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Abstract

Background and Aims: Intestinal fibrosis is a frequent complication in Crohn’s disease [CD]. The
mouse Salmonella typhimurium model, due to its simplicity, reproducibility, manipulability, and
penetrance, is an established fibrosis model for drug discovery and preclinical trials. However,
the severity of fibrosis and mortality are host- and bacterial strain-dependent, thus limiting the
original model. We re-evaluated the S. typhimurium model to optimise fibrosis and survival, using
commercially available mouse strains.

Methods: Fibrotic and inflammatory markers were evaluated across S. typhimurium
AaroA:C57bl/6 studies performed in our laboratory. A model optimisation study was performed
using three commercially available mouse strains [CBA/J, DBA/J, and 129S1/SvimJ] infected with
either SL1344 or AaroA S. typhimurium. Fibrotic penetrance was determined by histopathology,
gene expression, and aSMA protein expression. Fibrosis severity, penetrance, and survival were
analysed across subsequent CBA studies.

Results: Fibrosis severity and survival are both host- and bacterial strain-dependent. Marked
tissue fibrosis and 100% survival occurred in the CBA/J strain infected with SL1344. Subsequent
experiments demonstrated that CBA/J mice develop extensive intestinal fibrosis, characterised by
transmural tissue fibrosis, aTh1/Th17 cytokine response, and induction of pro-fibrotic genes and
extracellular matrix proteins. A meta-analysis of subsequent SL1344:CBA/J studies demonstrated
that intestinal fibrosis is consistent and highly penetrant across histological, protein, and gene
expression markers. As proof-of-concept, we tested the utility of the SL1344:CBA/J fibrosis model
to evaluate efficacy of CCG-203971, a novel anti-fibrotic drug.

Conclusion: The S. typhimurium SL1344:CBA/J model is an optimised model for the study of
intestinal fibrosis.
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1. Introduction

Fibrosis, the final common pathway of chronic organ failure, is the
leading cause of mortality and morbidity.'* In inflammatory bowel
disease [IBD], intestinal fibrosis commonly culminates with irrevers-
ible organ damage and intestinal blockage, necessitating surgical
removal of intestine.’ The incidence and prevalence of IBD world-
wide has increased rapidly in the past decade, underscoring its emer-
gence as a global disease.® Animal models of IBD have been employed
for decades, but these are predominantly focused on inflammation,
host immune response, and more recently, the gut microbiome.”
Though fibrosis occurs in some of these well-characterised models,
there is a paucity of intestinal fibrosis-specific animal models.'® Each
has limitations with respect to fibrotic penetrance, feasibility, scale-
ability, and clinical relevance.”

Although no model fully replicates the complex aetiology of
human disease, the murine Salmonella typhimurium model recapitu-
lates much of the pathology of human intestinal fibrosis, including
transmural tissue fibrosis, a Th1/Th17 immune response, and induc-
tion of pro-fibrotic genes and ECM [extracellular matrix] proteins.
As originally described by Grassl et al., the S. typhimurium model
has a number of advantages over other colitis and fibrosis models,
including reliable disease induction, reduced mortality, and high pen-
etrance in a relatively short induction period."

In this model, eradication of the normal microflora by a single
oral dose of streptomycin creates a niche for S. typhimurium coloni-
sation after a single oral inoculum. Chronic S. typhimurium infection
of the gut triggers colitis and ultimately tissue fibrosis. In the origi-
nal model, the most robust fibrosis was observed in 129SvIm] mice
infected with wild-type S. typhimurium strain SL1344. However,
intestinal fibrosis was observed in several other mouse strains includ-
ing DBA and C57bl/6, a critical finding as a majority of genetically
modified mice are on a C57bl/6 background.”!? Overall, C57bl/6
mice are less susceptible to organ fibrosis but highly susceptible to
SL1344, due to a mutation in the natural bacterial resistance gene
Nramp1.'*!* These limitations were circumvented using an attenu-
ated S. typhimurium AaroA strain which induces intestinal fibrosis in
the C57bl/6 strain without severe systemic disease. However, fibrosis
in the AaroA:C57bl/6 model differs both qualitatively and quantita-
tively from fibrosis in the SL1344:129SvIm] model.

In a number of independent experiments with the AaroA:C57bl/6
model in our laboratory, intestinal fibrosis presented with a character-
istically profound histological response, consistent with the original
model description. Other markers of fibrosis, including aSMA pro-
tein expression and fibrotic gene expression [IGF-1, TGFB, COL1A1],
although predictive of fibrosis within an individual study, showed
considerable inter-study variation. To determine which markers were
most predictive of inflammation and fibrosis, we performed a meta-
analysis of our AaroA:C57bl/6 studies. As we report here, inflam-
mation is robust and highly penetrant in the AaroA:C57bl/6 model.
However, fibrosis is attenuated and variably penetrant, thus larger
numbers of animals are required to detect experimental outcomes.

Evaluation of preclinical anti-fibrotic therapeutics is our ultimate
goal and is dependent upon a robust, highly reproducible model with
high fibrotic penetrance and animal survival. As originally reported,
intestinal fibrosis differs both in penetrance and magnitude depend-
ing on bacterial and host strains. Therefore, to explore the utility of
the S. typhimurium model specifically for fibrosis research, we assessed
fibrosis using the more virulent SL1344 S. typhimurium strain. As orig-
inally described, the 129SvIm] mouse strain which lacks the Nramp®'¢?
allele is reportedly less susceptible to severe systemic disease and asso-
ciated mortality, but develops profound tissue fibrosis."" However, the

inherent genetic heterogeneity of the 129 mouse strains and intra-
substrain variability are problematic. As we report here, the utility of
commercially available 129Sv] mouse strains is limited due to poor
survival. Therefore, we optimised survival, reproducibility, and disease
penetrance of the mouse S. typhimurium fibrosis model using commer-
cially available and genetically stable mouse strains CBA/J, DBA/J, and
12951/SvIm], infected with either AaroA or SL1344.

Survival and fibrosis were both host- and bacterial strain-
dependent, with the 100% survival and robust fibrosis observed
in the SL1344:CBA model. In a series of follow-up studies, fibrotic
disease was consistent across a number of markers including his-
topathological, gene expression, and protein expression markers.
A subsequent meta-analysis of our independent SL.1344:CBA stud-
ies confirmed that fibrotic disease is robust and highly penetrant. In
addition, sample size calculations revealed that substantially smaller
group sizes are needed to achieve sufficient experimental power in
the SL1344:CBA model.

As these studies indicate, the use of the SL1344:CBA model
increases the model efficiency, decreases costs, and reduces the num-
ber of experimental animals required, thereby providing an optimised
rodent fibrosis model for drug discovery and preclinical applications.
As proof-of-concept, we tested the utility of the SL1344:CBA fibrosis
model to evaluate efficacy of CCG-203971, a novel preclinical anti-
fibrotic therapeutic.'>'® Whereas only modest efficacy was observed,
this finding underscores the utility of the more sensitive and robust
SL1344:CBA model to evaluate novel anti-fibrotic therapeutics.

2. Materials and Methods

2.1. Bacterial and mouse strains

Salmonella enterica serotype typhimurium strains AaroA [a generous gift
from G. Grassl, Hannover Medical School, Hannover, Niedersachsen,
Germany] and wild-type SL1344 [a kind gift from M. O’Riordan,
University of Michigan, USA], which are naturally resistant to strep-
tomycin, were grown in Luria broth [LB] containing 100 pg/ml strep-
tomycin at 37°C. Infectious titres were determined by plating triplicate
serial dilutions of the inoculum onto LB/streptomycin plates.

Specific pathogen-free female 8-10-week-old C57BL/6] [Stock
No. 000664], 129X1/Sv] [Stock No. 000691], 12951/SvIm]
[Stock No. 002448], DBA/1] [Stock No. 000670], and CBA/J
[Stock No. 00656] mice were purchased from Jackson Laboratories
[Bar Harbor, ME, USA].

Mice received 20 mg streptomycin in 0.1 M Hank’s buffered salt
solution [HBSS] to eradicate the commensal microbiota 24 h before
infection with either S. typhimurium strain SL1344 or AaroA, in
100 pl 0.1 M HEPES buffer [pH 8.0] by oral gavage as previously
described.'”?* Control mice received 100 ul 0.1 M HEPES by oral
gavage.

All animal experiments were conducted with the approval and
oversight of the University of Michigan Institutional Animal Care
and Use Committee [[ACUC] and strictly complied with National
Institutes of Health Guide for Care and Use of Laboratory Animals.

2.2. S. typhimurium mouse experiments

Study characteristics of the studies described below are summarised
in Table 1.

2.2.1. AaroA:C57bl/6 experiments

For the inaugural AaroA:C57bl/6 experiment [C57-1], 10 mice
were treated with streptomycin to eradicate the resident micro-
biota; 24 h after streptomycin treatment, bacterial eradication was
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Table 1. S. typhimurium study characteristics.

Study S. typhimurium strains] Mouse strain[s] Duration [days] Uninfected [#] Infected [n] Comments

AaroA:C57bl/6 model

C57-1 AaroA C57bl/6 22 5 4 Pilot AaroA study

C57-2 AaroA C57bl/6 27 3 8

C57-5 AaroA C57bl/6 20 4 4 Higgins?’

CS57-6 AaroA C57bl/6 20 N N

C57-7 AaroA C57bl/6 20 5 5

C57-8 AaroA C57bl/6 21 5 5 Higgins'

C57-10 AaroA C57bl/6 21 5 5 Higgins'

C57-11 AaroA C57bl/6 21 5 5 Higgins®

C57-12 AaroA C57bl/6 21 N N Higgins®

SL.1344:129X1/SvIim] model

X1-1 SL1344 X1 13 N N Pilot SL1344 study

X1-2 SL1344 X1 14 N N Infectious
dose-response

SL1344:12951/SvIim] model

S1-1 SL1344 S1 19 N N

S1-2 SL1344 S1 21 5 S

Bacterial and host strain comparison

MST-16 AaroA, SL1344 S1, DBA, CBA 14 S/strain 0 Host-response study

SL1344:CBA model

MST-29 SL1344 CBA 21 N N

MST-31 SL1344 CBA 21 N N

MST-34 SL1344 CBA 21 5 S

MST-36 SL1344 CBA 21 N 4

AaroA, S. typhimurium strain AaroA; SL1344, S. typhimurium strain SL1344; X1, 129X1/SvIm] strain; S1, 129S1/SvIm] strain; DBA, DBA/J strain; CBA, CBA/]

strain.

confirmed by stool plating onto LB/streptomycin plates. Half the
mice [n = 5] were infected with 1 x 10¢ cfu S. typhimurium AaroA
by oral gavage, and the other half [z = 5] received vehicle. Mice were
sacrificed on Day 22 post infection, when fibrosis is at its zenith.
The second AaroA:C57bl/6 [C57-2] was performed similarly but
with three uninfected and seven AaroA-infected mice. Subsequent
AaroA:C57bl/6 experiments [C57-5, C57-6, C57-7, C57-8, C57-10,
C57-11, C57-12] were performed similarly with five mice per group
in the both the uninfected and infected groups, with the exception of
experiment C57-5 which contained four mice per group.

2.2.2. Wild-type S. typhimurium SL1344 infection in 129X1/
Svim] and 129S1/SvIm]J mouse strains

As described in the original model, infection with 3 x 10° or 3 x 10®
wild-type S. typhimurium SL1344 induces robust fibrosis in 129Sv]
mice.!! However, this 129Sv] strain is an institutional strain and is
not available in the USA. Therefore, in our pilot wild-type S. typh-
imurium SL1344 study [X1-1], we used the 129X1/Svim] [X1]
mouse strain [Jackson Laboratories, Stock No. 000691]. Female
8-10-week-old X1 mice were treated with streptomycin [z = 10].
Half the mice [7 = 5] were infected with 3 x 107 cfu SL1344 by oral
gavage and uninfected mice [# = 5] received vehicle only. The study
was terminated on Day 13 post infection due to high mortality in the
SL1344-infected group.

An infectious dose-response study [X1-2] was performed to opti-
mise survival in the SL1344:X1 model using the X1 mouse strain
infected with 3 x 10%,1.5 x 10%,3 x 103, 1.5 x 104, 6.5 x 10%, or 1.5 x
10° cfu SL1344 [1 = 5 per group]. Survival was compared with unin-
fected mice [7 = 5]. Due to high mortality, the study was terminated
at Day 15 post infection.

As communicated by Grassl, 129X1/SvIm] mice are more sensi-
tive to wild-type S. typhimurium than another 129 substrain, 12951/

SvIm] [Grassl, personal communication]. Therefore, we tested sur-
vival and fibrotic response in the 12951/SvIm] strain [S1] in response
to SL1344 infection. In two separate experiments [S1-1 and S1-2],
S1 mice [five per experiment] were infected with SL.1344 [3.3 x 10°
and 3.7 x 10° cfu, respectively]. Survival and fibrosis were compared
with uninfected controls [ = 5 per experiment]. Experiments were
terminated at post infection Day 19 and Day 22, respectively.

2.2.3. Bacterial and host strain comparison experiment

In the strain comparison study [MST-16], we compared survival
and fibrosis in the S1 strain with two other commercially availa-
ble mouse strains DBA/1] and CBA/J. Ten animals [8-10-week-old
females] from each mouse strain were divided into two groups of five
per group and infected with either wild-type SL1344 or AaroA. The
experiment was terminated on Day 14 post infection.

2.2.4. SL1344: CBA/J studies

In four independent experiments [MST-29, MST-31, MST-34, MST-
36], 8-10-week-old female CBA/J mice [# = 5 per experiment] were
treated with streptomycin and infected 24 h later with 2.5 to 3.5 x
10¢ c¢fu SL.1344. In each experiment, a control cohort of uninfected
mice [ = 5 per experiment] was treated with streptomycin but then
received vehicle. All experiments were terminated at Day 21 post
infection.

2.3. Anti-fibrotic therapeutic studies

CCG-203971 [N-[4-chlorophenyl]-1-{[3-[furan-2-yl]phenyl]car-
bonyl}piperidine-3-carboxamide] was synthesised by the Vahlteich
Medicinal Chemistry Core at the University of Michigan.'s Previous
studies in C57BL/6 mice demonstrated oral dosing with 100 mg/kg/
day of CCG-203971 for 14 days was well tolerated [Neubig, unpub-
lished observations]. Therefore, in our pilot prophylactic treatment
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study, animals in the drug control and prevention groups received
100 mg/kg/day of CCG-203971 twice daily by oral gavage for
7 days. Animals in the negative control and fibrosis control groups
received vehicle [peanut oil] only on the same dosing schedule. After
7 days, all animals received 20 mg of streptomycin by oral gavage
to eradicate the gut microbiota, and 24 h later animals in the posi-
tive control and prevention groups were infected with 2.4 x 10° cfu
SL1344 in 0.1 M HBSS. Negative control and drug control groups
received HBSS only. All mice received vehicle or drug twice daily by
oral gavage until the end of the study. Due to unexpected deaths in
both the prevention and drug control groups, the study was termi-
nated early at Day 11 post infection. Although the toxicity studies
in C57BL/6 mice suggested that CCG-203971 was well tolerated for
14 days, longer administration in the CBA/J mice resulted in mortal-
ity at Day 16 of administration.

2.4. Gross pathology and tissue collection

Mice were euthanised at the end of each study or when moribund
in accordance with Institutional Animal Care and Use Committee
[TACUC] humane endpoints. Caecum and distal colon were col-
lected, photographed, measured, and weighed. Tissues were snap-
frozen in liquid nitrogen and stored at -80°C before molecular
analysis. Caecal contents were collected and serially diluted before
plating onto LB/streptomycin plates to determine bacterial titres.!*?

2.5. Histology

Formalin-fixed and paraffin-embedded tissues were stained with
haematoxylin and eosin [H&E, inflammatory histology] and
Masson’s trichrome [fibrosis] by the University of Michigan CCGC
Research Histology and Immunoperoxidase Laboratory [Ann Arbor,
MI]. Digital photomicrographs of tissue sections were taken with an
Olympus BX microscope [University of Michigan Microscopy and
Image Analysis Laboratory]. Histological scoring was performed by
a blinded pathologist [DM]. Inflammation was determined using a
Wirtz Scale 0 to 4 point scoring system: [0] no inflammation; [1]
low level of inflammation with scattered infiltrating mononuclear
cells; [2] moderate inflammation with multiple foci; [3] high level
of inflammation with increased vascular density and marked wall
thickening; and [4] maximal severity of inflammation with trans-
mural leukocyte infiltration and loss of goblet cells."”?' Fibrosis was
scored separately as follows: [0] no fibrosis; [1] mild fibrosis [focal
mucosal/submucosal collagen deposition without architectural dis-
tortion]; [2] moderate fibrosis [significant mucosal/submucosal col-
lagen deposition with modest distortion of mucosal/submucosal
architecture but without obscuring of the mucosal/submucosal bor-
der]; and [3] severe fibrosis [extensive mucosal submucosal colla-
gen deposition with marked architectural distortion obscuring the
mucosal/submucosal border]. Tissue measurements were quantitated
with Image] analysis software [NIH, Bethesda, MD].

2.6. Quantitative real-time polymerase chain

reaction

RNA was extracted from the caecum using the RNeasykit [Qiagen,
Valencia, CA]. Reverse transcription of 2 ug of total RNA was
performed with the Superscript First Strand RT kit [Invitrogen].
Quantitative real-time polymerase chain reaction [qRT-PCR] of
collagen 1 [COL1A1], IGF-1 [insulin-like growth factor 1], TGFf
[transforming growth factor beta], interleukin-1 [IL-1f], tumour
necrosis factor alpha [TNF-a], IL-6, IL-17, IL-12p40, and glyceral-
dehyde 3-phosphate dehydrogenase [GAPDH] was performed with

commercial TagMan gene expression assays [ABI, Foster City, CA].
Q-PCR was performed using a Stratagene Mx3000P real-time PCR
system [Stratagene, La Jolla, CA]. Cycling conditions were 95°C for
10 min, followed by 40 cycles of 95°C for 15 s and 62°C for 60 s.
Gene expression was normalised to GAPDH as the endogenous con-
trol and fold-changes [RQ] relative to uninfected controls were cal-
culated using the AACt-method.?

2.7. Immunoblotting

Immunoblotting was used for the detection of a-smooth muscle
actin [aSMA]. Whole tissue was pulverized under liquid nitrogen
and lysed in ice-cold radioimmuno precipitation assay buffer [RIPA
buffer] with a cocktail of proteinase inhibitors [Roche, Indianapolis,
IN].""2° Protein content was determined using a modified Bradford
assay kit [BioRad, Hercules, CA]. Total protein was separated by
sodium dodecyl sulfate [SDS] polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride [PVDF| membranes
[Amersham Biosciences, Piscataway, NJ].

Membranes were blocked in 5% milk/tris-buffered saline (TBS)
and polysorbate 20 [TBST] solution for 1 h at room temperature
or overnight at 4°C. aSMA was detected by incubating the mem-
brane overnight at 4°C with mouse antihuman monoclonal antibody
[Sigma, St Louis, MO] at 1:5000 dilution in 5% milk/TBST. As a load-
ing control, a mouse antibody for GAPDH [Chemicon, Temecula,
CA] was used. Secondary antibody antimouse IgG HRP [Amersham,
Piscataway, NJ] was incubated for 1 h at room temperature and the
signal was detected by the Pierce detection system [Rockford, IL].
Collagen protein was detected with a rabbit polyclonal antibody
for collagen Type I [Rockland, Limerick, PA] at a 1:1000 dilution
and HRP-labelled secondary goat-anti-rabbit IgG HRP [Thermo,
Waltham, MA] at a 1:10 000 dilution. Autoradiographs were
scanned and quantitated using Image] analysis software.

2.8. Meta-analysis study selection

Twelve independent S. typhimurium AaroA:C57bl/6 studies were
performed by our laboratory, five of which have been previously
published.'”?* Two studies were excluded due to lack of gene expres-
sion data. The other study was excluded since it used a transgenic
C57bl/6 strain. Of these, nine were included in the meta-analysis.
In a separate meta-analysis, four independent, unpublished S. typh-
imurium SL1344:CBA/] studies were analysed. Characteristics of the
included studies are summarised in Table 1. Detailed study methods
for all the AaroA:C57bl/6 and SL.1344:CBA/J studies are described
above in Section 2.2., S. typhimurium mouse experiments.

2.9. Statistical analysis

Primary outcomes were histology, aSMA protein expression, and
inflammatory and fibrotic gene expression. Molecular results were
compared with histology [‘gold standard’]. Study results are pre-
sented as standardised mean differences [SMD] with a 95% con-
fidence interval [CI] based on a random-effects model as described
by Mantel-Haenszel.> Meta-analysis was performed with the
metan command in Stata 11.2 [StataCorp, College Station, TX].
The magnitude of the SMDs was interpreted as: small, SMD = 0.2;
medium, SMD = 0.5; large, SMD = 0.8; and very large, SMD = 1.3.2#
Statistical differences were determined by a two-sided, unpaired
Student’s t test. Results with a p-value of < 0.05 were considered
statistically significant. Power calculations were determined for
the following metrics: aSMA and collagen I protein expression as
well as expression of individual fibrotic or inflammatory genes.
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Sample size was determined with the sampsi command in Stata 11,
assuming 80% power and a two-sided alpha of 0.05 [StataCorp,
College Station, TX].

3. Results

3.1. Fibrosis in C57bl/6 mice infected with

S. typhimurium AaroA is variably penetrant.

In a series of pilot experiments [C57-1 and C57-2] to replicate
and validate fibrosis in the S. typhimurium AaroA:C57bl/6 model,
C57bl/6 mice [n = 12] were treated with streptomycin to eradicate
the resident microbiota 24 h before infection with 1 x 10° cfu S. typh-
imurium AaroA and were sacrificed on Days 22 and 27 post infec-
tion when fibrosis is at its zenith. Control animals [ = 8] received
streptomycin and HBSS on the same schedule. In the AaroA cohort,
chronic infection was characterised by a small, dense caecum with
thin, watery contents and heavy caecal colonization [average 4.0 x
10% cfu, p < 0.001]. Caecae from infected mice were smaller [122
versus 163 pixels, p = 0.003], yet ~ 20% heavier [0.67 versus 0.51 g,
p < 0.001] indicating possible oedema and/or excessive extracellular

A
HBSS S. typh AaroA
C
C57-1 HBSS S. typh AaroA C57-5

WAy e e

E
aSMA protein expression
Study ID SMD (95% CI) % Weight
571 4.49 (1.97,7.02)  9.48
cs72 5.54(2.51,8.57)  8.16
C57-5 -0.73(-2.18,0.71)  12.60
C57-6 1 -0.13 (-1.37, 1.11)  13.15
C57-7 0.94 (-0.38,2.26) 12.94
CS57-8 5.41(2.29,8.54) 7.93
C57-10 2.87(1.00,4.75) 11.36
Cs57-11 1.62(0.15,3.09) 12.52
C57-12 2.39(0.69,4.10) 11.86
Overall (I-squared = 78.7%, p < 0.001) 2.13 (0.85, 3.42) 100.00
NOTE: Weights are from random effects alnalysiIS
T t T
-8.57 0 8.57

Less Fibrosis More Fibrosis

collagen deposition. Despite the high bacterial load and grossly path-
ological caecum, 100% survival was observed in the AaroA-infected
animals, consistent with the original model. Significant tissue fibro-
sis was determined by histological staining for tissue collagen and
expression of aSMA protein [Figure 1A, CJ.

Concurrent histological inflammation was observed in the
AaroA-infected mice as evidenced by wall thickening due to a
marked increase in the inflammatory cell infiltrate of the mucosa
and submucosa, an increase in the density of inflammatory cells
surrounding the vasculature, and tissue oedema. No histological
inflammation was observed in the uninfected mice. Consistent with
the histological findings, induction of pro-inflammatory cytokine
genes including Th1 [IL-1f] and Th17 [IL-17] genes was observed.
Specifically, IL-1f was induced > 15-fold [p = 0.005] and IL-17
36-fold [p < 0.05] compared with the uninfected controls. In con-
trast to the originally reported model, we did not observe induction
of pro-fibrotic cytokines or extracellular matrix proteins, including
TGEp, IGF-1, and COL1A1.

Subsequent AaroA:C57bl/6 studies in our laboratory demon-
strated induction of intestinal fibrosis by histology and induction

S. typh AaroA

HBSS

HBSS S. typh AaroA

aSMA -Q--CIQ'
GAPD | e————— . )| — —

Collagen gene expression

Study ID SMD (95% CI)% Weight
C57-1 > -0.51(-1.85,0.83)  11.37
C57-2 e e -1.05 (-2.50,0.40)  10.23
C57-5 * 0.93 (-0.55,2.41)  9.89
Cs7-6 — 0.00 (-1.24,1.24)  12.61
Cs7-7 - 1.01(-0.33,2.34)  11.45
C57-8 - 1.18 (-0.19,2.55)  11.07
C57-10 ~- 1.44 (0.02,2.87)  10.44
C57-11 - 0.97 (-0.36,2.29)  11.53
C57-12 - 1.03 (-0.31,2.37)  11.41
Overall (I-squared =31.9%, p = 0.16) <> 0.55 (0.00, 1.10) 100.00

NOTE: Weights are from random effects malys:s

2.87 0 2.87
More Fibrosis

Less Fibrosis

Figure 1. Fibrosis in C57bl/6 mice infected with S. typhimurium AaroA is variably penetrant. [A, B] Histological trichrome staining for collagen of uninfected
[HBSS] and S. typhimurium AaroA-infected C57bl/6 mice in two independent experiments, C57-1 [A] and C57-5 [BY], illustrating transmural fibrosis [blue staining]
and distortion of tissue architecture by collagen infiltration. [C, D] Expression of aSMA protein in uninfected and infected mice from the same experiments,
illustrating the differences in the aSMA response between the C57-1 [C] and C57-5 [D] experiments. Westerns were serially probed with GAPDH [glyceraldehyde
3-phosphate dehydrogenase] to control for protein loading differences. [E, F] Forest plots from a meta-analysis of nine independent S. typhimurium AaroA:C57bl/6
studies, illustrating the standardised mean differences [SMD] and 95% confidence intervals [CI] for aSMA protein expression [E] and COL1A1 gene expression
[F]. Divergent studies C57-1 [pink] and C57-5 [blue] are highlighted. Random-effects modelling was used.
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aSMA protein expression.'”?* Whereas all studies demonstrated tis-
sue fibrosis as determined by histology, variability in the molecular
markers was observed in our AaroA:C57bl/6 studies. In approxi-
mately a third of the studies, aSMA protein, a marker of activated
myofibroblasts and surrogate marker for fibrosis, was not induced
despite the presence of histological fibrosis and induction of colla-
gen I [COL1A1] gene expression [Figure 1B, D, F|. In some stud-
ies, aSMA and COL1A1 results were discordant. For example, in
the pilot C57-1 study, infection with AaroA induced aSMA protein
without concurrent induction of COL1A1 gene expression. In the
C57-5 study, COL1A1 gene expression was induced without con-
current induction of aSMA protein expression [Figure 1A-F]. In
addition, we observed in several studies a lack of IGF-1 and TGFB
pro-fibrotic gene induction despite the presence of histological fibro-
sis. In contrast, inflammatory markers including TNFa, IL-1f, IL-17,
and IL12p40, were consistently and significantly induced in all stud-
ies in the AaroA:C57bl/6 model [Supplementary Figure 1, available
as Supplementary data at ECCO-JCC online].

To determine which fibrotic markers are indicative of intestinal
fibrosis in the AaroA:C57bl/6 model, a meta-analysis of nine inde-
pendent AaroA:C57bl/6 studies from our laboratory was performed
[Table 1]. Differences in aSMA protein levels between uninfected
[7 = 41] and AaroA-infected mice [n = 44] were pooled as stand-
ardised mean differences [SMDs] using a random-effects model.?
Opverall, AaroA infection exerted a very large effect on aSMA protein
expression [SMD =2.13,95% CI: 0.85 - 3.42, p = 0.001, Figure 1E]
and a moderate effect on COL1A1 gene expression [SMD = 0.55,
95% CI: 0.001 - 1.10, p = 0.049, Figure 1F]. However, AaroA infec-
tion did not have a significant effect on TGFf or IGF-1 gene expres-
sion [SMD,, = 0.42,95% CI:-0.25 - 1.09, p = 0.22; SMD, ., = 0.50,
95% CI: -0.17 - 1.16, p = 0.14, Table 2, Supplementary Figure 1].
Despite discordance between aSMA protein and COL1A1 gene
expression in individual studies, the meta-analysis revealed that both
aSMA protein expression and COL1A1 gene expression are positive
markers of intestinal fibrosis in this model.

To further examine the utility of aSMA protein and COL1A1
gene expression as fibrotic markers, sample size calculations were
performed for each fibrotic marker to predict the number of ani-
mals required for future AaroA:C57bl/6 experiments. Using aSMA

protein as a marker would require 18 mice per experimental group,
whereas COL1A1 would require a sample size of 69 mice per group
to achieve sufficient experimental power [80%] [Table 2]. In con-
trast, all inflammatory genes [TNFa, IL-13, IL-17, and 1L12p40]
were significant predictors of disease. Specifically, infection with
AaroA had a large to very large effect on TNFa [SMD = 1.39, 95%
CL: 0.60 - 2.17, p = 0.001], IL-1B [SMD = 1.34, 95% CI: 0.69 - 1.99,
$ <0.001],1L-17 [SMD = 1.27,95% CI: 0.76 - 1.78,p < 0.001], and
IL-12p40 [SMD =1.15,95% CI: 0.33 - 1.96, p = 0.006] gene expres-
sion [Table 2]. Sample size calculations for each of the inflammatory
markers predicted far fewer animals [6 to 26] would be required to
detect experimental effects [Table 2].

Though fibrosis occurs in the AaroA:C57bl/6 model, the small
effect size combined with the requirement for large numbers of
experimental animals limits the feasibility of the AaroA:C57bl/6
model for fibrotic drug discovery and preclinical studies, particu-
larly where multiple experimental groups are required. Therefore, to
explore the utility of the S. typhimurium model for fibrosis research,
we assessed fibrosis using the more virulent wild-type SL1344
S. typhimurium strain.

3.2. High mortality is observed in 129SvJ mouse
strains infected with S. typhimurium SL1344

As described in the original S. typhimurium model, intestinal fibrosis
differs in both penetrance and magnitude, depending on the bacterial
strain and the mouse strain. Robust fibrosis was described in 129Sv/
Im] mice infected with wild-type S. typhimurium SL1344. However,
this 129Sv] strain is an institutional strain and is unavailable in the
USA. Therefore, we attempted to reproduce the fibrotic phenotype in
the SL.1344:129Sv] model using an equivalent, commercially avail-
able 129 strain, 129X1/Sv] [X1]. In our pilot study [X1-1], infection
of the X1 mouse strain with SL1344 resulted in a very high death
rate with 80% mortality by Day 6 post infection and 100% by Day
13 [Figure 2A]. To reduce mortality, we performed an infectious
dose-response experiment in X1 mice, decreasing the infectious dose
of SL1344 [3 x 10% to 1.5 x 10° cfu]. Zero mortality was observed
only with the lowest infectious dose [3 x 10?] group, whereas 5- to
10-fold higher inocula [1.5 x 10° and 3 x 10%] produced 33-67%

Table 2. Summary of meta-analysis results and sample size calculations for fibrogenic and inflammatory markers in S. typhimurium

AaroA:C57bl/6 and S. typhimurium SL1344:CBA/J mouse models.

S. typhimurium AaroA:C57bl/6

S. typhimurium SL1344:CBA/]

Metric SMD CI[95%] p-Value n Metric SMD CI[95%] p-Value n
aSMA protein 2.13 0.85-3.42 0.001 18 aSMA protein 3.36 2.15-4.57 < 0.001 3
collagen protein 2.99 1.77 - 4.21 < 0.001 4
Fibrotic genes
COL1A1 0.55 0.001 - 1.10 0.049 69 COL1A1 0.87 0.18 - 1.55 0.013 17
TGFB 0.42 -0.25 - 1.09 0.219 90 TGFB 0.94 0.25-1.63 0.007 14
IGF-1 0.50 -0.17-1.16 0.142 61 IGF-1 1.68 0.90 - 2.45 < 0.001 6
Inflammatory genes
TNFa 1.39 0.60-2.17 0.001 26 TNFa 1.85 0.95-2.76 <0.001 3
IL-1B 1.34 0.69 - 1.99 < 0.001 16 IL-1B 1.41 0.57-2.24 0.001 4
IL-17 1.27 0.76 - 1.78 < 0.001 6 IL-17 1.09 0.29 - 1.88 0.007 12
IL12p40 1.15 0.33-1.96 0.006 12 IL12p40 1.61 0.73 -2.49 <0.001 3

SMD, standardised mean difference; CI, confidence interval; 7, number of mice required per experimental group; aSMA, alpha smooth muscle actin; COL1A1,

collagen type I alpha 1; TGFp, transforming growth factor beta; IGF-1, insulin-like growth factor 1; TNFa, tumour necrosis factor alpha; IL-1p, interleukin-1
beta; IL-17, interleukin 17; IL-12p40, interleukin 12 subunit P40. Effect sizes were determined after Cohen as: small, SMD = 0.2; medium, SMD = 0.5; large,

SMD = 0.8; and very large SMD = 1.3.*
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Figure 2. High mortality is observed in 129SvJ mice infected with S. typhimurium SL1344. Kaplan-Meier survival estimates in 129 substrains 129X1/SvimJ [X1]
and 129S1/SvimJ [S1] infected with SL1344. [A] X1 mice infected with SL1344 [dotted line] compared with uninfected mice [solid line]. [B] Infectious dose-
dependent survival in X1 mice infected with 3 x 10%, 1.5 x 103, 3 x 103, 1.5 x 10, 6.5 x 104, or 1.5 x 10° cfu of S. typhimurium SL1344. None of the mice infected with
> 1 x 10* cfu [heavy lines] survived past Day 7 post infection. [C] Survival in X1 [solid line] versus S1 [dotted line] infected with SL1344. Fibrosis in surviving S1
mice as determined by aSMA protein expression [D] and fibrotic gene expression [E]. Protein loading was normalised to GAPDH [glyceraldehyde 3-phosphate
dehydrogenase] protein expression. [E] SL1344 induces expression of fibrotic genes IGF-1 and TGFf [E] in SL1344-infected mice at Day 22 post infection
compared with uninfected controls. Relative gene expression was pnormalised to GAPDH gene expression; *p < 0.05.

mortality; 100% mortality was observed by Day 7 post infection
with inocula greater than 10* cfu [Figure 2B]. These discrepancies
between our observed survival rates compared with the reported
survival rate in the original SL1344:129Sv] model highlight the
problematic nature of 129 strains and the importance of host genet-
ics to susceptibility. Intentional and errant out-crossing of the 129
founder strains has resulted in extensive heterogeneity among the
129 substrains, cumulating in profoundly different experimental
responses.”?* As communicated by Grassl, the X1 strain is more sen-
sitive to S. typhimurium than another 129 substrain, 12951/SvIim]
[Grassl, personal communication]. Therefore, we compared the
effects of SL1344 infection in the 129X1/SvIm] [X1] and the 12951/
SvIm] [S1] strains. Though higher mortality was initially observed in
the X1 strain by Day 8 post infection, overall survival was compa-
rable between the X1 and S1 strains with > 50% mortality observed
by Day 19 post infection [Figure 2C]. Animals that survived past
Day 8 developed extensive bowel fibrosis, as evidenced by histologi-
cal staining for collagen, increased aSMA protein expression, and
a significant 5- to 6-fold increase in IGF-1 and TGFf} gene expres-
sion [p = 0.04, p = 0.039, respectively, Figure 2D]. These findings,
high mortality in the 129 substrains with penetrant and severe fibro-
sis, suggested that an SL1344 infectious model would be preferred
for fibrotic induction, if host mortality was reduced. Therefore, we
assessed several commercially available and genetically stable mouse
strains for survival and disease penetrance in the SL1344 model.

3.3. Survival is host- and bacterial strain-dependent

A pilot host-response study, comparing 14-day survival and intesti-
nal fibrosis in the S1 strain with two other commercially available
mouse strains DBA/1] and CBA/J infected with either wild-type
SL1344 or the AaroA S. typhimurium strains, was performed.

The CBA strain was selected as S. typhimurium-resistant and the
DBA and 129S1/Svim] [S1] strains were selected based on the origi-
nal model and on Grassl, personal communication.'*”

In all three strains infected with AaroA, 100% survival was
observed. Notable strain-specific mortality occurred with SL1344
infection, with 0% survival in the DBA mice by Day 7 post infec-
tion and 60% survival in the S1 strain at Day 14 post infection. In
contrast, 100% survival was observed in the CBA mice infected with
SL1344. [Figure 3A].

3.4. Fibrosis is host- and bacterial strain-dependent
Fibrosis was determined by histology as evaluated by a pathologist
[DM] in a blinded manner and by aSMA protein expression. In the
AaroA cohorts, moderate to severe histological fibrosis was observed
in all three mouse strains, with no significant differences between
the strains [Figure 3B]. aSMA protein expression was comparable
among the three mouse strains. Though aSMA expression trended
higher in the S1 strain, this difference was not statistically significant
[p = 0.16 versus CBA, p = 0.22 versus DBA] [Figure 3D, F].
Similarly, in the SL1344-infected cohorts, all strains demon-
strated similar moderate to severe histological fibrosis [Figure 3C].
Strain-specific variability was observed with higher aSMA protein
expression in CBA than in the S1 and DBA strains [Figure 3E].
Undetectable aSMA expression in the DBA and in two of the S1 ani-
mals likely reflects early-stage disease, as these animals did not survive
past Day 7 post infection. As we have previously published, as well
as illustrated in Figure 2D, aSMA protein levels markedly increase
after Day 8 post infection and further accumulate over time.'” In
the CBA strain, nearly 3-fold higher aSMA protein expression was
observed in the SL1344 bacterial strain than in the AaroA [2.8-fold,
p = 0.027, Figure 3F]. As the CBA mouse strain demonstrated the
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Figure 3. Survival and fibrosis are host- and bacterial strain-dependent. [A] Kaplan-Meier survival estimates of CBA/J, 129S1/SvimJ [S1], or DBA mice infected
with either wild-type S. typhimurium SL1344 or the AaroA mutant; 100% survival at Day 14 was observed in all three mouse strains infected with AaroA at Day 14
and CBA/J infected with SL1344 [blue, red, green, and orange lines]; 40% survival was observed in the SL1344-infected S1 mice by Day 14 [pink line]. None of the
DBA animals infected with SL1344 survived Dast day 7 post infection [purple line]. [B, C]Trichrome staining of collagen, illustrating transmural tissue fibrosis and
architectural distortion with concurrent tissue oedema in mice infected either with AaroA [B] or SL1344 [C] at Day 14 post infection. Due to high early mortality,
the SL1344-infected DBA histology is from Day 7. [D, E] Western blots of «SMA protein expression in mice infected with AaroA [D] compared with SL1344 [E].
Low aSMA expression in the DBA and two of the five S1 mice reflects early-stage disease [before Day 8 post infection and rapid induction of aSMA protein
expression]. [F] Quantification of aSMA protein expression normalised to GAPDH [glyceraldehyde 3-phosphate dehydrogenase] expression in AaroA- [M] or
SL1344 [m]-infected mice. In CBA/J mice, SL1344 infection induced aSMA protein nearly 3-fold compared with AaroA infection; *p < 0.05.

highest survival and concurrent fibrosis, the SL1344:CBA/] model
was further investigated for utility as an intestinal fibrosis model.

3.5. Fibrosis in the SL1344:CBA/J mice infected with
SL1344 is highly penetrant and consistent

In a series of four independent experiments, intestinal fibrosis was
evaluated in the SL1344:CBA/] model by histopathology, aSMA
and collagen protein expression, and fibrotic and inflammatory gene
expression. Moderate to severe tissue fibrosis occurred in the CBA
strain as determined by histopathology [Figure 4A, B]. Fibrotic pro-
teins aSMA and collagen I were consistently and strongly induced
in all experiments [Figure 4C, D, E]. Fibrogenic gene expression
was concordant with protein expression as COL1A1, TGFf, and
IGF-1 genes were significantly induced by SL1344 infection in

each individual study. In addition, gene expression of inflammatory
genes TNFaq, IL-1, IL-17, and IL12p40 were significantly induced
[Supplementary Figure 2, available as Supplementary data at ECCO-
JCC online].

To compare the effects of SL1344 on fibrotic and inflammatory
markers across the multiple studies, a meta-analysis was performed
for the four SL1344:CBA/J studies. Differences in aSMA and colla-
gen I protein expression, fibrotic gene expression, and inflammatory
gene expression from uninfected [7 = 20] and SL1344 [n = 19] were
pooled as SMDs using a random-effects model. SL1344 infection
had a very large effect on both aSMA [SMD = 3.36,95% CI: 2.15 —
4.57, p < 0.001] and collagen protein expression [SMD = 2.99,
95% CIL: 1.77 - 4.21, p < 0.001] [Table 2]. In concordance with
the fibrotic protein markers, SL1344 infection had a large effect on
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Figure 4. Fibrosis in CBA/J mice infected with S. typhimurium SL1344 is highly penetrant and consistent. Histology of uninfected [HBSS] and S. typhimurium
SL1344-infected CBA/J mice illustrating profound, transmural tissue fibrosis and collagen infiltration in the infected mice [blue staining, A, right panel]. Across
multiple, independent experiments, fibrosis was significantly higher in SL1344-infected mice [n = 19] compared with uninfected mice [n = 20] as indicated by
blinded histological fibrosis scoring [B]. [C] Representative western blots of tSMA and collagen | protein expression. Glyceraldehyde 3-phosphate dehydrogenase
[GAPDH] expression was used as a loading control for aSMA expression. [D, E] Protein expression from multiple SL1344:CBA/J experiments demonstrates
significant induction of both aSMA (as normalided to GAPDH, [D]) and collagen | [E] protein expression. [F, G] Forest plots of fibrotic gene expression from four
independent SL1344:CBA/J experiments illustrating the standardised mean differences [SMD] and 95% confidence intervals [Cl] forTGFf3 [F] and IGF-1 [G] genes.
Data are from four independent animal experiments of 20 uninfected and 19 SL1344-infected mice;***pP < 0.001.

expression of fibrotic genes COL1A1, TGFp, and IGF-1 [Table 2 and
Supplementary Figure 2].

Similar to the AaroA:C57bl/6 model, large effects were observed
in the SL1344 model on COL1A1 gene expression [SMD = 0.87,
95% CI: 0.18 — 1.55, p = 0.013]. In contrast to the AaroA:C57bl/6
model where no effects were observed on either TGFf or IGF-1 gene
expression, large effects were observed in the SL.1344:CBA/] model
for TGFB [SMD,, = 0.94,95% CI: 0.25 - 1.63, p = 0.007, Figure 4F]
and IGF-1 gene expression [SMD, ., = 1.68, 95% CI: 0.90 — 2.45,
p < 0.001 Figure 4G]. Similar large effects were observed for the
inflammatory markers TNFa, IL-1f, IL-17, and IL12p40 [Table 2
and Supplementary Figure 2].

Sample size calculations for each of the fibrotic markers pre-
dicted 3 to 17 mice would be required to detect fibrosis in the
SL1344:CBA/] model, far fewer animals than the 18 to 90 required
in AaroA:C57bl/6 model [Table 2]. Additional sample size calcu-
lations for the inflammatory markers also revealed a reduction in
animal numbers with 3-12 required in the SL1344:CBA/] model
versus 6-26 in the C57bl/6 [Table 2]. Whereas fibrosis occurs in
the AaroA:C57bl/6 model, the SL1344:CBA/] model is an optimal
fibrosis model due to a consistent, high degree of intestinal fibrosis
with 100% survival. As these studies indicate, the use of the CBA

stain increases the model efficiency, decreasing costs, and reducing
the number of experimental animals required, thereby providing an
optimised rodent fibrosis model for preclinical and drug discovery.

3.6. Evaluation of a novel anti-fibrotic therapeutic in
the SL1344:CBA/J mouse model

Developing and evaluating anti-fibrotic therapeutics is our ultimate
goal. A number of preclinical and investigational anti-fibrotics are
currently in development, but no effective anti-fibrotics exist to treat
intestinal fibrosis.?® Our work has demonstrated that pharmacologi-
cal inhibitors of the MRTF-A/SRF may be an effective approach.
As we have demonstrated, novel MRTF-A/SRF inhibitors block
fibrogenesis in in vitro intestinal fibrosis models and prevent fibrosis
in the mouse bleomycin skin injury model.'®** Therefore, we used
the preclinical investigational compound CCG-203971 to perform
a proof-of-concept therapeutic experiment in the SL1344:CBA/]
fibrosis model.'*3

To evaluate CCG-203971 as a prophylactic anti-fibrotic, mice
in the drug control and therapeutic groups were treated twice
daily with 100 mg/kg/day CCG-203971 beginning 1 week before
S. typhimurium infection and continuing until sacrifice. Negative
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and positive control animals received vehicle [100 A peanut oil] by
gavage 2 x/day on the same schedule. As substantial mortality was
observed in both the drug control and therapeutic groups [40%
and 33 %, respectively] [Figure SA], the experiment was terminated
at Day 11 post infection. Though this study did not reach Day 21
post infection as anticipated, we were able to assess effects on early
fibrosis, as we have demonstrated fibrosis is initiated around Day 8
post infection.?!

In this study, no significant effects on gross pathology were
observed in mice prophylactically treated with CCG-203971 com-
pared with the SL1344-infected group. Similarly, no differences
in histological inflammation and fibrosis, as scored by a blinded
pathologist [DM], were observed between the SL1344-infected mice
and mice infected with SL.1344 and treated with CCG-203971 [data
not shown]. However, more sensitive biochemical markers of intes-
tinal fibrosis, including protein and gene expression, suggested anti-

Biochemical markers of intestinal fibrosis, including collagen
I and aSMA protein expression, were quantified. SL1344 infection
markedly induced both aSMA and collagen I protein expression.
Although CCG-203971 treatment had no effect on aSMA protein
expression, collagen I protein expression was significantly repressed
3-fold compared with the SL.1344-infected controls [0.030 versus
0.895, p = 0.002] [Figure SB]

Analysis of transcriptional markers of fibrosis and inflammation
demonstrated CCG-203971 efficacy. CCG-203971 treatment signifi-
cantly repressed the fibrotic genes COL1A1 and IGF-1. Compared
with the SL1344-infected group, treatment with CCG-203971 sig-
nificantly repressed COL1A1 2.5-fold [p = 0.001] and IGF-1 2-fold
[p = 0.004] [Figure 5C, D]. Similar effects were observed for inflam-
matory genes [IL-18 and IL-6]. Specifically, IL-1f3 expression was
repressed 3-fold compared with the SL1344 group [0.36 versus
1.05, p = 0.004] and IL-6 was repressed 4.3-fold compared with

fibrotic efficacy. SL1344 [0.24 versus 1.04, p < 0.001] [Figure SE, F]. In addition,
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Figure 5. Therapeutic proof-of-concept in the SL1344:CBA/J mouse model. [A-F] In a pilot proof-of-concept experiment, SL1344-infected CBA mice were treated
with 100 mg/kg/day CCG-203971 for 18 days, beginning 7 days before SL1344 infection. [A] Kaplan-Meier survival curve illustrating effects of CCG-203971 on
animal survival. Anti-fibrotic efficacy of CCG-203971 as determined by expression of collagen | protein expression [B] normalised to glyceraldehyde 3-phosphate
dehydrogenase [GAPDH] protein expression and fibrotic (COL1A1 [C] and IGF-1 [D]) and inflammatory (IL-1b [E] and IL-6 [F]) gene expression. *p < 0.05, **p < 0.01
compared with the uninfected control group. ###p < 0.001 compared with the SL1344-infected group.
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CCG-203971 treatment repressed inflammatory gene expression to
levels comparable to both the negative [uninfected] control or unin-
fected drug control groups.

Our analysis of the SL1334:CBA/] model predicted smaller sam-
ple sizes would be sufficient to detect anti-fibrotic efficacy. Therefore,
we performed a post hoc power analysis of the proof-of-concept
therapeutic experiment to determine if the actual sample sizes were
congruent with the SL1344:CBA model predictions.

Post hoc sample size calculations were performed to compare the
CCG-203971 therapeutic and the SL1344 infected groups for mark-
ers significantly repressed by CCG-203971 treatment [i.e. collagen
I protein expression, and COL1A1, IGF-1, and IL-1f gene expres-
sion| [Table 3]. In the original power analysis of the SL1344:CBA/J
model, samples sizes of 4-17 mice were predicted to detect an anti-
fibrotic response, depending on the metric. In the therapeutic experi-
ment, sample sizes were consistent with the predicted sample sizes.
Original sample size calculations of collagen I protein expression
predicted four mice per group. Post hoc calculations determined that
three and six mice for the CCG-203971 therapeutic and SL1344
groups, respectively, would be required to achieve an experiment
power of 80%, consistent with the SL1344:CBA/] model. Similar
sample size congruence was observed for IGF-1 [predicted n = 6,
actual 7 = 2 and 4] and IL-1 [predicted 7 = 4, actual 7 = 3 and 6]
gene expression. However, for COL1A1 gene expression, the actual
sample size was smaller than predicted [# = 2 and 4 versus n = 17].
Whereas CCG-203971 did not definitively ameliorate fibrosis, this
inaugural proof-of-concept therapeutic study illustrates the utility
of the SL.1344:CBA/] model for evaluating preclinical anti-fibrotic
therapeutics.

4. Discussion

Fibrosis is the key unsolved problem in IBD, with substantial nega-
tive patient outcomes and economic costs. Despite the advent of
powerful and effective anti-inflammatory therapeutics, the rate of
surgical resection for intestinal fibrosis remains largely unchanged,
underscoring the need for effective anti-fibrotic drugs.’> Recently, the
number of anti-fibrotic therapeutics in the development pipeline has
exponentially risen from two in 2014 to 26 today.>* However, none
has been evaluated in intestinal fibrosis models. One limitation is the
lack of clinically relevant and robust animal fibrosis models for drug
discovery and preclinical testing.”

The development of powerful anti-inflammatory therapeutics
has relied heavily on numerous animal models of IBD. However,
these models were developed exclusively to measure the inflam-
matory and immune-system responses characteristic of early-stage
human disease. In these models, fibrosis is at best a secondary out-
come. Few fibrosis-specific animal models exist; each has limitations
with respect to fibrotic penetrance, feasibility, scaleability, and clini-
cal relevance.”

Table 3. Therapeutic proof-of-concept post hoc power analysis in
the S. typhimurium SL1344:CBA mouse model.

Metric Predicted [#z] SL1334 + CCG-203971 SL1344
Collagen I protein 4 3 6

Gene expression

COL1A1 17 2 4
IGF-1 6 2 4

IL-1p 4 3 6

The aetiology of fibrosis in IBD is complex and multifactorial,
involving intricate interplay between environmental, microbial [com-
mensal and pathological], immune, and genetic factors.** Whereas
intestinal fibrosis in the mouse S. typhimurium model is triggered by
a single infectious agent, both intestinal colonisation and resultant
disease is dependent upon disruption of the normal microflora. As
our T-RFLP analysis of gut microbiota in the S. typhimurium model
has shown, the normal microflora which varies considerably among
individual animals and animal facilities is globally eliminated by
streptomycin treatment and S. typhimurium colonisation [Higgins,
unpublished results]. This process of gut dysbiosis and bacterially
induced pathology has similarities to IBD. In human IBD, disrup-
tion of gut microbiota by antibiotics or pathological bacteria [e.g.
Clostridium difficile] can worsen disease.’¢ In addition, genetic
defects in bacterial recognition and killing [NOD2, ATG16L1,
IRGM1, and NCF2] are associated with increased risk of IBD and
more severe disease.’” Indeed, patients with mutations in the bacte-
ria-sensing gene NOD?2 have higher risk of fibrostenotic disease.*

Though the S. typhimurium mouse model, like other animal
models, has limitations, this model recapitulates many of the clini-
cal features characteristic of human IBD, including transmural tissue
fibrosis, a Th1/Th17 response, myfibroblast activation, and patho-
logical ECM production. As described in the original model, S. typh-
imurium infection produces fibrosis in several mouse strains, but
the phenotype and magnitude of fibrotic response vary across host
strains, including C57bl/6."" Fibrosis in C57bl/6 is a critical finding
which enables mechanistic interrogation of fibrosis, as most geneti-
cally altered mice, including strains used to interrogate mechanisms
of IBD [e.g. NOD2, TGFf, and MCP-1 transgenic mice], are on a
C57bl/6 background.’**® As our meta-analysis of the AaroA:C57bl/6
model illustrates, fibrotic disease presentation and penetrance vary
with respect to biochemical markers of fibrosis including aSMA pro-
tein expression as well as COL1A1, IGF-1, and TGFf gene expres-
sion. Histological assessment of fibrosis is a key metric, whereas
aSMA protein and to lesser extent COL1A1 gene expression are
informative, given sufficient sample sizes. With the large inter-exper-
imental variability, caution should be used and biochemical markers
alone may be insufficient to gauge response to anti-fibrotic thera-
pies. In addition, larger experimental group sizes are required to
detect meaningful differences in fibrosis, increasing both study costs
and use of research animals. However, inflammatory markers were
highly informative, with far more practicable sample sizes, suggest-
ing that the AaroA:C57bl/6 model is appropriate for inflammatory
studies but is suboptimal for fibrosis research, particularly for larger
drug discovery or preclinical studies.

Other mouse strains, notably the 129Sv/Im] strain, which lack
the Nramp1 mutation, reportedly survive infection with wild-type
S. typhimurium SL1344 but develop severe intestinal fibrosis.
However, the 129 lineage is plagued by genetic heterogeneity and
even intra-strain variation. Though we observed severe fibrosis in
12951/SvIm] mice, the high mortality in this and another commer-
cially available 129 strain [129X1/SvIm]], limit the utility of 129
strains, particularly for longitudinal drug studies.

Mice are the preferred species to meet the demands of efficient,
cost-effective, and sufficiently powered in vivo drug studies. Yet in
comparison with other species, mice are relatively resistant to organ
fibrosis.*! Complicating matters, fibrotic susceptibility or resistance
varies across organs within a specific mouse strain.*> C57bl/6 mice
are resistant to renal and cardiac fibrosis but susceptible to pulmo-
nary and hepatic fibrosis, whereas 129S1/Svim] mice are highly sus-
ceptible to renal fibrosis.*> As our pilot S. typhimurium experiment
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using CBA/J, 12951/SvIm]J, and DBA mouse strains illustrates, both
survival and fibrotic disease are host- and bacterial strain-dependent,
consistent with the original model.!! Predictably, infection with the
metabolic AaroA mutant prevents lethality, but attenuates fibrosis.
Wild-type S. typhimurium SL1344 is highly lethal in the 12951/
SvIim]J and DBA mouse strains. In contrast, the CBA/J mouse strain is
resistant to S. typhimurium lethality and develops profound fibrosis
similar to human disease with characteristic histological features, a
pathological overexpression of ECM [extracellular matrix] proteins,
and classical transcriptional markers of fibrosis. These observations
are consistent with observations in a surgical model of intestinal
fibrosis, demonstrating that CBA/J mice exhibited a greater and
more consistent fibrotic response to peptidoglycan-polysaccharide
[PG-PS] than either 129S1/SvIm] or DBA mice.*

As we confirmed in a meta-analysis of the SL1344:CBA/J model,
protein and transcriptional markers of fibrosis are highly indicative
of fibrotic response. In addition, sample size calculations revealed
that substantially smaller group sizes are needed to achieve sufficient
experimental power. Compared with the AaroA:C57bl/6 model,
predicted sample sizes in the SL1344:CBA/] model are between 4-
and 10-fold lower. The SL1344:CBA/J model is not a pure fibrosis
model, as concurrent histological inflammation and inflammatory
gene expression are observed. However, as we have previously dem-
onstrated, inflammation can be decoupled from fibrosis.'” Indeed,
that may be the most powerful aspect of the S. typhimurium model.
Recent work by our group and others, suggests that anti-fibrotic
therapy is more effective once inflammation is controlled [T. Pizarro,
personal communication, and PDRH., unpublished observations]. In
fact, the application of anti-fibrotic therapy in the presence of uncon-
trolled, active inflammation may have profound adverse effects. As
we observed, spironolactone treatment, despite anti-fibrotic efficacy
in cardiac fibrosis and in vitro intestinal fibrosis models, produced
high mortality in two rodent colitis models and was associated with
a 2-fold higher risk of death in patients who have concurrent intes-
tinal inflammation.'®

Finally, we demonstrate the utility of the SL1344:CBA/] model
in a proof-of-concept study using a CCG-203971, a novel, pre-
clinical anti-fibrotic therapeutic. Although drug toxicity limited full
evaluation of anti-fibrotic efficacy, the increased sensitivity of the
optimised SL.1344:CBA/] model enabled more subtle assessment of
anti-fibrotic efficacy, informing future therapeutic study design and
modification.

4.1. Conclusions

In conclusion, the S. typhimurium model is a powerful tool for inter-
rogating the mechanisms and therapeutics for intestinal fibrosis.
Appropriate selection of host and bacterial strains for the specific
scientific application [inflammation versus fibrosis] are required.
For mechanistic studies of inflammation, the S. typhimurium
AaroA:C57bl/6 model is well-suited and can utilize the power of
genetically modified mice. However, an a priori power analysis rec-
ommended ensuring that experimental groups are adequately pow-
ered, particularly for fibrosis studies. Our studies indicate that with
low mortality and consistently robust fibrosis, the S. typhimurium
SL.1344:CBA/] model is an optimal intestinal fibrosis model for pre-
clinical and drug discovery applications. As intestinal fibrosis is a
critical unsolved problem in IBD, the S. typhimurium SL1344:CBA/]
model may be a crucial tool to identify and evaluate effective anti-
fibrotic therapeutics such as CCG-203971, a novel MRTF-A/SRF
inhibitor.
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