD3 (marker for T cells)
antibodies. There are a lot of Mac-3-positive cells but very few CD3-positive cells in

both Stat6~'~ and WT mice. This is consistent with Dr. Varga’s findings that macrophages
are more abundant inflammatory cells than T cells in bleomycin-induced skin fibrosis in
mice.28 No difference was observed in the number of either Mac-3-positive (Figure 2D) or
CD3-positive (data not shown) cells in Stat6~'~ mice compared to WT controls. Moreover,
the transcript levels of fibrotic markers collagen 1 alpha 1 (Co/1al), fibronectin (Frn), and
periostin (Postn) are not significantly changed in Stat6~'~ mice (Figure 2E).

In addition to directly inducing ECM expression in fibroblasts,2° the type 2 cytokines IL-4
and IL-13 through STAT6 activation can also promote alternative macrophage activation

and may subsequently contribute to skin fibrosis.3%-31 To understand the role of STAT6

in skin inflammation, the transcript expression of several cytokines including //4and //13
was determined. //4but not //73had a trend of elevated expression in bleomycin-treated
Stat67!I~ skin (Figure 2F). Consistent with the anti-inflammatory role of //4and //Z3through
Stat6 activation,32 knockout of Stat6 increased the expression of pro-inflammatory cytokines
including the chemokine (C-X-C motif) ligand 1 and 2 (Cxc/ and Cxc/2) and //6in Stat6™/~
skin (Figure 2F). Taken together, these results show the absence of Staf6 may promote
inflammatory cytokine release without affecting macrophage infiltration, and suppresses
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bleomycin-induced ECM protein production at the early stage, but these changes are not
sufficient to decrease dermal thickness.

3.3| Stat6 depletion attenuates bleomycin-induced skin fibrosis on day 28

To understand the chronic effects of Stat6 depletion on skin fibrosis, lesional skin samples
were also collected for analysis on day 28 after the initial bleomycin injection, a stage
when there is fulminant skin fibrosis. The protein expression of the fibrotic markers
collagen 1 and fibronectin was markedly decreased in the skin of Stat6/~ mice treated with
bleomycin compared to WT controls (Figure 3A). Masson’s trichrome staining indicated
that the collagen deposition was reduced in the dermal layer and the dermal thickness

was significantly decreased in Staf6/~ mice (Figure 3B,C). Mac-3 IHC showed reduced
macrophage infiltration in Stat6”/~ mice compared to WT controls (Figure 3C). Consistent
with these findings, real-time qRT-PCR analysis of fibrotic markers showed significantly
suppressed Collal, Fni, and Postnin day 28 Stat6™'~ skin tissues compared to WT controls
(Figure 3D), suggesting reduced end-stage skin fibrosis in Stat6~'~ mice. Interestingly,
//13had significantly decreased expression on day 28 bleomycin-treated Stat6~'~ skin
compared to WT controls (Figure 3E), suggesting that its downregulation may account for
the decreased fibrosis in Stat6~/~ skin. Moreover, cytokines including Cxc/10, 117, 1122,
and C-C Motif Chemokine Ligand 2 (Cc/2) were dramatically decreased in Stat6~'~ skin
(Figure 3E). In line with the known roles of IL-4/1L-13/STAT6 in alternative macrophage
polarization,33 the level of alternatively activated macrophage (M2) marker Cad206 was
significantly decreased in day 28 Stat67/~ skin (Figure 3E).

However, the pro-inflammatory cytokines that were induced on day 14 were no longer
elevated in day 28 Stat6~'~ skin (Figure 3E). Overall, our data indicated that bleomycin-
induced skin fibrosis and macrophage infiltration were significantly attenuated in Stat6-
depleted mice at the fibrotic stage possibly by suppressing the release of cytokines and
inhibiting the infiltration and differentiation of alternatively activated M2 macrophages.

3.4 | STATG6 inhibitor AS1517499 alleviates bleomycin-induced skin fibrosis

Next, we are interested to see whether skin fibrosis could be ameliorated through
pharmacologically inhibiting STAT6. AS1517499 is an effective STAT6 inhibitor that has
been shown to prevent renal fibrosis by attenuating fibroblast activation and macrophage
polarization in mice.3* However, the role of AS1517499 has not been demonstrated in skin
fibrosis. As shown in Figure 4, mice treated with AS1517499 had significantly decreased
p-STATS6, collagen and fibronectin protein expression (Figure 4A), reduced skin thickness
(Figure 4B), and collagen deposition (Figure 4C), number of Mac-3-positive cells (Figure
4C) and declined transcript expression of Co/lal and Fnl (Figure 4D). Consistently with the
findings in the Star67/~ skin, AS1517499-treated skin had decreased //3transcript levels,
as well as the levels of M2 macrophage marker Ca206 (Figure 4E). Although some of the
fibrotic cytokines reduced in Stat6/~ skin is not changed in AS1517499-treated lesional
skin, the transcript level of 7gfb was significantly downregulated (Figure 4E), suggesting
that inhibiting 7gfb1 may partially contribute to the role of STAT6 in skin fibrosis. Taken
together, these data suggest that pharmacological STAT6 inhibition by AS1517499 could
attenuate skin fibrosis induced by bleomycin.
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3.5| STATG6 depletion prevents cytokine expression in keratinocytes and attenuates the
fibrotic marker induction in co-cultured skin fibroblasts

We next performed in vitro studies to determine whether STAT6 activation in dermal
keratinocytes has a direct impact on fibrotic marker expression in fibroblasts. Immortalized
epidermal keratinocytes (HaCaT) were transfected with STAT6-targeting siRNA to knock
down STAT6 (Figure 5A). Transfected HaCaT cells were then stimulated with IL-4/IL-13
together and co-cultured with primary skin fibroblasts. As shown in Figure 5B, STAT6
depletion significantly repressed the IL-4/IL-13-induced transcript expression of cytokines
including, CCL2, CXCL2, IL6, IL17, and TGFBI. Interestingly, the protein levels of
POSTN and COL1, as well as the transcript levels of POSTN, COL1A1, and FNI were

all decreased in fibroblasts co-cultured with keratinocytes transfected with STAT6siRNA
compared to those transfected with non-targeting-control-siRNA (Figure 5C,D). Although
the protein levels of COL1 were not increased by IL-4/IL-13 stimulation, they were
suppressed at the baseline levels in fibroblasts cultured with STAT6 siRNA transfected
keratinocytes, a finding possibly attributable to post-transcriptional mechanisms or other
cytokines. Altogether, our data suggest that STAT6 depletion in keratinocytes attenuates
fibrotic marker induction in co-cultured skin fibroblasts possibly by repressing cytokine
release from keratinocytes.

3.6 | Fibroblasts STAT6 activation promotes CXCL2 expression in co-cultured
keratinocytes

Given the roles of epithelial STAT6 activation on fibroblast differentiation, it is

interesting to know whether fibroblast STAT6 activation affects keratinocytes activation and
differentiation. To address this question, primary human skin fibroblasts were transfected
with control or STAT6-targeting siRNA to knock down STAT6 (Figure 6A). Transfected
HaCaT cells were then stimulated with IL-4/IL-13. As shown in Figure 6A, IL-4/and 11-13
activated STAT6 phosphorylation 2 h after stimulation and led to increased COL1 and
POSTN protein expression after 24 h. STAT6 silence significantly repressed the COL1 and
POSTN induction. Moreover, STAT6 knockdown suppressed IL-4/IL-13-induced transcript
expression of cytokines including CCL2, CXCL2, and /L6 (Figure 6B). Although /L8

and /L17levels were not induced by IL-4/1L-13, they were downregulated in fibroblasts
with STAT6 knockdown (Figure 6B). And as what others reported, STAT6 repression
attenuated IL-4/I1L-13 mediated POSTN induction (Figure 6C).3° Interestingly, the transcript
levels of CXCL2were highly induced in keratinocytes co-cultured with fibroblasts treated
with IL-4/11-13 and this induction is absent in keratinocytes co-cultured with fibroblasts
transfected with STAT6siRNA (Figure 6D). The transcript levels of CCL2, CXCL1, 1115,
and /L 6 were not affected. No protein or transcript expression of fibrotic markers COL1,
FN1, and POSTN were detected in keratinocytes (data not shown), suggesting that STAT6
activation in fibroblasts is not sufficient to induce epithelial-to-mesenchymal differentiation
of co-cultured keratinocyte. Overall, our data suggest that STAT6 activation in fibroblasts
induces CXCL2 release from keratinocytes.
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4| DISCUSSION

SSc is a rare life-threatening autoimmune disease that has massive fibrosis in the skin and
several visceral organs. The role of IL-4 and IL-13 in myofibroblast differentiation and ECM
production has been reported in several independent studies.16 STAT6 is the most critical
downstream transcription factor that can be activated by both IL-4 and IL-13. However, few
studies were carried out to understand the role of STAT6 in skin fibrosis in SSc. Here, we
demonstrate for the first time that STAT6 phosphorylation is elevated in fibrotic skin from
SSc patients or bleomycin-treated mice. STAT6 knockdown in keratinocytes attenuates the
fibrotic marker induction in co-cultured skin fibroblasts possibly by repressing the cytokine
release from keratinocytes. While STAT6 inhibition in fibroblasts reduced CXCL2 release
from keratinocytes. Moreover, Stat6 depletion or inhibition attenuated the development of
bleomycin-induced skin fibrosis in mice by regulating the expression of fibrotic cytokines.

IL-4 and IL-13 are the major cytokines that activate STAT6. Both (IL-4 and IL-13) have
been shown to have increased levels in the serum of SSc patients compared to controls,*
and their inhibition is associated with attenuated skin and lung fibrosis in mice.18-20 These
findings suggested that STATS6, the most critical downstream transcription factor of IL-4
and IL-13, may also play a role in skin fibrosis in SSc. Consistently, several lines of
studies indicate that STAT6 is implicated in tissue fibrosis including lung, kidney, and skin
fibrosis.36-39 In bleomycin-induced pulmonary fibrosis in mice, STAT6 phosphorylation
was elevated along with enhanced IL-4 and 1L-13 levels. In addition, in bleomycin-injected
Sphingosine-1-phosphate receptor-2 (Sipr2) knockout mice that had alleviated pulmonary
fibrosis compared to WT controls, STAT6 phosphorylation was diminished, suggesting
that STAT6 may mediate S1PR2 facilitates lung fibrosis.36 Moreover, Stat6~~ mice
showed suppressed acute inflammation and pulmonary fibrosis in response to multi-walled
carbon nanotube administration.3” Consistent with the finding in lung fibrosis, STAT6 was
activated in renal fibrosis, and Stat6-deficient mice had decreased accumulation of bone
marrow-derived fibroblasts, reduced ECMs production, and attenuated fibrosis in obstructed
kidney.38 More relevant to our study, Stat6 depletion in tight-skin mice had been shown

to suppress skin fibrosis.39 Similar to these findings, we determined for the first time that
the STAT6 phosphorylation was increased in the fibrotic skin of SSc patients. Moreover,
using genetically modified mice and a repetitive bleomycin-induced skin fibrosis model,
we observed a decreased ECM production, and attenuated skin fibrosis in Stat6~ mice,
suggesting that STAT6 plays a critical role in skin fibrosis in SSc. Consistently, mice
treated with STAT6 inhibitor AS1517499 attenuated skin fibrosis on day 28, indicating that
targeting STAT6 with AS1517499 could be a novel therapeutic approach for skin fibrosis.

Bleomycin-induced skin fibrosis has substantial inflammation, especially at the early stages
of injury.24:25 Consistent with previous findings showing the anti-inflammatory role of

Th2 cytokine IL-4 and IL-13, as well as the studies in various models including EAE

and diabetes showing that Staz6~/~ mice have increased inflammation,%041 our findings
demonstrated that Stat6 depletion promoted the production of skin pro-inflammatory
cytokines on day 14 after initial bleomycin injection, including Cxc/Z and Cxc/2. Although
it was not statistically significant, there was a trend of increased expression of //4, /117,

and //22in the skin of Stat6™'~ mice injected with bleomycin, indicating that the overall
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inflammation was increased in the Staf67/~ mice in response to bleomycin at the early
stage. Interestingly, at the late fibrotic stage (day 28 after initial bleomycin injection), no
difference was detected in the expression of //4, Cxc/1, and Cxc/2, while the expression

of Cxcl10, 1117, and //22was significantly suppressed in Stat67/~ mice. Cxcl10levels are
significantly elevated in the serum and tissue of SSc patients.#243 Both IL17 and 1L22 are
type 3 cytokines and they have been recognized to play profibrogenic roles in various tissue
fibrosis including TGFp-dependent liver fibrosis,** intestine fibrosis,*® cystic fibrosis,*6 and
skin fibrosis.#” Consistent with the findings in animal models, the co-culture experiment
also demonstrated a reduction of /L17and /L22in keratinocytes with STAT6 knockdown.
TGFB, the key pro-fibrotic growth factor also shows a trend of reduction in STAT6-depleted
keratinocytes. And the reduction of these cytokines is associated with suppressed fibrotic
marker expression in co-cultured skin fibroblasts. //17is also suppressed in fibroblasts

with STATG6 depletion, suggesting that fibroblasts could be an additional source of IL17 in
SSc. Taken together, these findings suggested that STAT6-regulated //Z7and //22 may be
associated with the decreased expression of ECMs proteins and RNAs, as well as attenuated
skin fibrosis in Stat6~'~ mice treated with bleomycin.

Macrophages/monocytes are normally classified into two phenotypes: classically activated
(M1) phenotype that is pro-inflammatory, and alternatively activated (M2) phenotype that
is often profibrotic and anti-inflammatory.3%:31 One of the important roles of IL-13 and

IL-4 is to promote the alternative M2 macrophage activation, and over-activation of M2
macrophages has been shown to contribute to fibrosis.3% The critical function of M2
macrophage in promoting tissue fibrosis in systemic sclerosis has also been verified by
several groups of studies.31 MCP1 is a chemokine that regulates the recruitment and
activation of monocytes as well as promotes tissue fibrosis by stimulating the ECMs
synthesis in SSc fibroblasts.#8 Our real-time gRT-PCR data demonstrated that the M2
macrophage marker Cad206, as well as Mcp1/CclZ, were decreased on day 28 of bleomycin-
treated skin in Stat6~ mice as well as mice treated with AS1517499, suggesting that
depletion/inhibition of STAT6 ameliorates the activation and recruitment of M2 macrophage.
The activated M2 macrophages have been shown to release fibrotic cytokines including
TGFB1, IL-4, and 1L-13.49 Interestingly, our data also showed a decreased //13 level

in Stat6~~ mice and mice treated with AS1517499, suggesting an association between

M2 macrophage activation and IL-13 expression. Taken together, our findings indicated
that STAT6 inhibition/depletion suppresses ECM production and skin fibrosis partially by
suppressing the activation/recruitment of M2 macrophage and its subsequent release of
fibrotic cytokines.

Although IL-4 and IL-13 shared common signaling pathways and both have demonstrated
arole in tissue fibrosis, some studies suggested that IL-4 seems to play a dominant role

in IgE synthesis in allergic diseases, and IL-13 acts predominantly in fibrosis.20:50.51 ¢

was demonstrated in the bleomycin-induced lung fibrosis model, that neutralizing 1L-13
but not I1L-4 decreased fibrosis in the lungs.1® These findings are supported by the mice
with transgenic overexpression of 1L-13 in murine lungs showing enhanced pulmonary
inflammation and fibrosis.2%:52 Similarly, only IL-13 but not IL-4 deficient mice showed
reduced collagen synthesis and attenuated fibrosis in the fluorescein isothiocyanate-induced
lung injury and fibrosis, and the IL-13 and IL-4 double knockout mice have no additive
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protection compared to I1L-13 knockout mice, suggesting that IL-13 plays a more essential
role in this fibrosis model than IL-4.53 Interestingly, in our study, we found that I1L-13 but
not IL-4 levels were decreased in the skin on day 28 Staf6~ mice or AS1517499-injected
mice in response to bleomycin. Our results are correlated with previous findings showing a
major role of IL-13 in fibrosis and suggested that decreased IL-13 might partially account
for declined skin fibrosis in Stat6”~ or AS1517499-treated mice. Further studies may be
needed to understand the mechanism of reduced IL-13 released in response to injury in the
Stat6™~ or AS1517499-treated skin, is it through M2 macrophage activation/recruitment?

In conclusion, our study demonstrated that STAT6 was activated in the fibrotic skin of
patients with SSc and mice treated with bleomycin. We also confirmed in the bleomycin-
induced murine model of skin fibrosis, that genetic Stat6 depletion or pharmacological
STATG inhibition prevented the expression of fibrogenic cytokines at the late fibrotic stages,
reduced the production of ECMs, and attenuated skin fibrosis. In summary, our study
suggested that STAT®6 is a potent therapeutic target to control skin fibrosis in systemic
sclerosis and other fibrotic diseases.
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FIGURE 1.
STAT6 phosphorylation is increased in SSc skin. (A) Human healthy and SSc skin tissues

were stained using p-STAT6 (red) antibodies. DAPI was used to stain the nucleus (blue).
Scale bar = 200 pm. Representative images. 7= 10/group. (B) The number of p-STAT6-
positive cells at the epidermal and dermal layer per high power field was blindly counted in
10 normal and 10 SSc skin. (C) The protein levels of p-STAT6 and STAT6 were determined
by western blot in the primary skin fibroblasts isolated from healthy donors or SSc patients.
(D) Immunohistochemistry (IHC) was performed to stain p-STAT6 in day 28 PBS or
bleomycin-injected murine skin. /= 6/group. Scale bar = 200 um. (E) The number of
p-STAT6-positive cells was blindly counted in six control and six bleomycin-injected mouse
lesional skin. Data were presented as means + mean squared error (MSE). p-value was
calculated using ANOVA followed by Sidak-adjusted multiple comparisons. ***p < .001,
*H*kp<.0001
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FIGURE 2.
STAT6 depletion had limited effect on bleomycin-induced skin fibrosis on day 14. Wildtype

(WT) or Stat6 knockout (Stat6™") mice were subcutaneously injected with bleomycin (0.02
U/mouse/day) six times a week for 2 weeks. (A) The transcript levels of Sfaf6in the skin

of WT and Staf6 7~ mice. Data are presented as a ratio to 18 S rRNA. (B) Left panel: Skin
was collected on day 14 for western blot analysis to determine the expression of fibrotic
marker collagen | (COL1) and fibronectin (FN1). B-Actin (ACTB) was used as an internal
control. Right panel: The densitometry of the western blot image was measured and data
were presented as (ratio to actin) + MSE. (C) The skin thickness was measured blindly for
each group. The graph represents means + standard error. (D) Masson’s trichrome staining
was carried out to determine the collagen deposition and IHC for Mac-3 was performed to
determine the number of macrophages. Representative images for each group (7= 10 per
group) are shown. Scale bar= 250 um. (E and F) The transcript expression of (E) fibrotic
markers Collal, Fni, and Postn, and (F) cytokines //4, /13, 116, 1117, 1122, Ccl2, Cxcl1,
Cxcl2, Cxcl10, and Cd206 were determined using real-time qRT-PCR in the skin of day 14
bleomycin-injected WT or Stat6 7~ mice. The transcript expression of B-actin (Actb) was
also determined and used as a reference. The graph represents the mean ratio to WT control
+ MSE. pvalue was calculated using a two-tailed Student’s #test. *p < .05
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FIGURE 3.

Bleomycin-induced skin fibrosis was attenuated in Stat6~~ mice on day 28. Wildtype (WT)
or Stat6 knockout (Stat6") mice were subcutaneously injected with bleomycin (0.02 U/
mouse/day) six times a week for 4 weeks. The skin was collected on day 28 for analysis.
(A) Left panel: Western blot was used to determine the expression of fibrotic marker
COL1 and FN1. Actin was used as an internal control. Right panel: The densitometry of
the COL1 and FN1 was analyzed and data were presented as (ratio to ACTB) £ MSE.

(B) The skin thickness was measured using Masson’s trichrome stained images (/7= 10).
The graph represents means + MSE. (C) Masson’s trichrome staining and IHC for Mac-3
were performed to determine the collagen deposition and the number of macrophages,
respectively. Scale bar= 250 um. The transcript expression of (D) fibrotic markers Co/la1,
Fnl, and Postn, and (E) cytokines /14, 1113, 116, 1117, 1122, Ccl2, Cxcl1, Cxcl2, Cxcl10, and
Cd206 were determined using real-time gRT-PCR in the skin of day 28 bleomycin-injected
WT or Stat6™~ mice. Data were first normalized to the transcript levels of Actb, and then
calculated as a ratio to WT control. The graph represents means + MSE. p value was
calculated using two-tailed Student’s #tests. *p< .05, **p< .01
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FIGURE 4.

AS1517499 attenuates bleomycin-induced skin fibrosis. WT mice were subcutaneously
injected with bleomycin (0.02 U/mouse/day) six times a week for 4 weeks. Starting 1 week
after the first bleomycin injection, mice were subcutaneously injected with 100 pl 20%
DMSO or AS1517499 (0.5 mg/ml in 20% DMSO) twice a week at the same bleomycin
injection sites. The skin was collected on day 28 for analysis. (A) Left panel: Western blot
was used to determine the expression of p-STATS, fibrotic markers COL1, and FN1. ACTB
was used as an internal control. Right panel: The densitometry of the COL1 and FN1 was
analyzed and data were presented as (ratio to ACTB) + MSE. /= 5. (B) The skin thickness
was measured using Masson’s trichrome stained images (n7 = 10). The graph represents
means + MSE. (C) Masson’s trichrome staining was performed to determine the collagen
deposition and IHC for Mac-3 was performed to determine the number of macrophages.
Scale bar= 250 pm. The transcript expression of (D) fibrotic markers Co/Zal1, Fni, and
Postn, and (E) cytokines Ccl2, Cd206, Cxcl1, Cxcl2, 116, 1110, 1113, 1117, 1122, Tgfb, and
tumor necrosis factor alpha ( 7n77a) were determined using real-time gRT-PCR. Data were
first normalized to the transcript levels of Actband then calculated as a ratio to WT control.
The graph represents means + MSE. pvalue was calculated using two-tailed Student’s
Etests. *p < .05, **p<.01
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FIGURE 5.

The keratinocyte STAT6 promotes fibrotic marker expression in co-cultured fibroblasts.
STAT6 was knocked down in skin keratinocyte HaCaT cells using siRNA (50 picomole/
ml). Two days after transfection, cells were stimulated with IL-4/1L-13 (10 ng/ml each).

(A) Western blot analysis demonstrated the protein levels of phosphorylated STAT6 2 h
after 1L-4/13 treatment. B-Actin was used as the internal control. (B) The transcript levels
of CCL2, CXCL1, CXCL2Z, IL22, IL6, IL17, TGFB1, and TNFA were determined using
real-time gRT-PCR in the keratinocytes treated with 1L-4/13 for 6 h. Data were shown as
fold change to control siRNA transfected cells without IL-4/IL-13 treatment £ MSE. (C and
D) HaCaT cells were transfected with control or STAT6 siRNA and 2 days later treated
with IL-4/IL-13 for 6 h. The medium for HaCaT cells was then changed to IL-4/IL-13 free
media, and the keratinocytes were co-cultured with primary skin fibroblasts in inserts for
additional 24 h. (C) Western blot analysis shows fibrotic marker expression in co-cultured
skin fibroblasts. (D) Real-time gRT-PCR was performed to examine the levels of fibrotic
markers in co-cultured skin fibroblasts. Data are shown as fold change to control fibroblasts
co-cultured with control siRNA-treated keratinocyte + MSE. Two-tailed Student’s #test was
used for data analysis, data were corrected for multiple comparisons using a false discovery
rate. *FDR <0.05, **FDR <0.01, ***FDR <0.001, ****FDR <0.0001
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FIGURE 6.

Fibroblast STAT6 promotes CXCL2 expression in co-cultured Keratinocytes. Primary

skin fibroblasts were transfected with control (si_Con) or STAT6 siRNA (si_S7AT6) (50
picomole/ml). Two days after transfection, cells were stimulated with IL-4/1L-13 (10 ng/ml
each) for 6 h. (A) Western blot analysis demonstrated the protein levels of phosphorylated
STAT6 2 h after 1L-4/-13 treatment, and levels of COL1, FN1 and POSTN 24 h after
IL-4/-13 treatment. B-Actin was used as the internal control. (B and C) The transcript levels
of (B) cytokines (CCL2, CXCL1, CXCL2, IL6, IL8, IL17, TGFBI1, and TNFA) and (C)
fibrotic markers (COL1A1, COL1AZ, FNI1, and POSTN) were determined using real-time
gRT-PCR in fibroblasts. Data were shown as fold change to control siRNA transfected cells
without IL-4/IL-13 treatment + MSE. (D) Fibroblasts with STAT6 knockdown were treated
with IL-4/IL-13 for 6 h. Then the fibroblast medium was changed to IL-4/1L-13 free media,
and the fibroblasts were co-cultured with HaCaT (in an insert) for additional 24 h. Real-time
gRT-PCR was performed to examine the levels of cytokines in co-cultured HaCaT. Data

are shown as fold change to si_Con + MSE. Two-tailed Student’s #test was used for data
analysis, data were corrected for multiple comparisons using a false discovery rate. *FDR
<0.05, **FDR <0.01, ***FDR <0.001
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