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AXL Is a Potential Target for the Treatment of Intestinal Fibrosis

Calen A. Steiner, MD, MS,* Eva S. Rodansky, MS,* Laura A. Johnson,* Jeffrey A. Berinstein, MD, MSc,*
Kelly C. Cushing, MD MSCI,*® Sha Huang, MS,* Jason R. Spence, PhD,*" and Peter D. R. Higgins, MD, PhD, MSc*

Background: Fibrosis is the final common pathway to intestinal failure in Crohn’s disease, but no medical therapies exist to treat intestinal fi-
brosis. Activated myofibroblasts are key effector cells of fibrosis in multiple organ systems, including the intestine. AXL is a receptor tyrosine ki-
nase that has been implicated in fibrogenic pathways involving myofibroblast activation. We aimed to investigate the AXL pathway as a potential
target for the treatment of intestinal fibrosis.

Methods: To establish proof of concept, we first analyzed AXL gene expression in 2 in vivo models of intestinal fibrosis and 3 in vitro models
of intestinal fibrosis. We then tested whether pharmacological inhibition of AXL signaling could reduce fibrogenesis in 3 in vitro models of in-
testinal fibrosis. In vitro testing included 2 distinct cell culture models of intestinal fibrosis (matrix stiffness and TGF-$1 treatment) and a human
intestinal organoid model using TGF-$1 cytokine stimulation.

Results: Our findings suggest that the AXL pathway is induced in models of intestinal fibrosis. We demonstrate that inhibition of AXL signaling
with the small molecule inhibitor BGB324 abrogates both matrix-stiffness and transforming growth factor beta (TGF-f1)-induced fibrogenesis
in human colonic myofibroblasts. AXL inhibition with BGB324 sensitizes myofibroblasts to apoptosis. Finally, AXL inhibition with BGB324
blocks TGF-f1-induced fibrogenic gene and protein expression in human intestinal organoids.

Conclusions: The AXL pathway is active in multiple models of intestinal fibrosis. In vitro experiments suggest that inhibiting AXL signaling

could represent a novel approach to antifibrotic therapy for intestinal fibrosis such as in Crohn’s disease.
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INTRODUCTION

Crohn’s disease (CD) affects over 775,000 Americans,
and its incidence is rising worldwide.!? Intestinal fibrosis is the
final step to intestinal failure in patients with CD. Fibrotic di-
sease is characterized by excessive accumulation of extracel-
lular matrix (ECM) components in the tissue, causing severe
dysfunction of the involved organ. In the intestine, fibrosis
leads to strictures, followed by obstruction. The resulting in-
creased luminal pressure, combined with inflammation and
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weakening of the intestinal wall, leads to penetrating compli-
cations such as fistulas and abscesses.

Intestinal obstruction and penetrating complications
lead to surgery in more than 64% of all patients with CD,?
incurring total annual medical costs of greater than $3.6 bil-
lion per year in the United States.* Many medications effec-
tively treat inflammation in CD, but no medical therapies exist
to treat intestinal fibrosis.’ The treatment of intestinal fibrosis
is currently limited to surgical intervention or endoscopic bal-
loon dilation.® Understanding the pathogenesis of intestinal fi-
brosis and the development of antifibrotic therapies represent
an area of great need and opportunity.

Activated myofibroblasts are key effector cells of fibrosis
in CD and play a critical role in wound healing via expression
of contractile proteins and production of ECM glycoproteins.’
Myofibroblast activation is mediated by several mechanisms
including profibrogenic cytokines and mechanical stress.® ®
TGF-B1 is a key profibrotic cytokine in the pathology of CD
in humans and in animal models of intestinal fibrosis.'"> ' In
isolated intestinal myofibroblasts, profibrotic signaling occurs
through the canonical TGF-B/SMAD-mediated pathway.” '?
TGF-B1 is expressed in many tissues and by many cell types,
with complex regulation and different actions depending on
the tissue type.® ' Macrophages are an important source of
TGF-1, and the direct interaction of macrophages with
myofibroblasts has been shown to activate myofibroblasts in
a profibrotic manner." Elegant in vitro studies have demon-
strated that the ECM itself maintains a store of latent TGF-f31
that is released by the contraction of activated myofibroblasts
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and could play an important role in the rapid response to
wound healing.” Further, colonic myofibroblasts grown on
stiff substrate are activated into a fibrogenic phenotype.'> The
combination of TGF-f1 cytokine stimulation and subsequent
ECM stiffness in the intestinal wall creates a self-propagating
cycle of fibroblast activation,'® continued deposition of ECM,
and myofibroblast contraction.

Intestinal fibrosis in CD is believed to result from chronic
inflammation; however, the underlying mechanisms are yet to
be fully elucidated.!! Contributions from humoral factors, cel-
lular interactions, environmental factors, and the properties of
the ECM have all been implicated in the pathogenesis of in-
testinal fibrosis.!" In CD strictures, tissue fibrosis is linked to
alterations in TGF-p1 signaling and pathological activation of
intestinal myofibroblasts.!” Despite the role of inflammation
in initiating intestinal fibrosis, mouse models have shown that
only very early amelioration of inflammation can prevent the
development of intestinal fibrosis, and fibrosis can progress in
the absence of inflammation.!®

Though the role of TGF-f1 in fibrosis is well known,
there is growing evidence for the involvement of AXL
signaling in myofibroblast activation.!®* AXL is a member of
the TAM (TYRO 3, AXL, and MER) family of receptor ty-
rosine kinases, and AXL inhibitors are currently in clinical
trials as an adjunct to chemotherapy for the treatment of a
number of solid and hematologic cancers.' The TAM family
has been implicated in inflammatory bowel disease.”* AXL
signaling is involved in epithelial-mesenchymal transition
(EMT)?! and mediates numerous cellular responses including
adhesion,?” migration and invasion,”® mechanosensing and
contraction,? proliferation and survival,® and cytoskeletal
remodeling.”® AXL signaling has been implicated in fibrosis
of the liver!® and kidney.?® Recent studies suggest that AXL
could be both an upstream inducer and a downstream ef-
fector of the EMT phenotype.?” The role of AXL down-
stream of TGF-B1 has been shown in both hepatocellular
carcinoma® and breast carcinoma.?” Expression of AXL in
response to TGF-B1 is observed in noncancerous conditions
of the pancreas and skin.*

AXL has been implicated in cytokine-mediated
fibrogenesis and may also play a role in autopropagation
of fibrogenic pathways through mechanotransduction and
regulation of cell adhesion.? ! AXL has been shown to re-
cruit FAK and Src to affect adhesion in schwannoma.?
AXL is involved in protection of endothelial cells from ap-
optosis in response to laminar shear stress in blood vessel
walls and is present in molecular complexes that function
in mechanotransduction.’! As further evidence for a role of
AXL in mechanotransduction, AXL is a molecular check-
point involved in myofibroblast focal adhesion maturation
and sensing substrate stiffness via the traction force response
to substrate rigidity.?> Other groups have shown that inhibiting
AXL reverses EMT? and that targeting AXL reduces liver
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fibrosis by hepatic stellate cell inactivation.'® These data sug-
gest that targeting AXL could be an effective strategy for de-
veloping antifibrotic drugs for multiple other organ systems,
including the intestine.

The small molecule BGB324, (formerly R428), is a highly
selective and potent inhibitor of AXL kinase protein. This mol-
ecule, (BGB324), is a potent inhibitor of AXL, with an EC,/
IC,, equal to 14nmol/L. It is also highly specific, with one ar-
ticle demonstrating a 10- to 100-fold higher selectivity vs most
kinases out of 133 tested, including a 50-fold and 100-fold
higher selectivity for AXL over fellow members Mer and Tyro3,
respectively.®

We aimed to better understand if AXL is involved in the
mediation of intestinal fibrosis and if inhibition of AXL is a
potential therapeutic target for intestinal fibrosis. We evaluated
whether AXL is upregulated in models of intestinal fibrosis. We
then investigated the effect of AXL inhibition with the small
molecule inhibitor BGB324 in in vitro models of intestinal
fibrosis.

MATERIALS AND METHODS

Cell Culture

Human colonic fibroblast CCD-18Co cells (CRL-1459)
were obtained from ATCC (Bethesda, MD). Cells were cul-
tured in a-MEM (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS) and subcultured weekly.
Cells between passage 3 and 10 were used in experiments.

Rodent Models of Intestinal Fibrosis

AXL gene expression analysis was performed on co-
lonic tissue from 2 in vivo rodent models of intestinal fi-
brosis, the first using the rat 2, 4, 6 trinitrobenzenesulfonic
(TNBS) enema model, and the second using mice infected
with Salmonella typhimurium as previously described by our
group.'® 337 The rat TNBS model consists of repeated weekly
TNBS enemas with recovery and is a thoroughly character-
ized and often utilized model of intestinal fibrosis.>* 373 The
mouse S. typhimurium model utilizes treatment with strepto-
mycin followed by a short infection with S. typhimurium to
induce intestinal fibrosis, followed by levofloxacin elimina-
tion of the S. typhimurium; it is also well characterized and
used previously by our group.!®: 3336

TGF-B1 Fibrogenesis Model

Low-passage (passages 2-7) colonic myofibroblasts
(CCD-18co cells) were seeded at 5 X 10* cells/mL on multiwell
tissue culture plates (12-well, 1 mL/well for gene expression;
6-well, 3 mL/well for protein expression). Cells were serum-
starved overnight before stimulation with 0.05 ng/mL of TGF-
pl (R&D Systems, Minneapolis, MN), cotreated +/- AXL
inhibitor BGB324 (R428, Selleck Chemicals, Houston, TX),
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and diluted from a 10-mM stock solution prepared in dimethyl
sulfoxide (DMSO). The maximum concentration of DMSO in
any in vitro experiment was <0.1%. Serum starvation was per-
formed to reduce the effect of serum on markers of fibroblast
differentiation when treated with TGF-1.* Cells were har-
vested for gene expression analysis at 24 hours and for protein
expression analysis at 48 hours. In the multiday TGF-f1 treat-
ment experiments, media was changed daily to replenish the ac-
tive TGF-B1 and the AXL inhibitor.

Matrix Stiffness Fibrogenesis Model

Polyacrylamide gels recapitulating the stiffness of
normal bowel were made as previously described.”” Low-
passage CCD-18co cells were seeded at 1 X 10° cells/mL
in 10% FBS-containing growth media on multiwell plates
containing collagen-coated acrylamide gels corresponding
to soft (4.3 kPa, 0.02% bisacrylamide) matrices, patholog-
ically stiff (28 kPa, 0.16% bisacrylamide) matrices, or on
the collagen-coated plastic well bottom (which is ~10° kPa
and of a magnitude stiffer than human intestine).* Cells
were allowed to attach to the matrix for 30 minutes, and
then the gels were transferred to new wells. Media was as-
pirated off the plastic wells and replaced with low-serum
(0.5% FBS) a-MEM in the presence or absence of 2-uM
BGB324 (R428, Selleck Chemicals, Houston, TX). Cells
were harvested for gene expression analysis at 24 hours
and for protein expression analysis at 48 hours. Treatment
media were not changed during the 48-hour treatment to
prevent loss of floating cells. Because the 2-uM BGB324
resulted in significant (220%) cell detachment at 48 hours,
which was expected due to its pro-apoptotic activity, the su-
pernatant containing floating cells was collected, and cells
pooled with the lysate of the adhered cells. Supernatants
from all samples were collected.

Fas Ligand-mediated Apoptosis Assay
Low-passage CCD-18co cells were seeded at 1 x 103
cells/mL in 10% FBS-containing growth media on multiwell
plates containing collagen-coated acrylamide gels corre-
sponding to soft (4.3 kPa, 0.02% bisacrylamide) or patho-
logically stiff (28 kPa, 0.16% bisacrylamide) matrices or on
collagen-coated plastic wells. Cells were allowed to attach
to the matrix for 30 minutes, and then the gels were trans-
ferred to new wells. Media was aspirated off the plastic wells
and replaced with low-serum (0.5% FBS) a-MEM for over-
night starvation. The following day, apoptosis was induced
by treatment with 100 ng/mL Fas activating antibody (clone
CHI11, Millipore Sigma, St. Louis, MO) in the presence or ab-
sence of 2-pM BGB324, in low-serum (0.5% FBS) a-MEM.
At 5 hours, total cell protein was isolated for cleaved PARP
quantitation (described in the western blot section). Because
the Fas ligand (FasL) and BGB324 resulted in significant cell

detachment, floating cells were collected and pooled with
the adhered cells before lysis. Supernatants from all samples
were collected.

Human Intestinal Organoid Culture and

TGF-B1-induced Fibrogenesis Model

All work was approved by the University of Michigan
Human Pluripotent Stem Cell Research Oversight Committee
(HPSCRO). Human embryonic stem cells (H9, Wicell Research
Institute, Madison, WI) were differentiated into human intes-
tinal organoids (HIOs) as described previously.*"* Organoids
with high mesenchymal cell composition were chosen, as op-
posed to more cyst-like organoids with high epithelial cell
content. The HIOs were embedded in growth factor-reduced
Matrigel (BD Biosciences, San Jose, CA, catalog#356231), over-
laid with intestinal growth media as previously described,* and
later transferred to advanced DMEM/F12 media (Invitrogen,
Carlsbad, CA) with 10% fetal bovine serum added. One day be-
fore initiation of TGF-f1 treatment, HIOs were serum-starved
for 24 hours in serum-free advanced DMEM/F12. Serum star-
vation was performed to reduce the effect of serum on markers
of fibroblast differentiation when treated with TGF-f31.*° The
HIOs were treated with 2 ng/mL of TGF-f1 in the presence
or absence of inhibitors for 4 days, with media changed daily
to replenish active TGF-B1. Spironolactone (Sigma, S3378)
at 250 pM, the inhibitor used as proof-of-concept in our in-
itial study of the HIO model for testing antifibrotic drugs,*
was used as the antifibrotic control given that it has previously
been shown to have potent antifibrotic effects.’” ** Tofacitinib
is a JAK inhibitor currently approved for the treatment of
ulcerative colitis.* Our group has tested tofacitinib (catalog
#14703, Cell Signaling, Danvers, MA) in 3 in vitro models
of intestinal fibrosis. Tofacitinib failed to significantly reduce
markers of fibrogenesis in pure fibrogenic (noninflammatory)
models of intestinal fibrogenesis in vitro and therefore was used
as the negative control at our previously used concentration
of 10 pM. Given the increased density and multicellular struc-
ture of HIOs and the Matrigel embedding, in addition to prior
work from our group that empirically determined using a 4-fold
higher concentration of TGF-,* we anticipated requiring a
corresponding increase in BGB324 concentration. Initially,
both 5-uM and 10-uM BGB324 concentrations were tested,
with the most robust response seen with the 10-uM BGB324
(4-fold higher than in the myofibroblast models).

Human Sample Analysis

The analysis of 4XL gene expression in human CD sam-
ples was performed on archived cDNA from formalin-fixed
paraffin-embedded (FFPE) clinical resection tissue. Tissue was
obtained from subjects undergoing resection of Crohn’s disease
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small bowel intestinal stricture as described previously.!> Use
of these samples was approved by the University of Michigan
Institutional Review Board. Samples from CD stricture (n = 8)
were compared with CD surgical margin (n = 6).

Gene Expression Analysis

RNA was extracted from cells and HIOs using the RNeasy
kit (Qiagen, Valencia, CA). RNAs were treated with R Nase-free
DNase before cDNA synthesis using the First Strand Synthesis
kit (Invitrogen, Carlsbad, CA) according to manufacturer’s
protocol and as previously described.'>* The analysis of gene
expression was determined by quantitative real-time poly-
merase chain reaction (QPCR) of our selected genes. Analysis
for collagen-1 A1 (COLAI), myosin light chain kinase (M YLK),
fibronectin 1 (FNI) genes, and GAPDH was performed with
the TagMan gene expression assays (ABI, Foster City, CA).
Tagman primer and probe sequences are proprietary; assay
IDs for each gene evaluated are listed later on. Quantitative
real-time polymerase chain reaction was performed using an
Applied Biosystems Step One Plus real-time PCR system.
a-Smooth muscle actin (aSMA; ACTA2) gene expression was
determined with the SYBR Green assay using the following
primers: ACTA2-F 5-AATGCAGAAGGAGATCACGC-3’,
ACTA2- R 5-TCCTGTTTGCTGATCCACATC-3’, as previ-
ously described.* For gene expression analysis of human CD
samples and rodent fibrotic vs normal samples, gPCR was per-
formed on archived cDNAs." An 4 XL-gene specific TagMan
primer was used to evaluate AXL expression. A GAPDH-
specific TagqMan primer was used to repeat GAPDH gene ex-
pression normalization. The assay 1Ds for AXL and GAPDH
are listed later on. Cycling conditions were 95°C for 10 min-
utes, followed by 40 cycles of 95°C for 15 seconds, and 62°C
for 60 seconds. Delta-delta-Ct (AACt) values were calculated by
normalizing to GAPDH expression.

QPCR Primers

This list comprises all QPCR primers used:

COLIAI: Thermo Fisher Scientific; UniGene ID:
Hs.172928; Assay ID/DNA Sequence: Hs00164004_m1

MYLK: Thermo Fisher Scientific; UniGene ID:
Hs.477375; Assay ID/DNA Sequence: Hs00364926_m1

FNI: Thermo Fisher Scientific; UniGene ID: Hs.203717;
Assay ID/DNA Sequence: Hs01549976_ml1

AXL: Thermo Fisher Scientific; UniGene ID: Hs.590970;
Assay ID/DNA Sequence: Hs01064444_m1

GAPDH: Thermo Fisher Scientific; UniGene ID:
NM_002046.3; Assay ID/DNA Sequence: 4352934E

Western Blot Analysis

Analysis was performed on AXL, aSSMA, GAPDH, and
cleaved PARP protein levels. Total protein was isolated, then sep-
arated by SDS-PAGE, and probed as previously described.! 440
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To include detached cells, supernatant and washes in PBS
containing protease inhibitors (Roche, Sigma) were collected.
These were centrifuged at 500 x g, and the cell pellet was pooled
in lysis buffer with the lysate from the adhered cells. For anal-
ysis of collagen 1 protein level, total protein was isolated as
previously described.!>3%4 However, loading samples were pre-
pared and boiled in nonreducing loading buffer. For transfer
the gel was cut along a 60 kDa size marker. The upper half
(to be probed for collagen 1) was transferred overnight at 12
V, 4°C, in transfer buffer containing 0.1% SDS. The bottom
half (to be probed for GAPDH) was transferred separately at
75 minutes, 100 volts, 4°C in a standard transfer buffer (25 mM
Tris-HCI, 0.2 M glycine, 20% methanol).*’

Antibodies

This list comprises all antibodies used:

AXL antibody: Cell Signaling # 8661 at 1:1000 in 5%
BSA/TBST

aSMA antibody: Sigma #A528 at 1:300 in 5% milk/TBST

Cleaved PARP antibody: Cell Signaling # 9541, 1:1000 in
5% milk/TBST

GAPDH antibody: Fisher Scientific, AM4300 (Clone
6¢5), 1:10,000 in 5% milk/TBST

Collagen I antibody: Rockland, #600-401-103, at 1:1000
in 5% milk/TBST

Statistical Analysis

Statistical differences were determined by a 2-sided,
unpaired Student ¢ test or Mann-Whitney U test, where ap-
propriate. Results with a P value <0.05 were considered statis-
tically significant. Random effects meta-analysis was employed
for combining distinct biological replicates where indicated in
the text. Based on recent NIH emphasis on rigor of validation
of experiments with immortal and unstable cell lines, we are
treating each in vitro experiment as 1 independent biological
replicate with random effects. Meta-analyses and graphing
were performed with Rstudio (Rstudio, Inc., Boston MA; R
version 3.6.1, R Foundation for Statistical Computing, Vienna,
Austria.) Meta-analyses are presented of standardized mean
differences (SMD) with a 95% confidence interval (CI) based
on a random effects model described by Mantel and Haenszel.*
Standardized mean difference magnitude was considered small
where SMD = 0.2, medium where SMD = 0.5, large where
SMD = 0.8, and very large where SMD = 1.3.#

RESULTS
AXL gene and protein expression is upregulated in mul-
tiple in vitro and in vivo models of intestinal fibrosis.
To investigate the possibility of AXL involvement in
intestinal fibrosis, we first evaluated 4 XL gene expression in
multiple models of intestinal fibrosis. Using a matrix stiffness
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fibrogenesis model, we found that CCD-18Co cells express a
very low level of AXL gene when plated on soft (4.3 kPa)
collagen-coated bisacrylamide gels, corresponding to the
stiffness of physiologically normal intestine. Plating these
cells on pathologically stiff (28 kPa, 0.16% bisacrylamide)
matrices resulted in a 1.4-fold induction of 4 XL gene expres-
sion (P = 0.03; Fig. 1A). Using a TGF-B1 fibrogenesis model
in CCD-18Co myofibroblasts, we found that 4 XL gene ex-
pression is induced 1.7-fold by TGF-p1 (P = 0.02; Fig. 1B).
AXL gene expression was 2.0-fold higher in the fibrostenotic
condition in both the mouse S. typhimurium and rat TNBS
models (P = 0.09 and 0.001 respectively; Fig. 1C and D).
Lastly, using the TGF-1 human intestinal organoid model,
we found that A XL expression increases 1.8-fold in response
to TGF-B1 (P = 0.08; Fig. 1E). Preliminary experiments on
a limited set of archived human tissue from CD resections
were also performed. Using a Mann-Whitney U test, these
data did not achieve statistical significance (z score = 1.4,
P = 0.17). However, there was a bimodal distribution of
AXL gene expression. In some CD strictures, 4 XL gene ex-
pression was unchanged compared with margin; however in
others, AXL expression was markedly induced (45 to >100
fold; Supplemental Fig. 1). This may reflect the fibrotic het-
erogeneity of CD strictures.”® Though the 4 XL gene expres-
sion data is not uniformly statistically significant, there is a
consistent numerical increase in 4 XL gene expression across
multiple intestinal fibrosis models.

AXL protein expression was induced by fibrotic stimuli
in both the CCD-18Co TGF-f1 and matrix stiffness models, as
demonstrated by Western blot (Fig. 2A and C). AXL protein
expression was induced in the matrix stiffness model of intes-
tinal fibrosis; however, this did not reach statistical significance
(n = 3). AXL protein expression was numerically increased in
the TGF-B1 model of intestinal fibrosis and nearly reached sig-
nificance (Fig. 2B; P = 0.059; n = 3).

BGB324 Abrogates Fibrogenic Protein Induction

in 2 in Vitro Models of Intestinal Fibrosis

Previous work in our lab has shown that protein levels
of the extracellular matrix component collagen 1 and the cy-
toskeletal protein and marker of myofibroblast activation,
aSMA, are induced in vitro in models of fibrogenesis using
CCD-18Co human intestinal myofibroblasts.!>* In this study,
treatment of CCD-18Co myofibroblasts with 0.05 ng/mL of
TGF-p1 for 48 hours induced the expression of aSMA protein
5.4-fold (P = 0.00019), whereas cotreatment with increasing
levels of BGB324 results in a dose-dependent abrogation of
this induction (P = 0.012, 0.0015, 0.00012 vs TGF-p1 treated;
Fig. 2A and B). A trend toward significance was seen with re-
gard to induction of collagen 1 protein (P = 0.17) and sub-
sequent abrogation by 2-uM BGB324 (P = 0.12; Fig. 2A
and B). The dose-dependent decrease in aSMA and collagen

expression corresponded with similar dose-dependent abroga-
tion of AXL protein expression, with a statistically significant
reduction of AXL protein expression at the 2-uM BGB324
dose (P = 0.024 vs TGF-p1 treated; Fig. 2A and B). In addi-
tion, a cleavage product around 55 kDa was observed (Fig. 2A
and C), suggesting a possible mechanism of action of BGB324
by affecting AXL protein levels by inducing proteolysis. The
size of this cleavage product corresponds with the cleavage
product generated by the activity of a-secretase, as previously
reported.’! 3

In the matrix stiffness model, culture of CCD-18Co cells
for 48 hours on collagen-coated plastic (orders of magnitude
stiffer than 4.3 kPa bisacrylamide gels, which correspond to the
stiffness of normal human intestine) results in the induction
of aSMA and AXL protein expression (Fig. 2C). Treatment
with 2-uM BGB324 abrogates this induction (Fig. 2C). As this
model requires collagen coating of the gels and the tissue cul-
ture substrate, we cannot accurately quantitate the collagen
1 protein in this matrix stiffness model. Similar to the TGF-
plmodel, treatment with BGB324 abrogates expression of the
full-length AXL protein with a concurrent increase in cleaved
AXL product.

The small molecule AXL inhibitor BGB324 abrogates
fibrogenic gene induction in the CCD-18Co myofibroblast ma-
trix stiffness and TGF-B1 models of intestinal fibrosis.

Having found a consistent increase in 4 XL gene expres-
sion across multiple models of disease, we proceeded to test
whether an AXL inhibitor could abrogate fibrogenic gene ex-
pression under conditions of pathological substrate stiffness or
fibrogenic cytokine (TGF-f1) treatment. We have previously
used these in vitro models to demonstrate the efficacy of an in-
hibitor of the Rho/MRTF/SRF pathway.*4

Plating CCD-18Co myofibroblasts on pathologically stiff
substrates results in the induction of mechanosensitive fibrogenic
genes.¥ Due to the high model variability observed in a series
of 5 separate experiments with 3 wells (technical replicates) per
treatment group (Supplemental Fig. 2), a random-effects meta-
analysis of gene expression was performed. Comparing the effect
of 2-pM BGB324 treatment of cells plated on plastic to untreated
cells plated on plastic (matrix-stimulated), we observed very
large standard mean difference effect sizes for 4 fibrogenic genes
(COLIAI, MYLK, FNI, and ACTA2; Fig. 3). The largest effects
of BGB324 were observed for COLIAI (SMD = -5.6, P = 0.006)
and MYLK (SMD = -7.4, P <0.000001). Smaller yet very large
effect sizes were observed for FNI (SMD = -3.3, P < 0.000001)
and ACTA2 (SMD =-3.7, P = 0.08).

In the TGF-B1 model, treatment of CCD-18Co with TGF-
(1 also results in upregulation of fibrogenic genes.** We performed
a random-effects meta-analysis of gene expression over 3 separate
experiments consisting of 2 wells (technical replicates) per treat-
ment group. Similar to the stiffness model, we observed very large
SMD effect sizes for the 4 fibrogenic genes (COLIAI, MYLK,
FNI, and ACTA2) in the 2-pM BGB324-treated groups vs the
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A_ Axl Gene Expression in the CCD-18co Stiffness Model B AxI Gene Expression in the CCD-18co TGFB Model
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FIGURE 1. Induction of AXL gene expression in multiple models of intestinal fibrosis. AXL gene expression is induced in (A) CCD-18Co stiffness
model utilizing soft or pathologically stiff collagen coated acrylamide gels (n = 11 per group, P=0.031); (B) CCD-18Co TGF-31 model (n = 18 per
group, P =0.022); (C) mouse S. typhimurium model (n =5 per group, P = 0.087); (D) rat TNBS model (n = 12 per group, P = 0.0015); (E) human intes-
tinal organoids untreated vs TGF-31 treated (n = 14 untreated, 13 treated, P = 0.077); (F) summary table of gene expression.
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FIGURE 2. BGB324 abrogates CCD18Co myofibroblast fibrogenic protein expression. A, Western blot of fibrogenic proteins in the CCD-18Co TGF-
31 model. CCD-18Co cells were treated with TGF-B1 +/- BGB324 for 48 hours. Total cell protein was extracted for Western blot analysis. Treatment
with BGB324 results in the formation of an AXL cleavage product 55 kDa in size. Treatment with 0.5, 1, and 2-uM BGB324 and TGF-f31 resulted in
a dose-dependent decrease in both AXL and aSMA protein expression. A longer exposure (data not shown) revealed that 2-uM BGB324 did not
completely abrogate AXL and aSMA protein expression. B, Quantification of protein expression in the CCD-18Co TGF-31 model using Imagel. C,
Western blot of fibrogenic proteins in the matrix stiffness model. CCD18Co cells were cultured for 48 hours on multiwell plates containing soft
matrices or on the collagen-coated plastic well bottom. This was done in the presence or absence of BGB324 in low-serum media. Total cell pro-
tein was extracted for Western blot analysis at 48 hours. As the matrix stiffness model requires collagen coating of gels and plastic, this precludes
quantitation of collagen protein in this model. Treatment with BGB324 again results in the formation of an AXL cleavage product of 55 kDa.

TGF-p1-treated samples (Fig. 4, Supplemental Fig. 3). The largest
effect size was observed for COLIAI (SMD = -8.3, P = 0.001).
Very large effect sizes were observed for MYLK (SMD = -3.9,
P =0.0004), FNI (SMD =-2.3, P =0.013), and ACTA2 (SMD =
-3.7, P =0.0003). The relatively smaller effect size of M YLK in the
TGF-B1 model compared with the stiffness model may reflect the
role of M YLK in actin stress fiber contraction in the ECM.

BGB324 Sensitizes CCD-18CO Human Intestinal
Myofibroblasts to FasL-mediated Apoptosis

Using the myofibroblast matrix stiffness model, we
show that inhibition of AXL signaling with BGB324 sensi-
tizes CCD-18Co human intestinal myofibroblasts to FasL-
mediated apoptosis (Fig. 5). Increased levels of cleaved
poly (ADP-ribose) polymerase (PARP) protein correspond
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Effect of BGB324 on COL1A71 Gene Expression in the Stiffness Model

Effect of BGB324 on MYLK Gene Expression in the Stiffness Model

Experiment SMD [95% Cl] Experiment SMD [95% Cl]
ESTF127 —a— -7.98 [-12.13, -3.83] ESTF127 —a— -7.64[-11.63, -3.65]
ESTF128 HiH -4.36[-6.91, -1.81] ESTF128 —_—y -11.33 [-17.05, -5.61]
ESTF134 —_— -20.58 [-32.33, -8.83)] ESTF134 —_— -7.99 [-12.79, -3.20]
ESTF135 .-4 -1.99[-3.94, -0.03] ESTF135 —_— -7.38[-11.85, -2.91]
ESTF136 —a— -5.38[-8.82, -1.94] ESTF136 —a— -5.52[-9.03, -2.01]

decreased increased decreased increased
p-value = 0.0006 - -5.64 [ -8.86, —2.42] p-value = 0.0000 NS © -7.43[-9.36, -5.50]
T | T T T T 1
-40 -30 -20 ~-10 0 -20 -15 -10 -5 0

Effect of BGB324 on FN7 Gene Expression in the Stiffness Model

Effect of BGB324 on ACTA2 Gene Expression in the Stiffness Model

Experiment SMD [95% CI] Experiment SMD [95% CI]
ESTF127 —a— -3.76 [-6.06, -1.45] ESTF127 —a— =5.11[-7.96, -2.25]
ESTF128 [ — -6.01[-9.27, -2.76] ESTF128 — -11.30[-17.01, -5.59]
ESTF134 — -3.79 [-6.47, -1.11] ESTF134 —a— -3.82[-6.50, -1.13]
ESTF135 D—I—l -2.31[-4.38, -0.25] ESTF135 t—.—l 2.69[ 0.48, 4.90]
ESTF136 — -2.61[-4.78,-0.43] ESTF136 '—I—' -2.79[-5.03,-0.54]

decreased increased decreased increased
p-value = 0.0000 - -3.34[-4.41,-2.27] p-value = 0.0786 ’ -3.65[-7.71, 0.42]
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FIGURE 3. Inhibition of fibrogenic gene expression by the AXL inhibitor BGB324 in the matrix stiffness model. CCD-18Co cells were cultured for

48 hours on multiwell plates containing collagen-coated acrylamide gels corresponding to soft (4.3kPa, 0.02% bisacrylamide) matrices or on the
collagen-coated plastic well bottom in the presence or absence of 2-uM BGB324. Cells were harvested for gene expression analysis at 48 hours. Total
cell mRNA was extracted, and gene expression of COLTAT, FN1, MYLK, and aSMA (ACTA2) were measured using QPCR analysis. Gene expression was
normalized to GAPDH expression. Data are presented as random effects meta-analysis of gene expression over 5 independent experiments com-
paring plastic-plated vs plastic plus 2-uM BGB324. Each experiment consisted of 3 wells (technical replicates) per treatment per group.

to apoptosis induction. Intestinal myofibroblasts show
low-level PARP cleavage in response to Fas ligand alone.
Treatment of CCD-18Co with 2-uM BGB324 sensitizes
the myofibroblasts to apoptosis when treated with FasL,
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resulting in a dramatic and statistically significant induc-
tion of cleaved PARP protein (Fig. 5A). Additional matrix
stiffness experiments (n = 3) confirmed BGB324-mediated
cleaved-PARP induction (Fig. 5B, P = 0.0012 to 0.014).
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Effect of BGB324 on COL1A1 Gene Expression in the TGF-81 Model

Effect of BGB324 on MYLK Gene Expression in the TGF-31 Model

TGF-11-04-15 -5.11[-9.16, -1.06]
TGF-11-12-15 —_— -12.14 [-20.78, -3.50]
TGF 10-29-16 —_— -11.29 [-19.36, -3.22]
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p-value = 0.0011 i -8.34[-13.37, -3.32]
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Effect of BGB324 on FN1 Gene Expression in the TGF-31 Model

TGF-11-04-15 -2.56[-5.21, 0.08]
TGF-11-12-15 |—-——| -4.57 [-8.29, -0.85]
TGF 10-29-16 |—-—-¢ -6.42 [-11.29, -1.56]
decreased increased
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Effect of BGB324 on ACTA2 Gene Expression in the TGF-31 Model

TGF-11-04-15 -1.31[-3.47, 0.85] TGF-11-04-15 -4.54 [ -8.25, -0.83]
TGF-11-12-15 —_— -6.59 [-11.56, -1.62] TGF-11-12-15 '—l—i -2.51[-5.12, 0.11]
TGF 10-29-16 —a— -2.21[-4.70, 0.28] TGF 10-29-16 |—-—o -5.98 [-10.57, -1.40]
decreased : increased decreased increased
p-value = 0.0126 - -2.31[-4.13,-0.50] p-value = 0.0003 i -3.74[-5.78, -1.70]
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FIGURE 4. Inhibition of fibrogenic gene expression by the AXL inhibitor BGB324 in the TGF-$1 model. CCD-18Co cells were serum-starved for 24
hours and were treated with 0.05 ng/mL TGF-B1 +/- 2-uM BGB324 for 24 hours; then the total cell nRNA was extracted, and gene expression of
COL1A1, FN1, MYLK, and aSMA (ACTA2) were measured using QPCR analysis. Data are presented as a random effects meta-analysis of gene expres-
sion over 3 independent experiments comparing TGF-B1-treated vs TGF-31 plus 2-uM BGB324. Each experiment consisted of 2 wells (technical

replicates) per treatment per group.

BGB324 Abrogates Fibrogenic Gene and Protein
Induction in TGF-B1-Treated Human Intestinal
Organoids (HIO)

‘We have previously demonstrated that pluripotent stem
cell-derived HIOs recapitulate the 3-dimensional, multicell-
type structure of the human intestine because they pos-
sess both epithelium and a diverse mesenchyme, including
myofibroblasts.*! Further, we have previously demonstrated
that TGF-B1 treatment induces a robust fibrotic response in

HIOs.® Three independent experiments were performed on
separate days using new HIOs derived from the same cell
lines for each independent experiment. Each independent
experiment consisted of 3 wells (technical replicates) per
treatment group of a 24-well plate. Each well contained mul-
tiple (3—4) Matrigel droplets that contained 5 to 10 HIOs
per drop.

In each independent experiment, treatment with TGF-f31
induced expression of fibrogenic genes (COLIAI, MYLK, FNI,
and ACTA2) compared with untreated HIOs. Cotreatment with
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FIGURE 5. BGB324 sensitizes CCD18Co cells to apoptosis. CCD18Co cells underwent induction of apoptosis with Fas ligand in the presence or
absence of 2-uM BGB324. Total cell protein was extracted for Western blot analysis at 5 hours. Plating on stiff matrix (28kPa) or plastic conferred
resistance to apoptosis, and this resistance was abrogated with BGB324 treatment. A, Representative gel, total n = 3. B, Quantification of protein

expression using ImageJ.

tofacitinib (negative control) and TGF-1 did not abrogate
fibrogenic gene expression. In contrast, cotreatment with spiro-
nolactone (antifibrotic control) and TGF-f1 abrogated expres-
sion of COLIAI 5.5-fold (P = 0.015) and M YLK >100-fold
(P =10.038). Spironolactone reduced 4CTA2 expression but did
not reach significance (P = 0.11). Expression of FN/ was unaf-
fected by spironolactone (P = 0.50; Supplemental Fig. 4).

To elucidate the effects of BGB324 while controlling for
differences in the population of diverse cell types within the
HIOs, we performed a random effects meta-analysis of the
effect of BGB324 cotreatment with TGF-f1 compared with
TGF-p1 treatment alone. Treatment with 10-uM BGB324 dem-
onstrated a significant reduction in expression of 4 fibrogenic
genes (COLIAI, MYLK, FNI, and ACTA2) vs the TGF-f1-
treated samples (Fig. 6A). Large effect sizes were observed for
COLIAI (-1.9, P = 0.001), MYLK (-3.1, P = 0.0001), FNI
(2.6, P =0.0001), and ACTA2 (-1.1, P = 0.026). The magni-
tude of the effect sizes in the HIOs (which contain multiple cell
types) was lower than in both CCD-18co myofibroblast models,

312

suggesting a true biological effect, as myofibroblast cells are a
minority of cells within HIOs.*

Protein expression of aSMA was induced in HIOs
by treatment with TGF-B1 at 2 ng/mL for 4 days. Effects
of cotreatment with 10-uM BGB324 was compared with
cotreatment of TGF-f1 with negative (tofacitinib) and pos-
itive (spironolactone) controls (Fig. 6B). Spironolactone
profoundly repressed TGF-B1 induction of aSMA, whereas
tofacitinib had no effect. Cotreatment with 5- or 10-uM
BGB324 attenuated aSMA expression (Fig. 6B, quantifica-
tion using ImagelJ was also performed and is presented in
Supplemental Fig. 5).

DISCUSSION
Our findings suggest that AXL kinase is potentially
a druggable target for antifibrotic intervention in intes-
tinal fibrosis. We demonstrate that the 4AXL gene expres-
sion seems to increase in in vitro cytokine and matrix-based
myofibroblast models, a multicellular model (HIOs), and 2
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Effect of BGB324 on COL1A71 Gene Expression in the Organoid Model Effect of BGB324 on MYLK Gene Expression in the Organoid Model
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ORG26 _— -4.44[-7.42, -1.46] ORG26 ——— -0.81[-2.48, 0.85]

ORG27 —. -2.32[-4.39, -0.25] ORG27 ——— -0.87 [-2.55, 0.80]

decreased increased decreased increased
p-value = 0.0001 — -2.61[-3.91, -1.32] p-value = 0.0264 — -1.14[-2.15,-0.13]
-8 -6 -4 -2 0 -4 -3 -2 -1 0 1
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FIGURE 6. BGB324 abrogates fibrogenic gene and protein expression in TGF-B1-stimulated human intestinal organoids. A, BGB324 abrogates
fibrogenic gene expression in TGF-1-stimulated HIOs. Human intestinal organoids were cultured in the presence or absence of TGF-1 and BGB324
followed by extraction of RNA. Total cell mRNAs were extracted and gene expression of COLTA1, FN1, MYLK, and aSMA (ACTA2) in the HIOs was
measured using QPCR analysis. Gene expression was normalized to GAPDH expression. Data are presented as random effects meta-analyses of gene
expression over 3 independent experiments (ORG-25, 26, 27). Each independent experiment consisted of 3 wells (technical replicates) per treatment
group of a 24-well plate. Each well contained multiple (3-4) Matrigel droplets that contained 5 to 10 HIOs per drop. B, HIOs cultured in the presence
or absence of TGF-31, BGB324, or control inhibitors. Total cell protein was isolated for Western blot analysis. An aSMA Western blot which is repre-
sentative of 4 separate experiments is shown. Cotreatment of HIOs with 10 uM BGB324 reduces the aSMA protein expression induced by TGF-31.
Abbreviations: Spir, spironolactone, antifibrotic control; Tofa, tofacitinib, negative control.

rodent models of intestinal fibrosis. Moderate induction of
AXL protein is also observed in all 3 in vitro models. We
demonstrate that blocking AXL signaling with the small
molecule inhibitor BGB324 abrogates fibrogenic gene and

protein expression in response to both cytokine and me-
chanical stimuli. This antifibrotic efficacy of BGB324 is also
demonstrated in a 3-dimensional, multicell-type HIO model
of intestinal fibrosis.
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Inhibition of AXL signaling also resulted in fibroblast
sensitization to FasL-induced apoptosis, as evidenced by in-
duction of cleaved PARP expression with FasL and BGB324
cotreatment. Fas-mediated apoptosis results in cleavage of pro-
teins such as PARP.> One of the hallmarks of fibrosis is exces-
sive and uncontrolled wound healing due to the pathological
persistence of myofibroblasts that express xSMA and produce
collagen.” > Activated myofibroblasts are resistant to apop-
tosis, which is thought to be a key cause for their persistence in
the stiff microenvironment.> The significant PARP induction
we saw in response to FasL with BGB324 supports a possible
a role for AXL in intestinal fibrosis that involves apoptosis re-
sistance in addition to profibrotic gene and protein expression.

The cell culture models in which the antifibrotic efficacy
of BGB324 was tested consist of myofibroblasts, the primary
effector cell of intestinal fibrosis. These models are reductionist,
and their advantage is the ability to focus specifically on the
effect of fibrogenic stimuli and putative antifibrotic drugs on
these cells in isolation. These 2-dimensional cultures are lim-
ited because they are missing the complexity of the human gut.
Recapitulating the antifibrotic effect of BGB324 in the human
intestinal organoid model, with its 3-dimensional structure and
multicell type composition, provides further evidence that the
efficacy of this drug could translate to humans.

This work and work done by others show that inhibiting
AXL is potentially antifibrotic.'® ! Therapies targeting the AXL
pathway have already shown promise for human use in cancer
therapy and are undergoing clinical trials as enhancers of che-
motherapy.®® Although 2 drugs (nintedanib and pirfenidone)
have been approved as antifibrotics in pulmonary fibrosis,” no
antifibrotic drugs exist for use in intestine or any organ other
than the lung. Previous studies in our lab showed promising
in vitro antifibrotic results with spironolactone, but treatment
with spironolactone in rodent models resulted in increased
intestinal inflammation and mortality.’” These results demon-
strate AXL inhibition as one of a select few mechanisms that
has shown antifibrotic efficacy in human intestinal organoids.*

In an effort to investigate AXL as a target in human di-
sease, we performed a pilot analysis of 4XL gene expression
in a limited sample of CD strictures and the adjacent margins.
AXL gene expression was low in all margin samples. However,
AXL gene expression was strongly upregulated in a subset of
the CD strictures. We theorize that our observed findings could
be the result of both our limited sample size and the inherent
variability in stricture pathophysiology, as Crohn’s strictures
can have both an inflammatory and fibrotic component.>* %
More investigation into the contribution of the AXL pathway
in human intestinal strictures is needed, such as testing of
AXL expression in a larger number of human samples and
immunohistochemistry with fluorescence in situ hybridization
on formalin-fixed paraffin-embedded samples.

Modest increases in A XL expression in our models and
inconclusive preliminary human data represent a limitation of
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our study. Though the data from our models are indeed modest,
the uniform increase in 4 XL expression across all models makes
this preliminary evidence more compelling. Each model has a
very distinct underlying mechanism to recapitulate fibrosis, and
increases of variable strength and significance were seen across
all models we tested.

Significant limitations of all 3 of the in vitro model sys-
tems tested include the lack of a functioning immune system
and a sterile microenvironment devoid of microbiota. These
factors are believed to play a role in the pathogenesis of Crohn’s
disease, and these effects are not represented in our reductionist
models. An additional significant limitation is that although the
AXL pathway is a mediator of fibrosis in other organ systems,”
it has yet to be validated as mediator of intestinal fibrosis in hu-
mans in vivo. This will be an important step in the development
of any therapy targeting AXL.

The potential for DMSO vehicle contributing to our
findings is a limitation of this study. The maximum amount of
DMSO exposure (ie, the HIO experiments) was 0.1%. Earlier
work in our lab demonstrated that DMSO did not have a sig-
nificant effect on this set of gene or protein expression. We did
not, however, use DMSO in our controls for these data in an
effort to reduce complexity of dose-response experiments. The
effect of tofacitinib as a negative control, which was consti-
tuted in the same DMSO vehicle, would support a negligible
effect of DMSO in our HIO model. Additionally, the stability
of GAPDH in our QPCR data for these experiments supports
that the levels of DMSO used are nontoxic. Though the like-
lihood of DMSO significantly contributing to our findings is
low, lack of internal controls is a limitation of our study.

The potential for off-target effects of BGB324 to influence
our findings is another limitation of our study. In cell-based as-
says, BGB324 demonstrated high selectivity for AXL, with the
only additional receptor affected within a 35-fold IC, being vas-
cular endothelial growth factor receptor 2 (VEGFR2).33 This is
expressed almost exclusively in endothelial cells.®” There are no
endothelial cells in our cell culture assays, and our HIOs are
similarly devoid of endothelial cells.®® Although the specificity
of this inhibitor does support AXL inhibition as the most likely
mechanism for our findings, we did not perform experiments
to evaluate for possible off-target effects of BGB324, particu-
larly the potential for effects on off-target tyrosine kinases. To
confirm our findings, further investigation into this pathway is
needed utilizing alternative AXL modulation techniques such
as genetic modification or antibody-based methods.

An important theoretical limitation to the use of an
antifibrotic that inhibits AXL in the context of an inflamma-
tory disease is the risk of potentiating inflammation. AXL
and the closely related Mer tyrosine kinase (MERTK) are ex-
pressed on macrophages and dendritic cells, where they play
an anti-inflammatory role.®> The anti-inflammatory role of
AXL is seen in macrophages and dendritic cells of the intes-
tinal lamina propria. Work by Bosurgi et al in AXL and Mer
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knockout mice using a dextran sulfate sodium induced colitis
model suggests that AXL could have a role in preventing co-
lonic inflammation and inflammation-associated cancer.®
Potential future use of an AXL inhibitor as an antifibrotic in
Crohn’s disease would likely require maintenance cotherapy
with a potent anti-inflammatory therapy.

An additional consideration in the development of any
antifibrotic drug is the delicate relationship between fibrosis
and healing. The balance of profibrotic signals and antifibrotic
signals is critical for reconstitution of damaged tissue, with
scarring or failure of wound healing resulting from signals that
cause dysregulation in favor of one direction or the other. In
that regard, pathways that are thought to be more downstream
and related to smaller adjustments in the process make attrac-
tive targets that are less likely to have overpowering effects on
healing. Because of this, inhibition of a TAM (Tyro3, AXL,
and Mer) kinase such as AXL could be ideal. The TAM recep-
tors evolved relatively late and are thought to play “fine-tuning”
but nonessential roles in the immunity of complex organisms.*
As a secondary concern for clinical wound healing, it is pos-
sible that a potent antifibrotic therapy would interfere with
the healing of surgical wounds and bowel anastomoses, which
might require discontinuation for a period before any surgical
intervention.

Testing in animal models is needed not only to further
evaluate the antifibrotic potential of targeting this pathway
but also assess potential for pro-inflammatory effects. Animal
models will also inform whether dosing levels or timing strategy
can be manipulated to overcome potential detrimental pro-
inflammatory effects of AXL blockade. Coculture methods
could be effective in evaluating for pro-inflammatory potential
of AXL inhibitors in immune cells such as macrophages.

CONCLUSION

The lack of antifibrotic therapeutics is a critical unsolved
problem in CD. Our results suggest that the AXL pathway may
be an important mediator of intestinal fibrosis. Targeting AXL
in vitro with a small molecule inhibitor abrogates fibrogenesis.
These results suggest that AXL inhibition represents a prom-
ising potential therapeutic target for the treatment of intestinal
fibrosis in Crohn’s disease that warrants further investigation.

SUPPLEMENTARY DATA

Supplementary data is available at Inflammatory Bowel Dis-
eases online.
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