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Abstract

Rationale: Although persistent fibroblast activation is a hallmark
of idiopathic pulmonary fibrosis (IPF), mechanisms regulating
persistent fibroblast activation in the lungs have not been fully
elucidated.

Obijectives: On the basis of our observation that lung fibroblasts
express TBXA2R (thromboxane-prostanoid receptor) during
fibrosis, we investigated the role of TBXA2R signaling in fibrotic
remodeling.

Methods: We identified TBXA2R expression in lungs of patients
with IPF and mice and studied primary mouse and human lung
fibroblasts to determine the impact of TBXA2R signaling on
fibroblast activation. We used TBXA2R-deficient mice and small-
molecule inhibitors to investigate TBXA2R signaling in
preclinical lung fibrosis models.

Measurements and Main Results: TBXA2R expression was
upregulated in fibroblasts in the lungs of patients with IPF and in
mouse lungs during experimental lung fibrosis. Genetic deletion

of TBXA2R, but not inhibition of thromboxane synthase,
protected mice from bleomycin-induced lung fibrosis, thereby
suggesting that an alternative ligand activates profibrotic
TBXAZ2R signaling. In contrast to thromboxane, F2-isoprostanes,
which are nonenzymatic products of arachidonic acid induced by
reactive oxygen species, were persistently elevated during fibrosis.
F2-isoprostanes induced TBXA2R signaling in fibroblasts and
mediated a myofibroblast activation profile due, at least in part,
to potentiation of TGF- (transforming growth factor-f)
signaling. In vivo treatment with the TBXA2R antagonist
ifetroban reduced profibrotic signaling in the lungs, protected
mice from lung fibrosis in three preclinical models (bleomycin,
Hermansky-Pudlak mice, and radiation-induced fibrosis), and
markedly enhanced fibrotic resolution after bleomycin treatment.

Conclusions: TBXA2R links oxidative stress to fibroblast
activation during lung fibrosis. TBXA2R antagonists could have
utility in treating pulmonary fibrosis.

Keywords: IPF; Hermansky-Pudlak syndrome; oxidative stress;
transforming growth factor-@; thromboxane-prostanoid receptor

(Received in original form June 23, 2021; accepted in final form June 28, 2022)

*These authors contributed equally to this work.

Supported by NIH grants ROTHL151016 (T.S.B.), RO1HL135011 (E.J.C.), RO1HL095797 (J.D.W.), PO1HL108800 (J.D.W.), POT1HL092870 (T.S.B.),
RO1HL145372 (J.A.K. and N.E.B.), RO1THL119503 (L.R.Y.), K24HL143281 (L.R.Y.), and T32HL094296 (N.I.W.); NHLBI grant KO8HL130595
(J.A.K.); and the Doris Duke Charitable Foundation (J.A.K.). Ifetroban was provided by Cumberland Pharmaceuticals.

Author Contributions: T.S. performed experiments, drafted the manuscript, and had intellectual input into experimental design. J.C., X.C., T.P.S,,
VV.P,SG., WH., AR, N.LW,, J.E.C., and H.T. assisted with specific experiments and assays. J.A.K. and N.E.B. provided and analyzed single-cell
RNA sequencing data. M.L.F. assisted with radiation experiments. L.R.Y. and P.G. performed the Hermansky-Pudlak syndrome mouse experiments.
YT,EJC,CS, JJG, JAK, T.SB., and J.D.W. conceived of the project, designed experiments, and drafted and revised the manuscript.

Correspondence and requests for reprints should be addressed to James D. West, Ph.D., Division of Allergy, Pulmonary and Critical Care
Medicine, Vanderbilt University, 1161 21st Avenue South, Suite T-1218 MCN, Nashville, TN 37232. E-mail: j.west@vumc.org.

This article has a related editorial.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

Am J Respir Crit Care Med Vol 206, Iss 5, pp 596-607, Sep 1, 2022
Copyright © 2022 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.202106-15030C on June 28, 2022

Internet address: www.atsjournals.org

596

American Journal of Respiratory and Critical Care Medicine Volume 206 Number 5 | September 1 2022


http://orcid.org/0000-0002-3474-8063
http://orcid.org/0000-0003-4402-0516
http://crossmark.crossref.org/dialog/?doi=10.1164/rccm.202106-1503OC&domain=pdf&date_stamp=2022-08-24
mailto:j.west@vumc.org
https://doi.org/10.1164/rccm.202205-0914ED
http://www.atsjournals.org
https://doi.org/10.1164/rccm.202106-1503OC
http://www.atsjournals.org

At a Glance Commentary

Scientific Knowledge on The
Subject: Although persistent
fibroblast activation and
proliferation are hallmarks of
idiopathic pulmonary fibrosis,
mechanisms regulating this in the
lungs have not been fully elucidated.
The role of thromboxane-prostanoid
signaling and its receptor, TBXA2R
(thromboxane-prostanoid receptor),
have not been investigated.

What This Study Adds to the
Field: TBXA2R links oxidative stress
to fibroblast activation during lung
fibrosis. Blockade of TBXA2R
prevents and treats lung fibrosis due
to multiple causes (bleomycin,
genetic, and radiation). TBXA2R
antagonists could have utility in
treating pulmonary fibrosis.

Idiopathic pulmonary fibrosis (IPF) is a
chronic, progressive syndrome characterized
by destruction of the gas-exchange units of
the lung and pathologic accumulation of
extracellular matrix (ECM) (1, 2). Despite
decades of work, the mechanisms driving
progressive pulmonary fibrosis remain
incompletely understood, and most patients
with IPF succumb to their disease within 3-5
years of diagnosis (1). Injury to and
dysfunction of the lung epithelium is
hypothesized to play a prominent role in
disease initiation (3, 4), while fibroblasts are
the primary effector cell type producing
pathologic ECM (5, 6). There is a clear need
to better understand the molecular
mechanisms responsible for persistent
fibroblast activation in IPF to develop new,
more effective therapies for this disease.
Prostaglandins and their receptors have
been studied extensively in pulmonary
fibrosis, with the majority of work focused
on antifibrotic effects. Prostaglandin E, (7),
as well as prostacyclin (8, 9), is protective
against bleomycin-induced fibrosis, and
prostaglandin E, production is reduced in
IPF fibroblasts (10). In addition,
prostaglandin D, reduces bleomycin-
induced inflammation and protects against
fibrosis (11). Thromboxane A2 (TXA,) is
classically produced by platelets and
functions to induce platelet aggregation and

smooth muscle contraction. Our group
previously reported that a decreased
prostacyclin:TXA, ratio is associated with
pulmonary fibrosis (12). We have also
shown that antagonists of TBXA2R
(thromboxane-prostanoid receptor) are
protective from pulmonary hypertension-
induced right ventricular remodeling (13)
and cardiac fibrosis (14), further suggesting
that TBXA2R could have a role in fibrotic
remodeling in the lungs.

In these studies, we found that TBXA2R
expression is increased in IPF lungs,
particularly in fibroblasts, and drives
persistent fibroblast activation. Using several
preclinical models, we demonstrated that
inhibition of TBXA2R signaling can
ameliorate pulmonary fibrosis. Given the
availability of safe and effective TBXA2R
antagonists, our studies support the
feasibility of TBXA2R-directed therapy for
the treatment of pulmonary fibrosis.

Methods

Subjects and Samples

IPF tissue samples were obtained from
explanted lungs removed at the time of lung
transplantation. Nonfibrotic control tissue
samples were obtained from lungs declined
for organ donation.

Study Approval

All studies involving human samples were
approved by the Vanderbilt Institutional
Review Board (060165, 171657, and 192004).
Subjects provided informed consent before
the collection of samples used in these
studies. All animal studies were approved by
the Institutional Animal Care and Use
Committee at Vanderbilt University.

Mouse Models

TBXA2R-floxed mice (15) were obtained
from The Jackson Laboratory (#21985).
These mice have loxp sites surrounding
TBXAZ2R exon 2, which under the influence
of Cre recombinase is excised, eliminating
protein production. These mice were crossed
to mice with tamoxifen-inducible cre
expression under the control of the
universally expressed Rosa26 (reverse
orientation splice acceptor Bgeo line 26)
locus (Rosa26-CreER; The Jackson
Laboratory #4847) (both on C57Bl/6
background) (16). In combination, these
Rosa26-CreER" TBXA2R" mice are referred
to as TBXA2R™® and have global deletion of
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TBXA2R when induced by tamoxifen.
Hermansky-Pudlak syndrome (HPS) mice
included “pale ear” mice (The Jackson
Laboratory #525), which carry a constitutive
mutation in Hpsl (HPS1 biogenesis of
lysosomal organelles complex 3 subunit 1)
(17), and “pear]l” mice (The Jackson
Laboratory #3215), which carry a mutation
in Hps2, also called Ap3b1 (adaptor-related
protein complex 3, beta 1 subunit) (18).

Bleomycin-Induced Fibrosis Models
Bleomycin (Hospira Inc.) was purchased
from the Vanderbilt University Medical
Center pharmacy. Bleomycin (0.04 U) in 100
w saline was delivered by direct intratracheal
(i.t.) instillation under anesthesia, as
described previously (19-21). Tamoxifen-
inducible transgenic mice were treated with
tamoxifen (400 mg tamoxifen citrate per
kilogram chow ad libitum) for 2 weeks
before bleomycin instillation (4 wk before
bleomycin instillation). Lungs were harvested
after euthanasia by pentobarbital at
designated time points. Right lungs were tied
off and snap frozen for estimation of collagen
and extraction of RNA and protein, and left
lungs were inflated to 25 cm H,O with 10%
neutral buffered formalin for histology.

Mice were randomized to receive either
25 mg/kg/day CPI211 (ifetroban;
Cumberland Pharmaceuticals) in drinking
water or normal drinking water (vehicle). In
a follow-up experiment, 50 mg/kg/day
ozagrel HCI hydrate (Combi-Blocks), a
TXA, synthase inhibitor, was given to mice,
and several mice were alternatively treated
with ethanol vehicle as negative control
animals. This ozagrel dose is similar to that
used in other studies (22) and produced a
roughly fourfold decrease in thromboxane
B2 (TXB,) concentrations in a control
experiment (see Figure E5 in the online
supplement). The final concentration of
ethanol in drinking water was approximately
0.04%. All drugs were pretested for
palatability to ensure normal consumption of
drinking water. Mice were weighed and
water was changed once a week.

Radiation-Induced Fibrosis Model
Male/female mice aged 10-12 weeks were
randomly assigned to the vehicle- or
ifetroban-treated group. Isoflurane-
anesthetized mice were placed on a 37°C
recirculating water heating pad, and the
thorax was administered 17 Gy (300-kVp/
10-mA X-rays) at 1.64 Gy/min, as we
previously described (23). With the exception
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Figure 1. TBXA2R (thromboxane—prostanoid receptor) is upregulated in fibroblasts during lung fibrosis. (A) Western blot nondiseased for
TBXAZ2R in lung tissue from patients with idiopathic pulmonary fibrosis (IPF) compared with nondiseased control subjects. (B) Dot plot depicting
TBXAZR gene expression in jointly analyzed single-cell RNA sequencing data from explanted lungs of 20 patients with pulmonary fibrosis and
10 nondiseased control subjects (primary data from Reference 6). (C) Representative immunostaining for TBXA2R in IPF and control lung
sections. TBXAZ2R is red, and vimentin is green. (D) Western blot for TBXA2R expression in lungs of mice at baseline and 1-3 weeks after
intratracheal bleomycin. (E) Immunostaining for TBXA2R in mouse lung sections at 3 weeks after treatment with vehicle (control) or bleomycin.
TBXAZ2R is red. Scale bar, 50 pm. AT1 =alveolar type 1; AT2=alveolar type 2; Bleo = bleomycin; cDC = classical dendritic cell; HAS1 = hyaluronan
synthase 1; HSP70 = heat shock protein 70; KRT5 =keratin 5; KRT17 =keratin 17; MUC5AC =mucin 5AC, oligomeric mucus/gel-forming;
MUCS5B = mucin 5B, oligomeric mucus/gel-forming; NK = natural killer; pDC = plasmacytoid dendritic cell; PLIN2 = perilipin 2; SCGB1A1 =
secretoglobin family 1A member 1; SCGB3A2 = secretoglobin family 3A member 2.

of the thorax, the entire animal was shielded
by a custom lead block 2.5 cm thick.

Details of assays, measurements, and
other analyses are included in the online
supplement.

Statistics

Values are expressed as mean = SEM, and
sample size is given for each figure. Two-way
ANOVA or one-way ANOVA followed by
Tukey’s post hoc test or the Wilcoxon signed
rank nonparametric test for experiments
with n < 8 were performed in Prism
(GraphPad) or JMP Pro 16 (SAS Institute) to
determine statistical significance.

Results

TBXAZ2R Expression in Fibroblasts Is
Increased during Lung Fibrosis in
Mice and Humans

To determine the role of TBXA2R in
pulmonary fibrosis, we first investigated
TBXAZ2R expression in the lungs of patients
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with IPF. In lung tissue lysates, quantification
of TBXA2R by western blot demonstrated
significantly higher TBXA2R concentrations
in IPF compared with control lungs

(Figure 1A). By examining our recently
published single-cell RNA sequencing data
set generated from explanted lungs with
pulmonary fibrosis and lungs from
nonfibrotic control subjects (declined donors)
(6), we observed that TBXAZ2R expression
was detected in several different subsets of
fibroblasts, in addition to endothelial cells
and smooth muscle cells (Figure 1B).
Consistent with transcriptomic data, dual
immunofluorescence staining showed
TBXAZ2R colocalized with a fibroblast marker
(S100A4) in areas of fibrotic remodeling in
IPF lung tissue sections, but costaining was
not observed in lung parenchyma from
nonfibrotic control subjects (Figure 1C).

In mouse lung tissue, TBXA2R expression
increased after bleomycin challenge as
measured by western blot (Figure 1D).
Similar to our observation in IPF lung tissue,
TBXA2R expression was localized to areas of

fibrosis and colocalized with the fibroblast
marker S100A4 (Figure 1E). The observed
upregulation of TBXA2R expression during
fibrosis suggests that signaling through this
receptor could affect fibrotic remodeling.

To test the effects on TBXAZ2R signaling
on lung fibrosis, we generated inducible
TBXA2R-deficient mice by crossing
TBXA2R-floxed mice (TBXAZRf/ f) with a
universal tamoxifen-inducible Cre
recombinase line (see METHODS) (TBXA2R™ O
hereafter). These mice develop normally and
have no spontaneous phenotype except for a
mildly increased bleeding time (15).
Tamoxifen treatment (400 mg/kg chow ad
libitum for 14 d) led to ~75% reduction in
TBXAZ2R protein in lung tissue (see Figures
E1A and E1B). The resulting TBXA2R™©
and age-matched adult wild-type (WT)
control animals were treated with tamoxifen
and then challenged with i.t. bleomycin
(0.04 U). At Day 21 after bleomycin,
TBXA2R™® mice were protected from lung
fibrosis as determined by morphometric
analysis (Figures 2A and 2B) and
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Figure 2. Deleting TBXA2R (thromboxane—prostanoid receptor) protects against experimental lung fibrosis. (A) Representative Masson’s
trichrome-stained lung sections from wild-type (WT) and TBXA2R™© (Rosa26-CreER* TBXA2R") mice at 21 days after intratracheal bleomycin
(Bleo). (B) Morphometric evaluation of lung fibrosis on lung sections. n=3 for control WT and TBXA2R ® mice, and n=5 for the Bleo treatment
groups. (C) Hydroxyproline content in the right upper lobe. n=3 for control WT mice, n=2 for control TBXA2R™° mice, n= 11 for the Bleo-
treated WT mice, and n= 8 for the Bleo-treated TBXA2R™C mice. Statistical comparison was performed using the Wilcoxon rank sum test (also
P<0.05 by two-way ANOVA with Tukey’s honestly significant difference test). (D) Representative Masson'’s trichrome-stained lung sections from
WT mice at 21 days after treatment with intratracheal Bleo or vehicle (Veh), with or without thromboxane synthesis inhibitor (Oza) beginning on
Day 7. (E) Morphometric evaluation of lung fibrosis on lung sections. n=6 for each group. (F) Hydroxyproline content in right upper lobe. n=6
for each group. Error bars in all panels denote SEM. N.S. = not significant by Wilcoxon rank sum test; Oza = ozagrel; Rt =right.

measurement of hydroxyproline content
(Figure 2C) compared with control animals.
To determine whether TXA,-mediated
signaling through TBXA2R was responsible
for protection from fibrosis in TBXA2R™©
mice, we used ozagrel, which is a highly
efficacious small-molecule inhibitor of the
enzyme responsible for generation of TXA,
(24). In these studies, treatment with ozagrel
using a standard dosing strategy in drinking
water from Days 7-21 after bleomycin did
not cause a significant difference in fibrosis
(Figures 2D-2F). Although the nonsignificant
difference might become statistically
significant with a larger number of animals,
the difference in effect size between
TBXA2R™ (Figures 2B and 2C) and ozagrel
(Figures 2E and 2F) suggests that an
alternative ligand could be responsible for
profibrotic TBXA2R signaling.

F2-Isoprostanes Induce
TBXA2R Signaling
F,-isoprostanes (F,-IsoPs) are
nonenzymatic products of free

radical-induced peroxidation of
arachidonic acid (25) that have been
reported to be increased in the lungs of
patients with IPF (26). F,-IsoPs have
structural similarities to TXA, and can
activate TBXA2R signaling (27). We
measured F2-IsoPs and TXB,, the major
stable metabolite of TXA,, in the lungs of
mice at baseline and after i.t. bleomycin.
TXB, was increased in lung tissue by
Day 1 after bleomycin and subsequently
returned toward baseline by Day 7
(Figure 3A). In contrast, F2-IsoPs were
increased in the lungs throughout the
21-day time course (Figure 3B).

To determine whether F2-IsoPs were
responsible for TBXA2R-driven profibrotic
phenotypes in lung fibroblasts, we isolated
mouse lung fibroblasts (MLFs) from WT
and tamoxifen-treated TBXA2R™® mice
and cultured these cells in serum-
containing media, which contains
isoprostanes (28) as well as latent TGF-3
(transforming growth factor-f) (29).
When grown on tissue culture plates in
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10% serum-containing media, TBXA2R™°
MLFs had ~50% less proliferation
compared with WT MLFs (Figure 3C).
Under low-serum conditions (2.5%),
however, TBXA2R™° MLFs had similar
bromodeoxyuridine incorporation
compared with WT MLFs. In low-serum
conditions, addition of F2-IsoPs (100 nM;
Cayman Chemicals) to the culture medium
enhanced proliferation of WT but not
TBXA2R-deficient MLFs (Figure 3D). In
addition, treatment with F2-IsoPs induced
a-SMA (a-smooth muscle actin)
expression in WT MLFs but not
TBXA2R™° MLFs (Figures 3E and 3F). We
also measured collagen 1 expression by
western blot (Figure 3G) and collagen
accumulation in media (Figure 3H) and
found that F2-IsoPs upregulated collagen
synthesis and secretion by WT MLFs but
not TBXA2R™© MLFs. Together, these
studies indicate that F2-IsoPs can activate
fibroblast proliferation and induce
myofibroblast differentiation via TBXA2R
signaling.
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Figure 3. F2-isoprostanes (F2-IsoPs) activate TBXA2R signaling in fibrosis. (A) TxB2 was measured in the lungs of mice at baseline and 1-3 weeks
after bleomycin (Bleo). n=3 per group. *P<0.05 compared with baseline. (B) F2-IsoPs measured in the lungs of mice at baseline and 1-3 weeks after
intratracheal Bleo. n=3 or 4 per group. *P<0.05 compared with baseline. (C) Primary lung fibroblasts from Rosa-creERITbxa2r" mice were treated

ex vivo with 40H-tamoxifen to obtain TBXA2R-deleted fibroblasts (TBXA2RK®) and BrdU incorporation was measured at 48 hours under full-serum

(10%) conditions. n=6 mice per group. *P<0.05 compared with wild-type (WT

) fibroblasts. (D) F2-IsoP (100 nM) stimulation of WT and Tbxa2rk®

fibroblasts under reduced serum conditions (2.5%) measured at 48 hours. n=4 per group. *P<0.05. (E) Immunocytochemistry evaluating for «a-SMA
(a-smooth muscle actin) expression 48 hours after F2-IsoP treatment. a-SMA, red; DAPI, blue. Scale bars, 40X image with 100 wm. (F) Western blots
for «-SMA and collagen 1 expression at 48 hours after F2-IsoP treatment. (G) Densitometry for collagen 1. n=3 lungs per condition. All comparisons
were significant both by nonparametric (Wilcoxon rank sum) and parametric (ANOVA with post hoc test) measures. Error bars denote SEM.

BrdU = bromodeoxyuridine; Hsp70 = heat shock protein 70; N.S. = not significant; TxB2 = thromboxane B2; TBXA2R = thromboxane—prostanoid receptor.

TBXAZ2R Activation Potentiates
TGF-$ Signaling

As myofibroblast differentiation is classically
induced by TGF-3, we wondered whether
TBXAZ2R could regulate TGF-(3 signaling
(30). We transfected WT and TBXA2R¥©
MLFs with a Smad2/3-binding
element-driven luciferase construct and
added F2-IsoPs to activate TBXA2R
signaling at 48 hours after transfection. In
addition to stimulating increased luciferase
activity (Figure 4A), western blots showed
canonical and noncanonical TGF-3 pathway
activation in WT MLFs but not TBXA2R™©
MLFs (Figures 4B and 4C). Similarly,
stimulation of fibroblasts with a specific
TBXAZ2R agonist, U-46619 (100 nM;
Cayman Chemicals), induced TGF-f3
pathway activation (see Figure E2). To test
whether TGF- receptors were involved in
induction of the TGF-3 pathway by
F2-IsoPs, we treated WT MLFs with
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F2-IsoPs with or without addition of the
TGF- receptor inhibitor LY210976. As
shown in Figure 4D, F2-IsoP treatment
resulted in robust induction of TGF-3
targets SerpinEl (serpin family E member 1)
and Timp] (tissue inhibitor of
metalloproteinase-1), which was prevented
by LY2109761 (Figure 4D). These studies
indicate that F2-IsoPs promote fibroblast
activation through TBXA2R-mediated
potentiation of TGF-f3 signaling.

A Small-Molecule Inhibitor of TBXA2R
Signaling Blocks Fibroblast Activation
For these studies, we isolated MLFs from
WT mice and stimulated them with
F2-IsoPs in the presence of a small-
molecule TBXA2R antagonist (ifetroban
0.3 uM) or vehicle. Ifetroban (originally
known as BMS-180,291) is a highly
selective, potent (half maximal inhibitory
concentration ~ 1,020 nM), orally available

TBXAZ2R antagonist (31). Ifetroban
treatment reduced Smad2/3, p44/42, and
Akt phosphorylation, as well as Timp1 and
a-SMA protein expression (Figure 5A).

Next, we examined the impact of
TBXAZ2R antagonism on the activated
fibroblast phenotype of human lung
fibroblasts isolated from explanted lungs of
patients with IPF. In these studies, ifetroban
treatment (0.3 uM) significantly inhibited
migration (scratch wound closure) (Figure
5B); proliferation (Figure 5C); expression of
profibrotic genes, including a-SMA, collagen
type 1, and serpin E1; and activation of
profibrotic signaling via Smad2/3,
extracellular-regulated kinase (p42/44), and
AKT pathways (Figures 5D and 5E).
Together, these studies further support the
conclusion that signaling through TBXA2R
regulates important profibrotic functions of
activated lung fibroblasts from mice and
humans.
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with or without F2-IsoPs (100 nM) and LY2109761, an inhibitor of TGF-B receptor type 1/type Il kinases, for 24 hours. Quantitative PCR analysis
for Serpine1 and Timp1 gene expression was performed. n=3 for each group. *P<0.05. Significance was determined using the Wilcoxon rank
sum test. Error bars denote SEM. Ctrl = control; Hsp70 = heat shock protein 70; N.S. = not significant; P-Akt = phospho-Akt; P-p44/42 = phospho-
p44/42; P-Smad?2 = phospho-Smad?2; SERPINE1 = serpin family E member 1; T-Akt =total Akt; TBXA2R = thromboxane—prostanoid receptor;
TGF-B = transforming growth factor-f; T-p44/42 =total p44/42; T-Smad2 = total Smad?2.

Ifetroban Treatment Attenuates
Fibrosis in Mouse Models of

Lung Fibrosis

To test whether pharmacological inhibition
of TBXA2R could be used therapeutically to
prevent or treat lung fibrosis, we treated WT
mice (C57Bl/6 background) with ifetroban
(25 mg/kg/day in drinking water) or
standard drinking water (vehicle) beginning
3 days before a single i.t. injection of
bleomycin (0.04 U) or beginning on Day 7
after bleomycin and continuing until harvest
at Day 21 (Figure 6A, top two lines).
Ifetroban treatment blocked bleomycin-
induced fibrosis when administered for the
entire 21-day course or administered only
during the fibrotic phase (Days 7-21), as
assessed by morphometric analysis (Figures
6B and 6C) and hydroxyproline content

(a major component of collagen) (Figure 6D).
Although epithelial apoptosis and
inflammation have been correlated with

subsequent fibrosis (20, 21, 32, 33) in the
bleomycin model, ifetroban did not affect
epithelial apoptosis (Figures E3A and E3B) or
inflammatory cell recruitment (Figure E4).
To determine whether ifetroban
treatment could hasten the resolution of
fibrosis, we performed additional
experiments in which drug or vehicle was
started on Day 14 and continued until Day
28 (Figure 6a, bottom line). In these studies,
ifetroban attenuated weight loss (Figure 6E)
and accelerated the resolution of fibrosis
(Figures 6F-6H). Consistent with an
antifibrotic effect, proteins associated with
fibrosis, including Timp1 and Smad2
phosphorylation downstream of canonical
TGF-P signaling, were both strongly induced
by bleomycin and blocked by ifetroban
treatment (Figures 61-6K). Cumulatively,
studies in the bleomycin model showed that
ifetroban reduces fibrosis and enhances
resolution when given during the fibrotic

Suzuki, Kropski, Chen, et al.: TBXA2R Signaling in Lung Fibrosis

phase of bleomycin-induced fibrosis without
affecting bleomycin-induced inflammation
or epithelial apoptosis, thereby suggesting
direct effects of TBXA2R signaling on
fibrogenesis.

We next tested whether ifetroban could
prevent fibrosis in a model of genetic
susceptibility to lung fibrosis, HPS. HPS is an
autosomal recessive disease in which several
of the genetic subtypes (HPS1, HPS2, and
HPS4) have highly penetrant pulmonary
fibrosis with onset in early adulthood (34).
Naturally occurring mutations in HPS mice
reliably model important features of the
human disease, including susceptibility to
profibrotic stimuli (35-37). To induce
fibrosis in HPS mice, low doses of bleomycin
(0.025 U) delivered by i.t. injection result in a
rapidly progressive pulmonary fibrosis
phenotype (35-37). We treated HPS1 mice
and HPS2 mice (with loss-of-function
mutations in the HPS1 gene and the HPS2
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gene, respectively) with ifetroban beginning
on the day before i.t. bleomycin and
continuing until Day 7 after bleomycin,
when lungs were harvested. Ifetroban
treatment significantly attenuated lung
fibrosis in HPS1 (Figure 7A) and HPS2 mice
(Figures 7B and 7C) as determined by
measurement of lung collagen.

We also used a model of radiation-
induced fibrosis to investigate the antifibrotic
effects of ifetroban. Immediately after
thoracic irradiation (17 Gy), mice were
administered ifetroban in drinking water or
vehicle and continued treatment until lungs
were harvested 4 months after irradiation.
Compared with placebo, ifetroban-treated
mice had significantly reduced lung collagen
content after exposure to ionizing radiation
(Figures 7D and 7E). In summary, treatment
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with the small-molecule TBXA2R inhibitor
ifetroban was beneficial in three preclinical
models of lung fibrosis, thereby underscoring
the promise of TBXA2R as a therapeutic
target for lung fibrosis.

Discussion

Transient fibroblast activation is an adaptive
process that is crucial for wound healing and
other forms of injury repair. Although
considerable progress has been made in
understanding the signaling and molecular
processes that activate fibroblasts in the lung
and other organs during injury repair, the
mechanisms that lead to persistent and
pathologic fibroblast activation remain less
well defined. In these studies, we

demonstrate a novel paradigm linking
oxidative stress to persistent fibroblast
activation through F2-IsoP-induced
TBXA2R signaling, which is a previously
unrecognized regulator of the TGF-3
pathway.

In the context of lung fibrosis, reactive
oxygen species (ROS) are produced by a
variety of cells, including epithelial cells
(38, 39) and fibroblasts (40, 41). Reduced
NADP oxidase 4 has been shown to be an
important source of ROS in lung fibrosis
(42, 43). ROS have been shown to enhance
fibroblast proliferation, induce collagen
formation (41), and promote apoptosis
resistance (43-45). F2-IsoPs are produced
by nonenzymatic conversion of
arachidonic acid in the presence of ROS
(25, 26) and have been shown to function
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as an alternative ligand for TBXA2R and that F2-IsoP-induced fibroblast TGF-P signaling. Although TGF-f pathway
(46, 47). F2-IsoPs are increased in serum, activation can be prevented by TBXA2R activation in fibroblasts is typically mediated
BAL, and exhaled breath condensate from antagonism or genetic deletion. by the serine/threonine kinase activity of
patients with IPF (48-50) and have Although TBXAZ2R performs diverse TRRI (TGF-B receptor I), receptor activation
previously been suggested to contribute to functions beyond platelet biology, its role in independent of ligand (TGF-3)-mediated
bleomycin-induced fibrosis in rats (51). lung fibrosis has not been previously interactions between TRRII (TGF-{ receptor
Our findings indicate that F2-IsoPs can investigated. In our studies, we found that IT) and TRRI has been reported (52, 53). In
mediate the effects of ROS on fibroblasts TBXAZ2R signaling in fibroblasts modulates this regard, G protein-coupled receptors

Figure 6. (Continued). Ifet treatment (Ifet[tr]) was delivered from Day 7 to Day 21 after Bleo. Ifet prevention (Ifet[pr]) was started 3 days before
Bleo treatment and continued to Day 21. (B) Representative Masson'’s trichrome-stained lung sections. (C) Morphometric evaluation of lung
fibrosis using these lung sections. (D) Hydroxyproline content in right upper lobe. *P<0.05 by Wilcoxon signed rank test. (E) Change in weight
after Bleo treatment. Data are presented as mean * SEM. Significance was determined using ANOVA with repeated measures. (F) Representative
Masson’s trichrome-stained lung sections from wild-type mice at 28 days after treatment with intratracheal Bleo or Veh with or without Ifet treatment
begun at Day 14. (G) Morphometric evaluation of lung fibrosis on lung sections. Data are presented as mean + SEM. (H) Hydroxyproline content
quantified from the right upper lobe. Data are presented as mean + SEM. *P=0.05 by Wilcoxon signed rank test. (/) Western blot for Timp-1 (tissue
inhibitor of metalloproteinase-1), phospho-Smad?/3, and total Smad2/3 in lung tissue. (J) Densitometry for Timp-1. *P<0.05 by Wilcoxon signed rank
test. (K) Densitometry for total and phospho-Smad2/3 (n=5 per group). *P< 0.05 by Wilcoxon signed rank test. Error bars denote SEM. BW = body
weight; P-Smad?2/3 = phospho-Smad?2/3; rt =right; TBXA2R =thromboxane—prostanoid receptor; T-Smad2/3 = total Smad?2/3.
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other than TBXAZ2R, including G
protein—coupled receptors for endothelin-1
and thrombin, have been reported to induce
Smad?2/3 phosphorylation in smooth muscle
and endothelial cells, respectively (54, 55).
We also saw an increase in both MAPK and
AKT phosphorylation with isoprostanes,
inhibited by TBXA2R blockade. This could
be a downstream effect of TGF-[ activation;
mitogen-activated protein kinase and AKT
have both been reported to be
nontranscriptionally activated by TGF-3
(56-58). However, we also cannot rule out
direct regulation of these pathways by
TBXAZ2R signaling. Elucidation of molecular
mechanisms linking TBXA2R activation

to these pathways will require additional
studies.

Although these data provide
compelling evidence that TBXA2R
signaling is involved in pulmonary fibrosis,
there are important limitations of these

studies. First, there are likely cell
type-specific effects of TBXA2R. Both our
studies and other recent single-cell RNA
sequencing studies (5, 6, 59) found
TBXA2R in a variety of other pulmonary
cell types, with the exact concentration
varying by study. Many of these cell types,
including endothelial cells, smooth muscle
cells, and platelets, may also affect
fibrogenesis in the lungs. Further studies
will be required to discern the effects of
TBXA2R antagonism in these cell types of
fibrogenesis. Second, we have not
conclusively shown that F2-IsoPs are the
major ligand for activation of TBXA2R
signaling during in vivo lung fibrosis. This
would require a strategy to reduce ROS,
which would likely have additional effects
on lung fibrosis not mediated directly
through TBXA2R. Third, additional work
is required to determine whether TBXA2R
is an important therapeutic target in

fibrotic lung diseases other than IPF and
fibrotic conditions in other organs.
Together, these studies have
demonstrated a key role of TBXA2R signaling
in pulmonary fibrosis, and TBXA2R represents
an attractive target with translational potential.
In these experiments, we demonstrate that the
small molecule ifetroban effectively inhibits
TBXAZ2R signaling and pulmonary fibrosis in
multiple experimental models. Ifetroban and
other TBXA2R antagonists have been or are
currently in human studies for the secondary
prevention of coronary artery disease (60),
allergic asthma (61), and other conditions
(62-65), and appear to be safe and well-
tolerated. Therapies aimed at interrupting
TBXAZ2R signaling have the potential for rapid
translation into clinical trials with the goal of
improving outcomes for patients with IPF.

Author disclosures are available with the
text of this article at www.atsjournals.org.
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