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Background and Aims: Self-expanding metallic stent (SEMS) placement is a well-established method for treat-
ing malignant esophageal strictures; however, this procedure has not gained widespread acceptance for treating
benign esophageal strictures because of granulation tissue formation. The aim of the present study was to inves-
tigate whether EW-7197, a novel per-oral transforming growth factor-f type I receptor kinase inhibitor, sup-
pressed granulation tissue formation after SEMS placement in the rat esophagus.

Methods: Sixty rats underwent SEMS placement and were randomly divided into 4 groups. Group A (n = 20)
received vehicle-treated control for 4 weeks. Group B (n = 20) received 20 mg/kg/day EW-7197 for 4 weeks.
Group C (n = 10) received 20 mg/kg/day EW-7197 for 4 weeks followed by vehicle-treated control for 4 weeks.
Group D (n = 10) received 20 mg/kg/day EW-7197 for 8 weeks.

Results: SEMS placement was technically successful in all rats. Eleven rats, however, were excluded because of
stent migration (n = 9) and procedure-related death (n = 2). The luminal diameter in group A was significantly
smaller than those in groups B, C, and D (all P < .001). The percentage of granulation tissue area, number of
epithelial layers, thickness of submucosal fibrosis, percentage of connective tissue area, and degree of collagen
deposition were significantly higher in group A than in groups B, C, and D (all P < .001); however, there were
no significant differences among groups B, C, and D. EW-7197 decreased the expression levels of phospho-
Smad 3, N-cadherin, fibronectin, a-smooth muscle actin, and transforming growth factor-f1 and increased the
expression level of E-cadherin (all P < .01).

Conclusions: EW-7197 suppressed granulation tissue formation after SEMS placement in the rat esophagus.

Abbreviations: ALK5, activin-like kinase 5; ECM, extracellular matrix; Copyright © 2017 by the American Society for Gastrointestinal Endoscopy
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Figure 1. Flow diagram and study design showing the randomization process and follow-up. SD, Sprague-Dawley.

Self-expandable metallic stent (SEMS) placement is a
well-established method for the treatment of malignant
esophageal strictures. "' However, placement of uncovered
SEMSs is considered relatively contraindicated for treating
benign esophageal strictures because of high risk of
granulation tissue formation through the stent mesh
framework.”® To solve this problem, retrievable covered
SEMSs were developed. Although the covering membrane
of these stents could prevent granulation tissue formation
through the stent mesh framework, it significantly in-
creases the possibility of stent migration (25%-64%).”"
Moreover, granulation tissue formation can occur at
both ends of the stent, which leads to recurrence and
increases the technical difficulty of stent removal
(17%-419%).7°

Granulation tissue formation occurs as an excessive pro-
liferative response to mechanical injury caused by the
stent. Activation of the transforming growth factor B
(TGF-B) signaling pathway is implicated in angiogenesis,
production, and remodeling of the extracellular matrix
(ECM) and proliferation of epithelial cells and fibroblasts
that leads to stent restenosis.”'’ TGF-B1 is a member of
the TGF-B superfamily that controls processes such as
proliferation and differentiation of many cell types.'"'
Activin-like kinase 5 (ALK5) is a TGF-B1 receptor that phos-
phorylates SMAD3 and triggers many cellular processes,
which are involved in granulation tissue formation,
including ECM synthesis and the epithelial mesenchymal
transition (EMT)."”"

EW-7197  (N-[[4-([1,2,4]triazolo[1,5-a] pyridin-6-yl)-5-(6-
methylpyridin-2-yl)-1H-imidazol-2-yl] methyl]-2-fluoroaniline)
is a novel per-oral TGF-B type I receptor kinase inhibitor.
This drug is rapidly absorbed after oral administration and
has high selectivity against other kinases and minimal toxicity

in animals.'”"® We hypothesized that EW-7197 might pre-
vent granulation tissue formation after SEMS placement by
inhibiting TGF-B1/SMAD3-induced ECM and EMT. The pur-
pose of this study was to investigate whether EW-7197 sup-
pressed granulation tissue formation after SEMS placement
in the rat esophagus.

METHODS

This study was approved by the Institutional Animal
Care and Use Committee of our institution and conformed
to U.S. National Institutes of Health guidelines for humane
handling of laboratory animals. The number of animals
used to assess the hypothesized difference in granulation
tissue formation after stent placement with and without
EW-7197 had been calculated prospectively. The mean
luminal diameter of the stented esophagus at 4 weeks after
stent placement in the rat esophageal model was expected
to be around 3.5 mm with a standard deviation of .8 mm
based on results of our pilot study (unpublished data).
We hypothesized that this diameter would be increased
by at least 1 mm in luminal diameter of the stented esoph-
agus with administration of 20 mg/kg EW-7197. We calcu-
lated that a total of 40 animals (10 per group) would be
required to detect this difference between groups, with
an alpha level of .05 and a beta level of .80.

After SEMS placement, 60 Sprague-Dawley rats (300-
350 g; Orient Bio, Seongnam, Korea) were randomly
distributed into 4 groups using computer-generated
random numbers as follows (Fig. 1). Group A (n = 20)
received .3 mL of artificial gastric juice by gavage once
daily for 4 weeks. Group B (n = 20) received a
solution of 20 mg/kg EW-7197 dissolved in .3 mL of
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Figure 2. A self-expandable metallic stent. Gold markers were attached to
either end of the stent (arrows). Two barbs are located in the center of
the stent (arrowheads).

artificial gastric fluid by gavage once daily for 4 weeks.
To evaluate the rebound effect of EW-7197, 2 additional
groups were included. Group C (n = 10) received a so-
lution of 20 mg/kg EW-7197 dissolved in .3 mL of artifi-
cial gastric fluid by gavage once daily for 4 weeks
followed by .3 mL of artificial gastric fluid by gavage
once daily for 4 weeks. Group D (n = 10) received a
solution of 20 mg/kg EW-7197 dissolved in .3 mL of arti-
ficial gastric fluid by gavage once daily for 8 weeks.
EW-7197 was provided by the Laboratory of Medicinal
Chemistry, College of Pharmacy, Ewha Womans Univer-
sity, Seoul, Korea.

All rats were supplied with food and water ad libitum
and were maintained at 22 £ 2°C. The body weights of
the rats were measured weekly until they were Kkilled.
Groups A and B and groups C and D were killed 4 and 8
weeks after stent placement, respectively. All rats were
killed by administrating inhalable pure carbon dioxide.
Histologic examination was performed in all groups, and,
additionally, Western blot analysis was performed in
groups A and B.

Stent construction and placement

The SEMS was knitted from a single thread of .127-mm-
thick nitinol wire filament (Fig. 2). The stent was 5 mm in
diameter and 15 mm in length. Two barbs were attached to
the middle of the stent to prevent migration. Two
radiopaque makers at each end of the stent facilitated
precise placement. The size of the stent was chosen
according to a published study (Taewoong Medicals,
Seoul, Korea)."” Anesthesia was induced by intramuscular
injection of 50 mg/kg zolazepam and 50 mg/kg tiletamine
(Zoletil 50; Virbac, Carros, France) and 10 mg/kg xylazine
(Rompun; Bayer HealthCare, Leverkusen, Germany).
A .0l4-inch guidewire (Transcend; Boston Scientific,
Watertown, Mass) was inserted through the mouth and
negotiated into the stomach under fluoroscopic guidance,

and a 6F sheath (constructed in-house) was advanced over
the guidewire into the lower esophagus. The guidewire
was removed with the sheath left in place, and a com-
pressed stent was loaded into the sheath. The stent was
deployed at the level of the mid-thoracic esophagus under
continuous fluoroscopic monitoring. After the procedure,
an esophagography was performed to verify the position
and patency of the stent.

Esophagographic examination

The rats in each group underwent follow-up esophagog-
raphy using contrast medium (Omnipaque 300; General
Electric Healthcare Company, Shanghai, China) immedi-
ately before they were killed. The stented esophagus was
divided into proximal, middle, and distal segments. The
luminal diameter of each segment was measured on each
esophagogram using Photoshop software (version 6.0;
Adobe Systems, Palo Alto, Calif). The analyses of the
esophagographic findings were accessed on the basis of
the consensus of 3 observers blinded to group assignment.

Histologic examination

Surgical exploration of the esophagus and stomach was
followed by gross examination to evaluate the degree of
granulation tissue formation and to determine possible
esophageal injury after stent placement. The stented
esophagus of each of 10 rats from each group was
sectioned transversely at the proximal and distal regions.
Tissue samples were fixed in 10% neutral buffered formalin
for 24 hours, which was then embedded in paraffin and
sectioned. The slides were stained with hematoxylin and
eosin and Masson’s trichrome.

Histologic evaluation using hematoxylin and eosin
included determining the degree of submucosal inflamma-
tory cell infiltration, the number of epithelial layers, the
thickness of submucosal fibrosis, and the granulation
tissue-related percentage of the esophageal cross-
sectional area of stenosis = 100 x (1 — [stenotic stented
area/original stented area]). The degree of inflammatory
cell infiltration was subjectively determined according to
the distribution and density of the inflammatory cells
(graded as 1, mild; 2, mild to moderate; 3, moderate; 4,
moderate to severe; and 5, severe). The average values
of the number of epithelial layers, thickness of submucosal
fibrosis, and degree of inflammatory cell infiltration repre-
sented the average value of 8 points around the circumfer-
ence.'””’

The degree of collagen deposition and the percentage
of connective tissue area were determined using Masson’s
trichrome—stained sections. The connective tissue
(collagen) area = 100 x (1 — [connective area/original
area]). The extent of collagen deposition was subjectively
determined, where 1 indicated mild, 2 mild to moderate,
3 moderate, 4 moderate to severe, and 5 severe.

Histologic analysis of the esophagus was performed
using a BX51 microscope (Olympus, Tokyo, Japan).
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Figure 3. Esophagographic findings. A, Representative esophagographic images. From left to right, group A, group B, group C, and group D. Follow-up
esophagography performed 4 weeks after stent placement shows filling defects (arrows) caused by granulation tissue formation in group A and relatively
good patency of the stent (arrows) with no definite irregularities in groups B, C, and D. B, The mean overall luminal diameter of the stented esophagus.

ClI, Confidence interval.

Image-Pro Plus software (Media Cybernetics, Silver
Spring, Md) was used for measurements. The analyses
of the histologic findings were accessed on the basis
of the consensus of 3 observers blinded to group
assignment.

Western blot analysis

We collected the stented esophagi of 10 and 8 rats in
groups A and B, respectively. Eight age-matched healthy
Sprague-Dawley male rats (Orient Bio) maintained under
the same conditions were used for presenting normal
values of the esophagus. The antibodies used were as
follows: Smad3 (1:1000; Cell Signaling Technology
[CST], Danvers, Mass), phospho-Smad 3 (1:1000; CST),
E-cadherin (1:1000; CST), N-cadherin (1:1000; CST),
a-smooth muscle actin (1:300; Abcam, Cambridge, UK),
fibronectin (1:500; Abcam), TGF-B (1:1000; CST), and
B-actin  (1:1000; Sigma-Aldrich, Louis, Mo). The
membranes were incubated in secondary antibodies
(1:1000; Jackson ImmunoResearch Laboratories, West

Grove, Pa) conjugated to horseradish peroxidase. Target
proteins were detected using ECL Western blotting detec-
tion reagents (Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK), and antigen—antibody complexes
were visualized using an Ez-Capture MG software (ATTO
Corporation, Tokyo, Japan). CS analyzer software (ATTO
Corporation) was used to quantify the bands, and data
are expressed as the ratio of band intensity to that of
B-actin.

Statistical analysis

Data are expressed as the mean + standard deviation.
The differences between the groups were analyzed using
the Kruskal-Wallis or Mann-Whitney U test, as appropriate.
A P < .05 was considered statistically significant. For
P < .05 a Bonferroni-corrected Mann-Whitney U test was
used to detect the group causing differences (P < .008
as statistically significant). Statistical analyses were
performed using SPSS software (version 22.0; SPSS, IBM,
Chicago, IlI).
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Normal control

Figure 4. Representative microscopic images. A, Microscopic images (H&E, orig. mag. x10) show significantly smaller thickness of submucosal fibrosis
(black arrows) in group B than in group A (arrowheads indicate stent struts). B, Masson’s trichrome staining images show relatively less connective

tissue area in group B than in group A (arrowheads indicate stent struts).

RESULTS

Stent placement was technically successful in all 60 rats.
Two rats (3.3%) died 9 and 11 days, respectively, after stent
placement because of hematemesis caused by the barbs
attached the stent (one in group A and one in group C,
respectively). Stent migration occurred in 9 rats (1, 4, 2,
and 2 in groups A, B, C, and D, respectively). The 11 rats
with stent migration and procedure-related death were
excluded from this study. The remaining 49 (81.6%) rats
survived until the end of the study with no stent-related
adverse events. No adverse events related to EW-7197
administration were observed in any rat. There were no
significant differences in body weights between the groups
at 4 weeks (450 £ 32.5 gvs 445 £ 35.1g; P = .712) and 8
weeks (497 £ 25.5 g vs 496 g £ 23.7; P = .368).

Esophagographic findings

Numeric mean values in the 4 groups were
significantly different (P < .001, Kruskal-Wallis test). The
mean overall luminal diameter of the stented esophagus
in group A was significantly smaller than those in groups
B, C, and D (3.42 + .37 mm vs 4.63 £+ .13 mm, 4.50 £+
.28 mm, and 4.54 £ .29 mm; P < .001, P < .001, and
P < .001, respectively). The mean overall luminal
diameters were not significantly different among groups

B, C,and D Bvs C, P = .122; Bvs D, P = .281; and C
vs D, P = .636) (Fig. 3).

Histologic findings

Histologic findings are shown in Figures 4 and 5. The
mean percentage of granulation tissue area, the mean
number of epithelial layers, the mean thickness of
submucosal fibrosis, the percentage of connective tissue
area, and the degree of collagen deposition were
significantly different between the vehicle-treated control
group and all 3 drug-treated groups (all variables; P <
.001, Kruskal-Wallis test). The percentage of granulation
tissue area was significantly higher in group A than in
groups B, C, and D (56.37% =+ 12.22% vs 26.59% =+
7.04%, 31.34% + 10.79%, and 29.93% + 9.84%; P < .001,
P < .001, and P < .001, respectively). Furthermore, the
number of epithelial layers (4.81 £ .78 vs 2.88 £ .56,
3.19 £+ .84, and 2.93 £ .69; P < .001, P < .001, and P <
.001, respectively) and thickness of submucosal fibrosis
(.73 £ .19 mm vs .27 £ .11 mm, .34 + .12 mm, and .30
£ .11 mm; P < .001, P < .001, and P < .001, respectively)
were significantly higher in group A than in groups B, C,
and D. However, there were no statistically significant dif-
ferences among drug-treated groups in the percentage of
granulation tissue area (B vs C, P = .187; B vs D,
P = 305; and C vs D, P = .691), number of epithelial
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Figure 5. Histopathologic results of the stented esophagus 4 and 8 weeks after stent placement in groups A, B, C, and D. CI, Confidence interval.

layers B vs C, P = .097; Bvs D, P = .674; and C vs D,
P = .194), and thickness of submucosal fibrosis (B vs C,

P =.178;Bvs D, P = .183; and C vs D, P = .196).

The density grade of inflammatory cell infiltration was
not significantly different among 4 groups (A, 2.28 + .81;
B, 221 £ .68; C, 213 £+ .82; and D, 2.08 £ .76;
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Figure 6. Expression levels of Smad3, phospho-Smad 3 (pSmad3), E-cadherin, N-cadherin, a-smooth muscle actin (SMA), fibronectin, and transforming
growth factor (TGF)-B1. A, Representative protein expression levels. B, Relative fold induction of protein expression levels. B-Actin was used as a

reference.

P = .662, Kruskal-Wallis test). The percentage of connec-
tive tissue area (28.56% =+ 7.38% vs 12.26% + 3.93%,
14.75% + 4.11%, and 13.21% + 5.11%; P < .001,
P < .001, and P < .001, respectively) and the degree of
collagen deposition (3.58 + .67 vs 1.75 + .68, 2.18 £ .65,
and 1.88 £+ .72; P < .001, P < .001, and P < .001, respec-
tively) were significantly higher in group A than in groups
B, C, and D. There were no statistically significant differ-
ences among drug-treated groups (B vs C, P = .166; B
vs D, P = .601; and C vs D, P = .388) in the percentage
of connective tissue area indicated by the degree of
collagen deposition (B vs C, P = .075; Bvs D, P = .201;
and C vs D, P = .607).

Western blot findings

Western blot findings are presented in Figure 6. The
levels of phospho-Smad 3, N-cadherin, a-smooth muscle
actin, fibronectin, and TGF-B1 significantly increased in
group A versus the normal group (P = .001, .002, .001,
.001, and .001, respectively), whereas that of E-cadherin
significantly decreased in group A compared with the
normal group (P = .003) and those of Smad3 remained
the same in group A and the normal group. The level of
phospho-Smad 3 was lower in group B than in group A
(P = .027), and there was no difference in the levels of

Smad3 between them (P = .916). Group B expressed
lower levels of N-cadherin, a-smooth muscle actin, fibro-
nectin, and TGF-B1 (P = .002, P = .001, P = .001, P =
.001, respectively) and higher levels of E-cadherin than in
group A (P = .005).

DISCUSSION

The results of the present study suggest that EW-7197
inhibited TGF-B1 signaling, leading to inhibition of granu-
lation tissue formation caused by mechanical injury
incurred by the bare metallic stent. The luminal diameter
of the stented esophagus was significantly smaller in the
vehicle-treated control group than in the drug-treated
groups, indicating effective suppression of stent-induced
granulation tissue formation by EW-7197. EW-7197 treat-
ment significantly inhibited collagen accumulation in the
drug-treated groups. Consistent with the gross findings,
histologic examination demonstrated significantly less
granulation tissue formation in the drug-treated groups,
which correlated with esophagography findings. Consis-
tently, Western blot analysis revealed that TGF-B1-
induced phosphorylation of Smad3 was significantly
inhibited in the drug-treated group. These results showed
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Figure 6. Continued.

that targeting TGF-B type I receptor kinase inhibitor = a-smooth muscle actin and restored the level of the
by using EW-7197 selectively inhibited TGF-B/Smad epithelial marker E-cadherin.

signaling. Furthermore, EW-7197 reduced the levels of The TGF-B/SMAD pathway is a central mediator of
the mesenchymal markers N-cadherin, fibronectin, and ~ wound healing and scaring processes. Therefore,
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inhibition of TGF-B signaling by inhibiting ALKS activity
might negatively affect tissue healing. For example, Kim
et al” reported that inguinal or abdominal herniation of
the small bowel occurs at the injection site after
intraperitoneal administration of an ALKS inhibitor, IN-
1233 and that hernia formation may have been caused by
delayed wound healing and a reduction in granulation tis-
sue formation. However, in the current study there were
no adverse events after per-oral administration of EW-
7197. EW-7197, which was recently introduced as an cancer
immunotherapeutic/antifibrotic agent, is a highly potent,
selective, and orally bioavailable ALK5 inhibitor.'""" Ac-
cording to the proposed therapeutic applications of ALKS
inhibitors and the favorable pharmacologic, pharmacoki-
netic, and toxicologic profiles of EW-7197 (IND 119528),
a first-in-human dose-escalation study of EW-7197 in sub-
jects with advanced-stage solid tumors is in progress in
the United States (https://clinicaltrials.gov/ct2/show/
NCT02160106). Our results demonstrated that EW-7197
effectively and safely suppressed granulation tissue forma-
tion after stent placement in the rat esophagus.

TGF-B/SMAD signaling stimulates most processes of
fibrosis and tissue regeneration in association with the
EMT and ECM synthesis and is a major profibrotic fac-
tor.””*> We have demonstrated for the first time that an
ALKS inhibitor suppressed granulation tissue formation
by inhibiting TGF-B1/SMAD3-induced EMT and ECM syn-
thesis. The EMT is associated with dramatic changes in
ECM composition and attachment that act together to alter
cell  morphology.” The EMT induces dramatic
reorganization of the ECM, because many EMT-inducing
factors upregulate the expression of ECM proteins. Here
we showed that the level of E-cadherin, which mediates
epithelial cell-cell interactions, was higher in the drug-
treated group than in the vehicle-treated control group.
Consistently, the level of N-cadherin, which mediates myo-
fibroblast cell-cell interactions, was lower in the drug-
treated group than in the vehicle-treated control group.
Moreover, the levels of a-smooth muscle actin, which is
a myofibroblast marker, and fibronectin, which is a glyco-
protein component of the ECM, were lower in the drug-
treated group than in the vehicle-treated control group.
Our results strongly suggest that EW-7197 inhibits granula-
tion tissue formation caused by bare metallic stent place-
ment by blocking EMT and ECM synthesis in a rat
esophageal model.

EW-7197 may also have potential value as a drug to pre-
vent other esophageal stricture formations. The develop-
ment of  post-lye-induced, peptic, anastomotic
esophageal strictures are all involved with increased
expression of TGF-B1.”"*’ Thus, we assume that EW-
7197 could be used as an antistructuring drug. However,
EW-7197 may be limited to acute postoperative applica-
tions and further emphasize the importance of identifying
more selective strategies to modify the wound-healing and
scaring processes that might be more useful for the treat-

ment of esophageal strictures.”’ Although several
treatment protocols have been devised, the benefit and
standardization of these treatments are still controversial.”’

The rebound effect occurs after discontinuation of
numerous classes of drugs. In our study the results of
EW-7197 withdrawal 4 weeks after stent placement were
obtained to evaluate the rebound effect. There were no dif-
ferences in results between groups C and D, including
esophagographic and histopathologic findings. Gratify-
ingly, the patency of the stent was maintained for 8 weeks
in group C after withdrawal of EW-7197. Wound healing af-
ter mechanical injury is divided into inflammatory, fibro-
blastic, and granulation phases within approximately
4 weeks.'””" Early on, fibroblast and epithelial cells
migrate to the wound site where they form highly vascular
granulation tissue. Our results showed no rebound effects
after EW-7197 withdrawal after 4 weeks; thus, long-term
use of this drug may not be necessary. Nonetheless, further
studies, including long-term follow-up, are required to
confirm our findings.

Advances in stent technology have contributed to high
success rate of stent placement, and recent attention is
focused on long-term preservation of stent patency.
Stent-induced stenosis is caused by granulation tissue for-
mation and fibrosis, and treatment in vitro and in vivo
with dexamethasone, paclitaxel, gemcitabine, or irradia-
tion applied is used to inhibit stent obstruction in nonvas-
cular luminal organs.”'”*>%??%> Unfortunately, current
therapies are insufficient. Our present study demon-
strates the potential of EW-7197 to reduce granulation
tissue formation in a rat esophageal model by acting as
a selective ALKS inhibitor. More recent stent innovations
include local drug delivery via drug-eluting stents to treat
nonvascular diseases.'"?“7*7° As a next step, stents
eluting EW-7197 should be developed with the expecta-
tion of enhanced safety and a more effective and
controlled dose than per-oral administration. Delivery of
this drug via a stent potentially allows for a localized
and sustained effect on stent-induced stenosis. Further-
more, the combination of the pharmacologic effects of
EW-7197 with the mechanical advantages of a covered
stent could allow its application to benign strictures in
nonvascular luminal organs after all other treatment
options are exhausted.

There are some limitations to our study. First, we did
not evaluate the toxicity and side effects of EW-7197,
although this is the goal of the study (NCT02160106)
described above. Second, only a few representative
markers of the ECM and EMT were evaluated in this
study. Third, it is necessary to determine the exact
time to discontinue drug administration in a further
study. In conclusion, EW-7197 is effective and safe for
the suppression of granulation tissue formation after
stent placement in a rat esophageal model and possesses
strong potential as an antifibrotic agent via its ability to
inhibit TGF-f signaling.
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