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STAT-3 contributes to pulmonary fibrosis through epithelial
injury and fibroblast-myofibroblast differentiation
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ABSTRACT Lung fibrosis is the hallmark of the intersti-
tial lung diseases. Alveolar epithelial cell (AEC) injuryis akey
step that contributes to a profibrotic microenvironment.
Fibroblasts and myofibroblasts subsequently accumulate
and deposit excessive extracellular matrix. In addition to
TGF-3, the IL-6 family of cytokines, which signal through
STAT-3, may also contribute to lung fibrosis. In the current
manuscript, the extent to which STAT-3 inhibition decreases
lung fibrosis is investigated. Phosphorylated STAT-3 was
elevated in lung biopsies from patients with idiopathic pul-
monary fibrosis and bleomycin (BLM)-induced fibrotic
murine lungs. C-188-9, a small molecule STAT-3 inhibitor,
decreased pulmonary fibrosis in the intraperitoneal BLM
model as assessed by arterial oxygen saturation (control,
84.4 * 1.3%; C-1889, 94.4 * 0.8%), histology (Ashcroft
score: untreated, 5.4 * 0.25; C-1889, 3.3 = 0.14), and atten-
uated fibrotic markers such as diminished a—smooth muscle
actin, reduced collagen deposition. In addition, C-188-9 de-
creased the expression of epithelial injury markers, including
hypoxia-inducible factor-lo: (HIF-1a) and plasminogen acti-
vator inhibitor-1 (PAI-1). In vitro studies show that inhibition
of STAT-3 decreased IL-6— and TGF-3—induced expression
of multiple genes, including HIF-1lax and PAI-1, in AECs.
Furthermore, C-188-9 decreased fibroblast-to-myofibroblast
differentiation. Finally, TGF-p stimulation of lung fibro-
blasts resulted in SMAD2/SMAD3-dependent phosphor-
ylation of STAT-3. These findings demonstrate that
STAT-3 contributes to the development of lung fibrosis
and suggest that STAT-3 may be a therapeutic target in
pulmonary fibrosis.—Pedroza, M., Le, T. T., Lewis, K.,
Karmouty-Quintana, H., To, S., George, A. T., Blackburn,
M. R., Tweardy, D. J., Agarwal, S. K. STAT-3 contributes to
pulmonary fibrosis through epithelial injury and fibroblast-
myofibroblast differentiation. FASEBJ. 30, 129-140 (2016).
www.fasebj.org
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Interstitial lung diseases (ILDs), also known as diffuse
parenchymal lung diseases, are a group of heterogeneous
lung disorders characterized by varying degrees of in-
flammation and extracellular matrix (ECM) remodeling
in the lung parenchyma and alveolar space (1, 2). Idio-
pathic pulmonary fibrosis (IPF) is the most common of
these disorders. The prevalence of IPF has been reported
as high as 63 cases per 100,000, and incidence rates are
increasing (3-5). Age-adjusted and standardized mortality
rates from IPF are also increasing (6). Treatment options
for IPF remain limited. Understanding the pathogenesis
of ILD continues to be an unmetneed and a critical step in
the development of potential therapeutic targets.

Pulmonary fibrosis is the hallmark of ILDs and rep-
resents a final common pathway of these lung disorders.
Current paradigms point to alveolar epithelial cell
(AEC) injury as a critical step in the pathogenesis of
lung fibrosis. Injured type II AECs lead to dysregulated
activation and create a profibrotic microenvironment
including persistently activated wound repair pathways
(7, 8). The result is the formation of fibroblastic foci
that contain increased numbers of fibroblasts and
myofibroblasts that deposit large amounts of ECM and
destroy the normal alveolar architecture (9-15). TGF-$3
is a central mediator of fibrosis and an important driver
of myofibroblast differentiation and activation, but
other cytokines including IL-6 have also been suggested
to play key roles (16-18).

IL-6 is a member of the IL-6 family of cytokines that
shares a common receptor signal transduction mole-
cule called gp130. Upon activation of gp130, IL-6 family
cytokines trigger activation of Janus kinases and even-
tually STAT-3, a latent cytoplasmic transcription factor.
Given the shared signaling, members of the IL-6 family
also may display overlapping biologic activities. 1L-6
elicits multiple responses, both proinflammatory and
profibrotic, depending on the context within which it is
expressed. IL-6 is elevated in the serum of patients with
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systemic sclerosis (19), lungs of patients with IPF (20),
and in mouse models of pulmonary fibrosis (16, 17).
Targeting IL-6 via genetic deletion or IL-6-neutralizing
antibodies reduces pulmonary fibrosis (17). Down-
stream targeting of IL-6 and IL-6 family members via
STAT-3 inhibition may represent an alternative ap-
proach to the treatment of fibrosis.

The role of STAT-3 in fibrosis has not been fully de-
fined, and studies have yielded conflicting results
depending on the tissues involved (21-26). With regard
to lung fibrosis, levels of phosphorylated STAT-3
(phospho-STAT-3) have been shown to be elevated in
patients with IPF and the intratracheal bleomycin
(ITB) model (18, 27-29). One study demonstrated
that STAT-3 haploinsufficiency (STAT-3"/7) protected
mice from the development of lung fibrosis in the ITB
butdid investigate the ability of STAT-3 inhibition to treat
fibrosis (29). Inhibition of IL-6 transsignaling (18) and
other cytokines upstream of STAT-3 reduces lung fibrosis
in the ITB model (30, 31). However, these cytokines do
not only signal through STAT-3 but also activate other
cellular pathways, such as MAPK/ERK and PI3K/Akt
(82). Several nonspecific inhibitors, such as alkaloids
(matrine), nonsteroidal anti-inflammatory drugs (sulindac),
and inorganic compounds (AsyOs) have been shown to
decrease lung fibrosis accompanied by a decrease in
STAT-3 (33-35), but these molecules also inhibit multi-
ple signaling pathways. Although these studies suggest
that STAT-3 is a therapeutic target in lung fibrosis, they
do not clearly demonstrate that specific targeting of
STAT-3 is effective in diminishing lung fibrosis.

C-1889 is a synthetic small molecule inhibitor of STAT-3
phosphorylation and activation by targeting the phospho-
Tyr peptide binding pocket of the Src homology 2 domain
of STAT-3 (36). C-188-9 had been shown to inhibit STAT-3
activation in acute myeloid leukemia cells and in @ vivo
models of breast cancer and cachexia associated with chronic
kidney disease (36-39). In the current manuscript, C-188-9
inhibited STAT-3 activation and decreased the development
of pulmonary fibrosis in bleomycin (BLM)-exposed mice.
Furthermore, in vitro studies demonstrated an important
role for STAT-3 in type II AEC injury and fibroblast activa-
tion and differentiation. These data suggest that STAT-3
may be a potential therapeutic target in pulmonary fibrosis.

MATERIALS AND METHODS
Mice

Wild-type C57BL/6 mice were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA). Animal
care was in accordance with institutional and U.S. National Institutes
of Health (Bethesda, MD, USA) guidelines and approved by the
Baylor College of Medicine Animal Welfare Committee. Mice were

(continued from previous page)

HIF-1a, hypoxia-inducible factor-1a;; HSP-70, heat shock protein-
70; IHC, immunohistochemistry; ILD, interstitial lung disease;
IPF, idiopathic pulmonary fibrosis; ITB, intratracheal bleomycin;
MLE-12, murine lung epithelial-12; PAI-1, plasminogen activator
inhibitor-1; phospho-STAT-3, phosphorylated STAT-3; shRNA,
short hairpin RNA; SPC, surfactant protein C
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housed in ventilated cages equipped with microisolator lids and
maintained under strict containment protocols.

Intraperitoneal BLM lung fibrosis model

Wild-type C57BL/6 male mice (age 5 wk) were injected with
0.035U/g BLM or PBS (control) viathe intraperitoneal route
twice per week for 4 wk (40). Arterial oxygen saturation was
obtained using MouseOx (Starr Life Sciences Corp., Oakmont,
PA, USA). On d 30, mice were anesthetized with Avertin, and
lungs were lavaged 4 times with 0.3 ml PBS [0.95-1 ml bron-
choalveolar lavage (BAL) fluid was recovered]. BAL total cell
counts were determined using a hemocytometer. Cytospins
of BAL were prepared and stained with Diff-Quick (Dade
Behring, Deerfield, IL, USA) for cellular differential counts.
After lavage, the lungs were infused with 10% buffered for-
malin at 25 cm HyO pressure, fixed overnight at 4°C, and
embedded in paraffin. There were 5 wm sections obtained for
histology, including hematoxylin and eosin (H&E; Shandon
Lipshaw, Pittsburgh, PA, USA) and Masson’s trichrome
(Electron Microscopy Sciences, Hatfield, PA, USA). H&E-
stained lung sections were used to determine the Ashcroft
score using 20 microscope fields per section in a blinded
manner (41, 42). The Sircol Collagen Assay (Biocolor Life
Science Assays, County Antrim, United Kingdom) was used to
measure soluble collagen in BAL fluid. Total RNA was isolated
from frozen mouse lung tissue utilizing Trizol (Invitrogen,
Life Technologies, Carlsbad, CA, USA) and used for quanti-
tative real-time PCR analysis using TagMan primers (Applied
Biosystems, Foster City, CA, USA).

C-188-9 (STAT-3 inhibitor) treatment

C57BL/6] mice exposed to BLM or PBS control as described
above were treated with daily intraperitoneal injections of 1.25 mg
C-188-9 starting on d 15 until d 29. Vehicle (DMSO) was used as
a treatment control. Experiments were performed 4 times, with
5 mice per experimental group each time (PBS/vehicle, PBS/
C-188-9, BLM/DMSO, and BLM/C-1889).

Human lung tissue

Surgical biopsy specimens from IPF lung tissue samples were
obtained from the U.S. National Institutes of Health National
Heart, Lung, and Blood Institute and processed as described
(20). Patients with IPF were diagnosed and classified using high-
resolution computed tomography scans, pathologic examina-
tion, and spirometry analysis: FEV1 (forced expiratory volume
in 1s) and FVC (forced vital capacity). Mild IPF is defined as
FEV1 and FVC percentage (%) predicted >80. Severe IPF is
defined as FEV1 and FVC percentage (%) predicted <50 (20).
Normal lung tissue from healthy donor lungs at the time of organ
transplantation was obtained from LifeGift (Houston, TX, USA)
through the International Institute for the Advancement of
Medicine (Edison, NJ, USA). Use of human tissues was approved
by the institutional review boards at The University of Texas
Health Science Center, Houston, and Baylor College of Medicine.

Immunohistochemistry

Tissue sections (5 wm) were rehydrated, and endogenous
peroxidases were quenched with 3% hydrogen peroxide. An-
tigen retrieval was performed (Dako, Carpinteria, CA, USA),
and endogenous avidin and biotin were blocked with the
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Figure 1. Characterization of STAT-3 activation in human patients with IPF and the BLM model. A) Immunolocalization of

phospho-STAT-3 (P-STAT-3) expression on alveolar fibroblasts (black arrows), alveolar macrophages (red arrows), and AECs (blue
arrows) in lung sections from healthy control and patients with severe IPF. Images are representative of 4 patients from each group.
B) Western blot analysis of phospho-STAT-3 expression in human patients with mild and severe IPF. STAT-3 and GAPDH were used
as controls (n = 4). *P = 0.05 control vs. IPF. C) Phospho-STAT-3 band intensity was quantified using Image] analysis. Values are
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Biotin-Blocking System (Dako). Slides were then incubated
overnight at 4°C with primary antibodies for phospho-STAT-3,
type I collagen (1:100 dilution; Abcam Inc., Cambridge, MA,
USA), or a—smooth muscle actin (a-SMA; 1:1000 dilution; Sigma-
Aldrich, St. Louis, MO, USA). All sections were incubated with
ABC Elite Streptavidin reagents (Vector Laboratories, Burlin-
game, CA, USA) and appropriate secondary antibodies. Sections
were developed with 3,3’-diaminobenzidine (Sigma-Aldrich)
and counterstained with methyl green or hematoxylin. For
o-SMA staining, slides were processed with the Mouse on Mouse
Kit and the Vector Red Alkaline Phosphatase Substrate Kit
(Vector Laboratories).

For coimmunolocalization, slides were incubated over-
nightat 4°Cwith primary antibodies for phospho-STAT-3 or
isotype (1:100 dilution; Abcam Inc.) using the ImmPress
HRP rabbit detection kit and developed with the ImmPact
DAB substrate kit (both from Vector Laboratories). Sub-
sequently, the second primary antibodies were incubated
(4°C overnight) against F4/80, SPC, FSP-1, or isotype (1:100
dilution; Abcam Inc.) using the ImmPRESS AP rabbit de-
tection kit and developed using the ImmPact Vector Red
substrate kit (both from Vector Laboratories). For a-SMA
staining (1:1000 dilution; Sigma-Aldrich) on human tissue,
the ImmPress AP mouse detection kit (Vector Laboratories)
was used and developed using the ImmPact Vector Red
substrate kit. Isotype controls include rabbit IgG for all
antibodies and mouse IgG for a-SMA.

Western blot analysis

Cells were lysed with 1X RIPA Lysis Buffer (EMD Millipore, Bil-
lerica, MA, USA) freshly supplemented with 1X protease and 1X
phosphatase inhibitor mixture (Roche Diagnostics, Basel, Swit-
zerland). A 50 pg lysate of total protein was electrophoresed on
10% SDS-PAGEs and transferred to PVDF membrane. For pri-
mary antibody incubation (overnight at 4°C), rabbit pAbs were
used against phospho-STAT-3 (1:500; Abcam Inc.), STAT-3
(1:500; Abcam Inc.), and IL-6 (1:500; Abcam Inc.), whereas a mouse
monoclonal ant-human was used against a-actin (1:5000; Sigma-
Aldrich) and anti-mouse against glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; 1:1000; Abcam Inc.). Species-specific
horseradish peroxidase-conjugated secondary antibodies (Jack-
son ImmunoResearch Laboratories) were applied for 1 h at room
temperature, and blots were developed using ECL Western
blotting substrate (Thermo Fisher Scientific, Waltham, MA,
USA). Image] analysis (U.S. National Institutes of Health) was
used to quantify Western blots.

Cell culture

Ab49, a human AEC line, and MLE-12 (murine lung epithelial-
12), an immortalized murine AEC line, were obtained from
American Type Culture Collection (Manassas, VA, USA). Pri-
mary type II AECs and lung fibroblasts were isolated from
C57BL/6 mice as previously described (43, 44). Cells were cul-
tured at 37°C with 5% COs in DMEM containing 10% fetal bo-
vine serum and 1% penicillin/streptomycin. Stable knockdown
cell lines were created in A549 cells with pLKO0.1-based lentiviral
particles containing short hairpin RNAs (shRNAs) targeting

STAT-3 (#TRCN0000329888) or Mission TRC2 Transduction
Particle containing control shRNA (#SHC216V; both from
Sigma-Aldrich). These cells were cultured in F12 medium
(American Type Culture Collection) containing 10% fetal bo-
vine serum, 1% penicillin/streptomycin, and 0.1% Fungizone.
For experiments, cells were stimulated with medium alone, IL-6
(20 pg/ml) and sIL-6Ra (20 pg/ml), or TGF-B (10 ng/ml) (all
from R&D Systems, Minneapolis, MN, USA) with and without the
addition of C-188-9 (20 uM), SMAD2 inhibitor (616464, 10 wM;
EMD Millipore), and SMAD3 inhibitor (566405, 10 wuM; EMD
Millipore). Cells were harvested at 24 h post treatment for RNA
analysis and for Western blotting. All in vitro experiments were
performed in 4 individual experiments.

Statistics

Values are expressed as means * SEM. As appropriate, groups
were compared by ANOVA; follow-up comparisons between
groups were conducted using 2-tailed Student’s ¢ test. A value of
P = 0.05 was considered to be significant.

RESULTS

Increased STAT-3 activation in the fibrotic lungs of
patients with IPF and the BLM mouse model

To determine if activated STAT-3 is expressed in the
fibrotic lungs of patients with IPF, lung sections were
stained with anti-phospho-STAT-3 antibody (Fig. 14).
Staining with isotype control antibody demonstrated
minimal background staining (Supplemental Fig. 1).
Furthermore, expression of phospho-STAT-3 was not
observed in nonfibrotic healthy control lungs. In con-
trast, nuclear phospho-STAT-3 expression was observed
in fibrotic lungs, localizing to alveolar macrophages and
fibroblasts. In addition, phospho-STAT-3 expression
localized to the nuclei of hyperplastic AECs adjacent to
fibrotic foci in the lungs of patients with IPF. Western
blot analysis of lysates of lung biopsies obtained from
affected areas of patients with severe IPF demonstrated
increased phospho-STAT-3 expression relative to lung
biopsies from healthy control subjects (Fig. 1B, ().
These results demonstrate that phospho-STAT-3 is ele-
vated in the fibrotic lungs of patients with IPF.

To determine if STAT-3 is activated during the de-
velopment of lung fibrosis in mice, phospho-STAT-3
immunohistochemistry (IHC) and coimmunolocaliza-
tion studies for a-SMA, S100A4, pro-SPC, and arginase
were performed on fibrotic lungs from mice in the in-
traperitoneal BLM model. Similar to IPF lungs, murine
fibrotic lungs had increased nuclear phospho-STAT-3
in myofibroblasts (a-SMA, Fig. 1D), AECs (pro-SPC, Fig.
1E), fibroblasts (S100A4, Fig. 1F), and alveolar macro-
phages (arginase, Fig. 1 G). Levels of STAT-3 and phospho-
STAT-3 were increased in lung lysates of wild-type mice

presented as the percentages of GAPDH * sem (n = 4). *P = 0.05 control vs. IPF. Coimmunolocalization expression of
phospho-STAT-3 and a-SMA (D), pro-SPC (E), S100A4 (F), and arginase (G) in lung sections from wild-type mice treated
with PBS and BLM. Images are representative of 8 mice from each group. Scale bars, 50 pum. H) Western blot analysis using
an antibody against phospho-STAT-3 in whole-lung lysates. STAT-3 and a-actin were used as controls. /) Phospho-STAT-3
band intensity was quantified using Image] analysis. Values are presented as the percentages of a-actin * seM (n = 4). *P = 0.05
PBS vs. BLM. Arrows in D-G identify the phospho-STAT3-positive cells.
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Figure 2. Pulmonary phenotype following intraperitoneal BLM exposure in mice treated with STAT-3 inhibitor. This figure displays
representative histology of lungs from mice treated with PBS and vehicle (DMSO) or C-1889 (left) and from BLM-exposed mice
treated with DMSO (middle) or STAT-3 inhibitor, C-188-9 (right). Examination of lung histology through H&E staining (A) and
Masson’s trichrome (B) for Collal (D), a-SMA (E), and phospho-STAT-3 (F). These images revealed that inhibition of STAT-3
displayed a reduction in pulmonary injury and fibrosis. Images are representative of 8 mice from each group. Scale bars, 500 pm
(magnification, X5) (A) and 50 wm (magnification, X40) (B and D-F). C) Pulse oxygen measurements at different time points
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exposed to BLM compared to PBS (Fig. 1 H, I). Finally,
similar to the murine lungs, coimmunolocalization
studies in IPF lungs also demonstrated phospho-
STAT-3 staining in IPF lungs on alveolar macro-
phages, AECs, and myofibroblasts (Supplemental Fig.
1). Together, these data demonstrate that activated
STAT-3isincreased in the fibrotic human and murine
lungs.

Treatment with C-188-9, a STAT-3 inhibitor,
attenuates pulmonary fibrosis

To determine the extent to which inhibition of STAT-3
activation attenuates pulmonary fibrosis, C-188-9 was
administered to wild-type mice in the intraperitoneal
BLM model from d 15 to 30. Treatment with C-188-9
decreased all fibrotic endpoints assessed in the model
(Fig. 2). Representative histologic images are shown in
Fig. 2Aand quantified using Ashcroftscoringin Fig. 2].
Wild-type mice exposed to BLM displayed character-
istic increases in ECM deposition, as visualized on
Masson’s trichrome staining (Fig. 2B), and increased
type I collagen immunoreactivity (Fig. 2D), both of
which were decreased in mice treated with C-188-9.
a-SMA immunoreactivity, consistent with the presence
of myofibroblasts, was increased by BLM and de-
creased in mice treated with C-188-9 (Fig. 2E). Finally,
IHC with anti-phospho-STAT-3 antibody confirmed
that treatment with C-188-9 inhibited STAT-3 activa-
tion in vivo (Fig. 2F).

Additional quantifiable fibrosis endpoints assessed
are shown in Fig. 2. Mice injected with BLM had re-
duced arterial oxygen saturation that upon treatment
with C-188-9 was restored to near unexposed levels
(Fig. 2C). C-188-9 treatment decreased BAL total cell
counts induced by BLM (Fig. 2G), primarily through
areduction in macrophage numbers (Fig. 2H). C-188-9
treatment reduced soluble collagen in the BAL (Fig.
21) and Colla 1 (collagen 1a1) mRNA in the lung tissue
(Fig. 2K) of mice exposed to BLM. Finally, whole-lung
total RNA analysis revealed that BLM-exposed mice
treated with C-188-9 exhibited significant reduction in
other markers of fibrosis, including «-SMA (Fig. 2L),
Twist (Supplemental Fig. 2A), Snail (Supplemental Fig.
2B), as well as markers of AEC injury such as HIF-la
(hypoxia-inducible factor la) (45), PAI-1 (plasminogen
activator inhibitor-1) (46) (Fig. 2M, N, respectively), and
HSP-70 (heat shock protein 70) (47) (Supplemental
Fig. 2C). Together, these data clearly demonstrate that
inhibition of STAT-3 effectively attenuates the devel-
opment of fibrosis in the intraperitoneal BLM model of
lung fibrosis.

Inhibition of STAT-3 decreases type II AEC injury

Given the importance of the type II AECs in the devel-
opment of pulmonary fibrosis (9-15) and the expres-
sion of phospho-STAT-3 in AECs in fibrotic lungs, the
role of STAT-3 regulating type I AECs was investigated.
Stimulation of the immortalized murine type II AEC
line, MLE-12, with TGF-B or the combination of IL-6 and
the soluble IL-6Ra induced the expression of injury
markers such as HIF-la and PAI-1 (Fig. 3C, D, re-
spectively) and fibrotic genes, including Col Ia1 (Fig.
3A), Twist (Fig. 3B), a-SMA (Supplemental Fig. 34), and
Snail (Supplemental Fig. 3B). As expected, inhibition of
STAT-3 activation with C-188-9 blocked the increase in
HIF-1a, PAI-1, Col Ia 1, a-SMA, Twist, and Snail mRNA
induced by IL-6/sIL-6Ra complex. Interestingly, C-188-9
also blocked the increase in HIF-la, PAI-1, Col Ilal,
a-SMA, Twist, and Snail mRNA induced by TGF- (Fig.
3A-Dand Supplemental Fig. 34-C). In addition, C-188-9
was also able to block the increase in HIF-1a, PAI-1, Col
lal, a-SMA, Twist, and Snail mRNA induced by IL-6/
sIL-6Ra complex or TGF- in primary murine type II
AECGs in vitro (Fig. 3F-H and Supplemental Fig. 3D-F).
These data demonstrate that STAT-3 inhibition with
C-188-9 decreases type II AEC injury and mesenchymal
gene expression in vitro.

The ability of STAT-3 inhibition with C-188-9 to
block TGF-B stimulation of type II AECs was un-
expected. To confirm that STAT-3 inhibition, and not
an off-target effect of C-188-9, blocks TGF-$ stimula-
tion in type II AECs, STAT-3 mRNA silencing using
shRNA was employed. Stimulation of A549 cells, alung
epithelial cancer cell line with features of type ILAECs,
with IL-6/sIL-6Ra complex or TGF-f increased ex-
pression Col la 1, Twist, HIF-1a, and PAI-1 mRNA (Fig.
3I-L). Inhibition of STAT-3 expression using shRNA
attenuated the increase in Col la 1, Twist, HIF-1a, and
PAI-1 mRNA induced by IL-6/sIL-6Ra complex or
TGF-B. Finally, shSTAT3 A549 cells exhibited reduced
IL-6/sIL-6Ra complex or TGF-B-induced expression
of a-SMA, Snail, and HSP-70 mRNA (Supplemental
Fig. 3G-I). These data confirm that STAT-3 activation
plays an importantrole in the expression of injury and
fibrotic markers induced by IL-6 activation and also
TGF-B activation in type II AECs.

Inhibition of STAT-3 activation decreases
myofibroblast differentiation

Given the importance of fibroblast and myofibroblast
differentiation in the development of lung fibrosis, we
next sought to determine the extent to which STAT-3

(d 0, 14, 21, and 30). Data are presented as the percentages of oxygen saturation = sem (n = 8). *P = 0.05 PBS DMSO or C-188-9
vs. BLM DMSO or C-1889; *P = 0.05 BLM DMSO vs. BLM C-188-9 and PBS DMSO or C-188-9; “P < 0.05 BLM C-188-9 vs. BLM
DMSO and PBS DMSO or C-188-9. G) Total cell numbers obtained from BAL and macrophages (Macs; H). I) Soluble collagen
protein levels were measured using Sircol Assay. Data are presented as mean milligrams of collagen per milliliters of BAL fluid * sEm.
#P = 0.05 PBS DMSO vs. BLM DMSO; *P = 0.05 BLM DMSO wvs. BLM C-188-9 (n = 8). J) Ashcroft scores were used to determine
the degree of fibrosis. Data are presented as means * seM. *P =< 0.05 PBS DMSO wvs. BLM DMSO; *P =< 0.05 BLM DMSO vs. BLM C-
1889 (n = 8). Total RNA was isolated from whole-lung mice, and transcripts were determined for Colla1 (K), a-SMA (L), HIF-1o
(M), and PAI-1 (N). Transcripts were measured in parallel with 18S rRNA, and values are presented as means of fold change
transcripts = seM (n = 8). *P = 0.05 PBS DMSO vs. BLM DMSO; *P = 0.05 BLM DMSO vs. BLM C-1889.
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Figure 3. Profibrotic mediators on different cells following STAT-3 inhibition or knockdown. MLE-12 was plated and subsequently
stimulated with TGF-3 (10 ng/ml), IL-6/sIL-6Ra complex (40 pg/ml), and C-188-9 inhibitor (20 wM); 24 h later, RNA was isolated,
and transcripts were determined for Colla1 (A), Twist (B), HIF-la (C), and PAI-1 (D). Similarly, primary AECs were isolated from
mice. After isolation, AECs were treated similarly as above; 24 h later, RNA was isolated, and transcripts were determined for Collo I
(E), Twist (FF), HIF-la (G), and PALI (H). A549 shSTAT-3 and shControl were plated and subsequently stimulated with TGF-8
(10 ng/ml) or IL-6/sIL-6Ra complex (40 wg/ml); 24 h later, RNA was isolated, and transcripts were determined for Colla1 (I), Twist
(), HII'1a (K), and PAI-1 (L). Transcripts were measured in parallel with 18S rRNA, and values are presented as means of fold
change transcripts = sem (n = 4). *P = 0.05 medium vs. TGF-8, IL-6/sIL-6Ra; P < 0.05 TGF-B vs. TGF- C-188-9, shSTAT3; and
IL-6/sIL-6Ra ws. IL-6/sIL-6Ra C-188-9, shSTATS3.
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regulates fibroblast-to-myofibroblast differentiation. To
induce myofibroblast differentiation, primary murine
lung fibroblasts were treated with TGF-$ or the IL-6/
sIL-6Ra complex. Both stimuli increased myofibroblast
differentiation markers (Fig. 4, Colla 1, a-SMA, Twist,
and Snail). Treatment of lung fibroblast cultures with
C-188-9 attenuated these transcripts induced by TGF-
and IL-6 trans-signaling (Fig. 4). No effects were seen
in FSP-1 (Supplemental Fig. 3]), which is a fibroblast
marker serving as a control. Thus, these results indicate
that STAT-3 regulates both IL-6-mediated and TGF-
B-mediated myofibroblast differentiation in murine
lung fibroblasts.

STAT-3 and SMAD3 inhibition leads to diminished
TGF-B-induced STAT-3 activation

To further characterize the pathways that are used by
TGF-B to activate STAT-3, Western blotting was per-
formed on lung fibroblasts stimulated with TGF- or
IL-6/sIL-6Ra complex (Fig. 5). As expected, IL-6 trans-
signaling increased STAT-3 phosphorylation at Tyr705.
Consistent with the hypothesis that TGF-f induces
phosphorylation of STAT-3, increased phospho-STAT-3
was observed in lysates of lung fibroblasts stimulated
with TGF-. To characterize the signaling pathways that
contribute to the activation of STAT-3, lung fibroblasts
were stimulated in the presence of STAT-3 inhibitor
C-188-9 or SMAD2 and SMAD3 inhibitors. As expected,
IL-6 activation of STAT-3 was blocked by the STAT-3
inhibitor C-188-9, but not SMAD2 or SMAD3 inhibitors.
In contrast, the TGF-B—induced STAT-3 activation was
blocked by C-188-9 as well as the SMAD2 and SMAD3
inhibitors. These data suggest that the TGF-3 receptor
complex in lung fibroblasts activates STAT-3 in an SMAD-
dependent process.

DISCUSSION

In the current manuscript, we demonstrate that STAT-3
is activated in fibrotic lung tissue and that STAT-3
phosphorylation plays an important role in the devel-
opment of pulmonary fibrosis. Furthermore, in vitro
data demonstrate that TGF-B—induced activation of
STAT-3 contributes to the expression of injury-related
and mesenchymal genes in AECs as well as the differ-
entiation lung fibroblasts into myofibroblasts. These
data not only have important implications for our un-
derstanding of STAT-3 signaling in the development of
pulmonary fibrosis but also for the potential of C-188-9,
a STAT-3 small molecule inhibitor, as a therapeutic in
pulmonary fibrosis.

STAT-3 is a latent cytoplasmic transcription factor
thatisactivated by multiple cytokines, including the IL-6
family of cytokines. The IL-6 family of cytokines includes
IL-6, IL-11, Oncostatin M, leukemia inhibitory factor,
IL-27, and IL-31, among others (48-50). Activation of
STAT-3 regulates multiple biologic functions, includ-
ing cell survival, migration, proliferation, and dif-
ferentiation (51). IL-6 also has been shown to be a
profibrotic cytokine inducing fibroblast proliferation
and myofibroblast differentiation (27, 52). It has been
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Figure 4. Myofibroblast differentiation on lung fibroblasts
following STAT-3 inhibition. Primary lung fibroblasts were
isolated, plated, and subsequently stimulated with TGF-B
(10 ng/ml), IL-6/sIL-6Ra complex (40 pg/ml), and C-1889
inhibitor (20 wM); 24 h later, RNA was isolated, and tran-
scripts were determined for Colla I (A), a-SMA (B), Twist (C),
and Snail (D). Transcripts were measured in parallel with 18S
rRNA, and values are presented as means of fold change
transcripts = SeM (n = 4). *P = 0.05 medium vs. TGF-3, IL-6/
SsIL-6Ra; *P < 0.05 TGF-B vs. TGF-B C-188-9; and IL-6/sIL-6Ra
vs. IL-6/sIL-6Ra C-188-9.

shown that IL-6, via IL-6 trans-signaling, contributes
to the development of fibrosis (17, 18). However, other
IL-6 family members also contribute to the develop-
ment of fibrosis. For instance, Oncostatin M is elevated
in fibrotic tissues and induces pulmonary inflammation
and fibrosis (53), and IL-11 is released from fibroblasts,
and its overexpression induces collagen deposition in
mice (54). Therefore, targeting common downstream
mediators of the IL-6 family of cytokines, such as
STAT-3, rather than individual cytokines may be more
appealing.

C-1889 is a synthetic small molecule STAT-3 in-
hibitor that targets the phospho-Tyr peptide binding
pocket within the STAT-3 Src homology 2 domain (36,
55) and inhibits STAT-3 activation-receptor recruit-
ment and homodimerization (37). C-188-9 has been
used to block STAT-3 in acute myeloid leukemia cells and
muscle wasting associated with chronic kidney disease (38,
39). In the current manuscript, C-188-9 decreased
biochemical and molecular markers of fibrosis in
the intraperitoneal BLM model. The intraperitoneal
model is associated with progressive subpleural pul-
monary fibrosis, which resembles human pulmonary
fibrosis to a greater extent than the intratracheal (40,
56, 57). The administration of C-188-9 was after the onset
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Figure 5. STAT-3 inhibition on lung fibroblasts. A) Lung fibroblasts were plated, treated for 1 h with different inhibitors (C-188-9,
20 uM; SMAD2 and 3 inhibitor, 10 M), and subsequently stimulated with TGF-B (10 ng/ml) and IL-6/sIL-6Ra complex (40 pug/ml);
24 h later, STAT-3 activation was measured in protein lysates using Western blot analysis with a phospho-STAT-3 (pSTAT-3)
antibody (Tyr705) on lung fibroblasts. GAPDH levels were used as a loading control. B) Phospho-STAT-3 (P-STAT-3; Tyr705)
band intensity was quantified using Image] analysis on lung fibroblasts treated with different inhibitors. Values are presented as
the percentages of GAPDH * siMm (n = 4). *P = 0.05 medium vs. TGF-B, IL-6/sIL-6Ra; #P < 0.05 TGF-B vs. TGF-B C-188-9,
SMAD2 and 3 inhibitor; and IL-6/sIL-6Ra ws. IL-6/sIL-6Ra C-188-9.

of fibrosis to model treatment of pulmonary fibrosis
rather than prevention. Impressively, we observed that the
clinical endpoint of hypoxia was markedly improved in
mice after the initiation of C-188-9 treatment. These
data combined with the other quantitative endpoints
of fibrosis strongly suggest that C-188-9 and/or tar-
geting STAT-3 is a potential therapeutic strategy in
patients with pulmonary fibrosis.

In the current manuscript, activated (phosphorylated)
STAT-3 was shown to be elevated in lung biopsies from
patients with severe IPF and fibrotic murine lungs in the
intraperitoneal BLM model. These data are consistent
with prior reports that demonstrated elevated phospho-
STAT-3 in patients with IPF and also the adenosine
deaminase-deficient mouse model (17, 18, 28). Dual-
labeling IHC of murine fibrotic lungs demonstrated
that STAT-3 was activated on type II AECs, fibroblasts,
myofibroblasts, and alveolar macrophages in fibrotic
lungs. Furthermore, C-188-9 decreased STAT-3 activa-
tion in alveolar macrophages, lung fibroblasts, and type
ITAEGs. These data point to a role of STAT-3 activation in
these cell populations and their respective contributions

STAT-3 IN BLEOMYCIN-MEDIATED PULMONARY FIBROSIS

in fibrosis pathogenesis. Current literature suggests
that injury to type II AECs leads to the expression of
injury markers, including HIF-1a, PAI-1, and HSP-70
(45-47, 58-60), and fibrotic markers, including
Collal, a-SMA, TWIST, and SNAIL (4, 12, 14, 61).
Within this milieu, fibroblasts and myofibroblasts ac-
cumulate, to form the fibroblastic foci, deposit ECM,
and disrupt the alveolar architecture. The in wvitro
studies reported herein demonstrate that STAT-3 is
involved in both TGF-B— and IL-6 transsignaling—
induced expression of these injury and fibrotic mark-
ersin AECs and lung fibroblasts. These in vitrodata are
consistent with this model and further supportanovel
role for STAT-3 in regulating the expression of injury
and fibrotic genes in AECs and fibroblasts stimulated
with TGF-B.

The ability of TGF- to activate STAT-3 was validated in
multiple cell lines (AECs and fibroblasts) and using mul-
tiple techniques. Western blotting of murine lung fibro-
blasts demonstrated that TGF- stimulation increases
STAT-3 phosphorylation at Tyr705, and this was de-
pendent on SMAD2 and SMAD3. The crosstalk between
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TGF-B and STAT-3 (or IL-6) pathways has been pre-
viously suggested, though the mechanisms that underlie
this crosstalk are not known. A recent study demon-
strated that TGF-B required STAT-3 activation to induce
connective tissue growth factor expression during the
development of liver fibrosis (62). Alternatively, TGF-3
has been shown to inhibit IL-6 trans-signaling (63) and
that STAT-3 attenuates TGF-3 activity in gastric adeno-
mas (64). A physical interaction of STAT-3 with the TGF-
B receptor I chain has been suggested in 293T cells,
whereas in Hep3B cells, an interaction between STAT-3
and SMAD3 has been suggested (via p300) (65). These
results were primarily obtained in cells overexpressing
STAT-3 and varied depending on the cell type studied.
Alternatively, it is also possible that TGF-$ indirectly
leads to the activation of STAT-3 by inducing IL-6 or
IL-6 family members (66, 67). The extent to which
STAT-3 and proteins in the TGF-8 pathway interact in
AECs or lung fibroblasts is not well understood and is
currently being investigated. However, collectively,
these reports and the current data demonstrate the
potential for reciprocal interactions between STAT-3/1L-6
and SMAD /TGF-3 pathways and stress the need for con-
tinued investigation.

In conclusion, our findings support a role for STAT-3
signaling in regulating type II AECs and fibroblasts
during the development of pulmonary fibrosis. We hy-
pothesize that STAT-3 activation occurs upon injury to
the type II AECs, promoting the profibrotic milieu that
leads to accumulation of fibroblasts and myofibroblasts.
STAT-3 is also active in lung fibroblasts and likely con-
tributes to the fibrotic process through myofibroblast
differentiation from fibroblasts. These findings highlight
the importance of not only IL-6 and TGF-8 but also
STAT-3 as an important mediator of pulmonary fibro-
sis. The current data add to our understanding of the
lung fibrosis pathogenesis and suggest that STAT-3
inhibition through small molecule inhibitors such as
C-188-9 may be a therapeutic strategy for fibrotic diseases
such as IPF.

This work was supported by the U.S. Department of
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and A.T.G.), KO8AR054404 (to S.K.A.), and 2T32AI1053831-
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