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Intestinal fibrosis is a serious complication of Crohn’s
disease (CD) that can lead to stricture formation,
which requires surgery. Mechanisms underlying in-
testinal fibrosis remain elusive because of a lack of
suitable mouse models. Herein, we describe a sponta-
neous mouse model of intestinal inflammation with
fibrosis and the profibrotic role of arginase I. The Src
homology 2 domain—containing inositol polyphos-
phate 5'-phosphatase—deficient (SHIP”") mice devel-
oped spontaneous discontinuous intestinal inflam-
mation restricted to the distal ileum starting at the age
of 4 weeks. Mice developed several key features re-
sembling CD, including inflammation and fibrosis.
Inflammation was characterized by abundant infil-
trating Gr-1-positive immune cells, granuloma-like
immune cell aggregates that contained multinucle-
ated giant cells, and a mixed type 2 and type 17 helper
T-cell cytokine profile. Fibrosis was characterized by
a thickened ileal muscle layer, collagen deposition,
and increased fibroblasts at the sites of collagen de-
position. SHIP”~ ilea had increased arginase activity
and arginase I expression that was inversely propor-
tional to nitrotyrosine staining. SHIP”~ mice were
treated with the arginase inhibitor S-(2-boronoethyl)-
L-cysteine, and changes in the disease phenotype
were measured. Arginase inhibition did not affect the
number of immune cell infiltrates in the SHIP”~ mouse
ilea; rather, it reduced collagen deposition and muscle
hyperplasia. These findings suggest that arginase activ-
ity is a potential target to limit intestinal fibrosis in
patients with CD. (4m J Pathol 2011, 179:180-188; DOI:
10.1016/j.ajpath.2011.03.018)
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Inflammatory bowel disease includes two major presen-
tations of intestinal disease: Crohn’s disease (CD) and
ulcerative colitis. Both are characterized by chronic, re-
lapsing and remitting, or progressive inflammation of the
intestine. Patients experience severe intestinal patholog-
ical conditions that cause physical symptoms, including
pain, nausea, and diarrhea.’ Ulcerative colitis is re-
stricted to the colon, whereas CD can occur in any part of
the gastrointestinal tract.?

Intestinal fibrosis is a serious complication of CD. It can
lead to strictures and stenoses that narrow the lumen of
the intestine and can cause dangerous obstructions. Ap-
proximately one in three people with CD develops stric-
tures within 10 years of diagnosis and requires surgery to
remove the diseased bowel. The most common site of
surgical resection in patients with CD is the distal il-
eum.®* Furthermore, patients who have undergone sur-
gery for fibrosis frequently relapse, developing intestinal
inflammation and fibrotic strictures at the same location
as the previous resection.® Anti-tumor necrosis factor-a
therapy is effective at reducing inflammation in active CD,
but the current thinking is that it is not effective at reduc-
ing fibrosis or fibrogenic gene expression.®® To our
knowledge, there are no antifibrotic drugs available for
use in patients with CD.™®

Fibrosis can be considered a pathological conse-
quence of an excessive healing response. Normally, in
response to tissue injury, the healing process includes
the deposition of extracellular matrix proteins, the most
abundant of which are members of the collagen family. "
Thus, some degree of mild subclinical fibrosis may occur
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in all patients with CD."2'® The cell types that contribute
to scar formation are mesenchymal cells, including myo-
fibroblasts, smooth muscle cells, and fibroblasts.* Pa-
tients with CD and fibrosis experience accumulation of
fibroblasts through the gut wall. '

Despite the urgent need to prevent or treat intestinal
stricturing in patients with CD, little is known about the
mechanisms underlying this process, in part because of
a lack of suitable animal models for the study of intestinal
fibrosis. There are many mouse models of intestinal in-
flammation,’®'® but studies'”2? of intestinal fibrosis
have been limited to six colitis models. There are two
genetic mouse models of spontaneous intestinal inflam-
mation in the distal ileum: transgenic tumor necrosis
factor®*"E and SAMP1/YitFc mice.?>2* (SAMP1/YitFc
mice are a subline of the senescence-accelerated mouse
line.) Both of these models recapitulate some features of
CD and have been used to study the development of
chronic ileitis. The SAMP1/YitFc mouse is reported to
develop fibrostenotic strictures at the age of 40 weeks®*
but has not been used as a model for the treatment of
intestinal fibrosis.

The Src homology 2 domain—containing inositol
polyphosphate 5’-phosphatase (SHIP) is a hematopoiet-
ic-specific negative regulator of the phosphatidylinositol-
3-kinase (PI3K) pathway. It removes the 5’ phosphate
group from class IA PI3K-generated phosphatidylinositol
3,4,5-triphosphate, removing this important second mes-
senger from the cell membrane, thereby discontinuing
PI3K activity. SHIP7~ mice were generated in 1998 by the
laboratories of Krystal, Humphries, and colleagues.®®
SHIP™~ mice have a myeloproliferative disorder, with a
twofold to threefold increase in myeloid cells at different
sites, lung pathological features, and a shortened life
span.?® Myeloid cells from these mice are hyperrespon-
sive to various stimuli,?® and in vivo differentiated SHIP~~
macrophages are alternatively activated and constitu-
tively express arginase | (Argl).2” Recently, SHIP~~ mice
were reported to develop spontaneous intestinal CD-like
inflammation.?®

Herein, we confirm and extend these findings describ-
ing the inflammatory infiltrates, cytokine responses, and
specific features that define ileal fibrosis. SHIP”~ mice
develop thickened muscle layers, have increased colla-
gen deposition, and accumulate fibroblasts in the af-
fected ileum. In addition, the SHIP”~ mouse ilea have
increased Argl expression and arginase activity. More
importantly, treating SHIP~~ mice with the arginase inhib-
itor, S-(2-boronoethyl)-L-cysteine (BEC), reduced ileal
muscle hyperplasia and collagen deposition. These find-
ings identify arginase activity as a novel therapeutic tar-
get for the treatment of intestinal fibrosis in CD.

Materials and Methods
Mice

SHIP heterozygotes, an F2 generation of C57BL/6 X
129Sv mice, were bred to generate SHIP*/* and SHIP~~
littermates. Mice were maintained in sterilized filter-top
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cages and fed autoclaved food and water under specific
pathogen-free conditions at the Animal Care Facility at
the Child & Family Research Institute (Vancouver, BC).
Sentinel mice were routinely screened for pathogens us-
ing a comprehensive serological profile service (Radil,
Columbia, MO). All mice used were between the ages of
4 and 16 weeks. Experimentation was performed in ac-
cordance with institutional and Canadian Council on An-
imal Care guidelines.

Histological Characteristics

Mouse tissues were fixed in 10% neutral-buffered for-
malin at 4°C for 24 hours before paraffin processing.
Paraffin sections (5-um thick) were stained with H&E
for histological examination. Masson’s trichrome stain-
ing was performed according to the manufacturer’s
instructions (Sigma, St Louis, MO). Images were ac-
quired and analyzed using a Zeiss Axiovert 200 micro-
scope, a Zeiss AxiocamHR camera, and the Zeiss Ax-
iovision 4.0 software imaging system.

Histological Analyses

Crypt depth and villus length were determined by count-
ing epithelial cell nuclei from the base of crypts to the
crypt-villus junction and from the crypt-villus junction to
the villus tip, respectively, on uniform horizontal cross
sections of crypts and villi. Goblet cells per crypt-villus
were counted from the base of the crypt to the tip of the
villus. Representative crypts-villi (10 per mouse) were
counted in 5 to 10 H&E-stained sections of distal ileum for
six 8-week-old SHIP™* and SHIP~~ mice by two individ-
uals blinded to genotype (K.W.M. and A.E.C.). To count
immune cell infiltrates, four representative fields of H&E-
stained cross sections of seven untreated and seven
BEC-treated SHIP™~ mouse ilea were obtained at X20
magnification; infiltrates were counted according to nu-
clear morphological features in the circular muscularis
externa and submucosa. The thickness of the muscularis
externa from the serosa to the muscularis mucosa was
measured at six points in 10 cross sections of distal ileum
from seven untreated and seven BEC-treated SHIP~~ mice.
In all cases, sections were nonconsecutive, separated by at
least 50 wm, and counted at X20 magnification.

IHC Procedures

For detection of CD3, F4/80, Gr-1/Ly6, Argl, and nitroty-
rosine slide-mounted 5-um sections of FFPE tissues were
deparaffinized and rehydrated. For CD3 and Argl detec-
tion, heat-induced epitope retrieval was performed by
immersing the slides in 1 mmol/L EDTA (pH 8.0) at 95°C
for 20 minutes and allowing them to cool to room temper-
ature. For F4/80, Gr-1, and nitrotyrosine detection, en-
zyme-induced epitope retrieval was performed by incu-
bating samples with 20 ug/mL proteinase K in PBS for 15
minutes at room temperature. All slides were rinsed thor-
oughly in Tris-buffered saline with 0.1% Tween 20. En-
dogenous peroxidase activity was blocked with 1.5%
H,O, in PBS for 10 minutes. Endogenous avidin and
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biotin were blocked with an avidin-biotin blocking Kit,
according to the manufacturer’s instructions (Vector Lab-
oratories, Burlingame, CA). The primary antibodies used
were rabbit anti-CD3 (Abcam, Cambridge, MA), rat anti—
Gr-1 (Acris Antibodies, Herford, Germany), rat anti-F4/80
(AbD Serotec, Oxford, UK), mouse anti-Argl (BD Biosci-
ences, Mississauga, ON), and mouse anti-nitrotyrosine
(Millipore, Billerica, MA). Blocking buffers, biotinylated
secondary antibodies, and avidin—biotin—horseradish
peroxidase or alkaline phosphatase complexes were
prepared and used from rabbit IgG, rat IgG, or mouse-
on-mouse immunohistochemistry (IHC) detection kits,
according to the manufacturer’s instructions (Vector
Laboratories). Signals were detected with a diamino-
benzidine chromogen system (Dako, Carpinteria, CA)
or Vector Red (Vector Laboratories), and developed
sections were counterstained with Harris’ hematoxylin
(Sigma). For vimentin staining, fresh tissue was flash
frozen in dry ice-isopentane and embedded in optimal
cutting temperature compound (Sakura Finetech; VWR
Canada, Mississauga). Thaw-mounted sections were
fixed in ice-cold acetone and blocked with the Mouse-
on-Mouse detection system. Sections were incubated
with mouse anti-vimentin antibody (BD Biosciences),
followed by secondary Alexa 568—-conjugated goat an-
ti-mouse IgG antibody (Molecular Probes/Invitrogen,
Eugene, OR). Sections were mounted in Vectashield
mounting medium with DAPI (Vector Laboratories).
Negative controls omitted primary antibodies and were
performed for all antibodies.

Mouse Cytokine Arrays

Mouse-specific cytokine levels were determined in 150-mg
samples of ilea from SHIP*/* mice and inflamed ilea from
SHIP™ mice (n = 4 per group) using the Mouse Cytokine
Array Panel A kit from R&D Systems (Minneapolis, MN),
according to the manufacturer’s instructions. Protein (200
ug) was used for each array. Spot densities were quantified
using Imaged software version 1.43 (http.//rsbweb.nih.gov/
ii/index.html) and exported to GraphPad Prism 5 version 5
(GraphPad Software Inc., San Diego, CA). Spot densities
were corrected for individual background to diminish inter-
array variations.

Sircol Assays

Sections of fresh mouse distal ileum (30 to 100 mg) were
minced with surgical scissors in 500 uL of 0.5 mol/L
acetic acid with 10 mg/mL pepsin and agitated (at 1000
rom with a VWR microplate shaker) overnight at room
temperature. Tissue debris was removed and collagen
was measured by the Sircol soluble collagen assay (Bio-
color Ltd, Carrickfergus, UK), according to the manufac-
turer’s instructions.

Arginase Assays

Fresh tissue samples were collected and homogenized
in 1-mL arginase lysis buffer using a Polytron MR2100
bench-top homogenizer. Homogenates were cleared

by centrifugation at 16,000 X g for 10 minutes at 4°C.
Arginase activity was determined indirectly by measur-
ing the concentration of urea generated by the argi-
nase-dependent hydrolysis of L-arginine, as previously
described.?®

Mouse Treatment with BEC

BEC was synthesized by Dr Jean-Luc Boucher (Univer-
sité Paris Descartes, Paris, France), as previously de-
scribed.®® BEC was dissolved in deionized distilled wa-
ter, adjusted to pH 7, and filter sterilized. BEC (100 ulL of
a 0.2% solution) was administered daily by oral gavage to
4-week-old SHIP™~ mice for 2 weeks.

Statistical Analyses

Unpaired two-tailed Student’s t-tests were performed when
indicated using GraphPad Prism version 5 (GraphPad Soft-
ware Inc.). For multiple comparisons made during cytokine
assays, the Bonferroni correction was applied. Differences
were considered significant at P < 0.05.

Results

SHIP™~ Mice Have Spontaneous Intestinal
Inflammation Resembling CD

In our work with SHIP~ mice, we found that adult
SHIP~~ mice consistently showed spontaneous intesti-
nal inflammation. In situ intestines were thick and
opaque (Figure 1A). This phenotype was restricted to
the distal third of the ileum and usually within 10 cm of
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Figure 1. SHIP™~ mice develop spontaneous intestinal inflammation. A: The
ilea of 6-week-old SHIP*/* and SHIP™~ mice were compared in situ. SHIP™~
mice have thickened intestines with patchy inflammation (arrow). B: On
extraction and extension of each ileum, it was determined that inflammation
in the SHIP™~ mice was restricted to the distal ileum. Arrows indicate sites
of inflammation.


http://rsbweb.nih.gov/ij/index.html
http://rsbweb.nih.gov/ij/index.html

A SHIP** SHIP*

4 wk

Immune cell aggregates

Immune cell infiltrates

Goblet cell hypertrophy

Figure 2. Intestinal inflammation in SHIP~~ mice develops between the
ages of 4 and 8 weeks (wk) and is histologically similar to CD. A: H&E
analysis of SHIP*/* and SHIP™~ ilea at 4 wk (top) revealed no signs of
pathological features in either mouse group. At the age of 8 wk (bottom), the
ilea of SHIP™~ mice revealed thickening of the muscularis, immune cell
aggregates and infiltrates, and goblet cell hypertrophy. Scale bar = 100 wm.
B: SHIP™~ mice (aged 8 wk) shared additional histopathological features
with CD, including immune cell aggregates that are organized into poorly
formed granuloma-like structures in the muscularis (left) and contain multi-
nucleated giant cells (middle); the ilea revealed signs of bleeding into the
lumen (arrows, right). Sections are representative of 12 individual mice
examined at the age of 6 to 8 wk. Scale bars: 100 um (left and middle); 500
pm (right).

the ileocecal junction (Figure 1B). Discontinuous
patches of active inflammation were visible as areas of
redness on the gut wall (Figure 1, A and B).

The onset of the spontaneous intestinal inflammation
was determined by H&E staining to occur between the
ages of 4 and 8 weeks. At the age of 4 weeks, SHIP7~
mouse ilea showed no histopathological features (Fig-
ure 2A). However, inflammation was present in all
SHIP~~ mice from the age of 6 weeks onward (data not
shown). By 8 weeks, the ilea of the SHIP7~ mice
showed thickened muscularis externa, especially the
circular muscle layer, goblet cell hypertrophy, and im-
mune cell infiltrates and aggregates throughout the gut
wall (Figure 2A, bottom right). Immune cell aggregates
were identified as poorly or partially formed granulo-
ma-like structures (Figure 2B, left) and contained multi-
nucleated giant cells (Figure 2B, middle). There was
also evidence of bleeding into the lumen of the gut
(Figure 2B, right). In addition, SHIP™~ mouse ilea
showed epithelial cell hyperplasia (see Supplemental
Figure S1 at http://ajp.amjpathol.org). SHIP™~ mouse
histopathological features were restricted to the ileum
because colons and ceca appeared normal (see Sup-
plemental Figure S2 at http.//ajp.amjpathol.org).

Villi and Lymphoid Aggregates Contain
Abundant Gr-1/Ly6™ Granulocytes

Having established that SHIP7~ mice have increased
ileal inflammation, we analyzed the immune cell infil-
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trates and immune cell aggregates in the SHIP™~ ilea.
Fixed sections were stained by IHC to detect granulocytes/
monocytes (Gr1*), macrophages (F4/80%), and T cells
(CD3™). Gr-17" cells were present through the entire thick-
ness of the gut wall and were abundant in immune cell
infiltrates and immune cell aggregates (Figure 3). Gr-1*
cells had multilobed nuclei, suggesting that they are neu-
trophils (Figure 3). There were a few F4/80" macro-
phages within immune cell aggregates (see Supplemen-
tal Figure S3 at http.//ajp.amjpathol.org). There were a few
CD3™" T cells within crypts and villi (see Supplemental
Figure S4 at http://ajp.amjpathol.org). The absence of
abundant T cells within the SHIP™~ ilea was unexpected
but is consistent with a recent report.?®

SHIP™~ Mouse Inflamed llea Have Increased
Type 2 and Type 17 Helper T-Cell Cytokines

To describe the type of inflammation in the SHIP™~
mouse ileum, relative cytokine levels present in ileal
tissue homogenates from 8-week-old SHIP”~ mice
were compared with those in SHIP*/* littermate con-
trols. SHIP™~ mouse ileal homogenates had signifi-
cantly increased levels of type 2 helper T-cell (Th2)
cytokines, IL-4, and IL-13, but there was no difference
in IL-5 (Figure 4A). SHIP™ ilea had increased IL-23
(Th17) but no difference in IL-17 (Figure 4B). The levels
of Th1 cytokines, IL-12p70, and interferon-y were also
the same between the two groups (Figure 4C).

SHIP™~ Mice llea Have More Collagen

Because SHIP~ mouse ilea were thick and inflexible,
we examined them for evidence of fibrosis. H&E stain-
ing revealed a thickened muscle layer in 8-week-old
SHIP™~ mice compared with SHIP*/* littermate con-
trols (Figure 5A). Masson’s trichrome stain for fibrosis
in adjacent sections showed abundant collagen (blue)
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Figure 3. Immune cell aggregates and infiltrates from 8-week-old SHIP~~
mice are predominantly Gr-1*. A: IHC anti~Gr-1 antibody-negative control.
B: Gr-1-stained serial section (brown). Gr-1" cells were present through the
entire thickness of the gut wall (hematoxylin, blue). IHC staining is shown at
X10 magnification (left). Insets (defined): X63 magnification of immune
cell infiltrates in the muscularis (middle) and in immune cell aggregates
(right). Multilobed nuclear morphological features are visible at X63 mag-
nification. Scale bars = 50 wm. Sections are representative of 12 mice.
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Figure 4. SHIP~~ mouse ileal cytokine expression shows a mixed Th2-Th17
profile. Cytokine levels were measured in 8-week-old SHIP™/* and SHIP™~
mice ileal homogenates. Protein (200 ug) was analyzed for IL-4, IL-5, IL-13,
IL-17, IL-23, IL-12p70, and interferon (IFN)-y expression levels. Graphs show
tissue expression levels of representative Th2 (A), Th17 (B), and Thl (C)
cytokines, expressed as mean * SD signal intensity for four mice per group.
IL-4, IL-13, and IL-23 were significantly increased in SHIP~~ mice ilea com-
pared with SHIP™/* littermate controls. No significant (N.S.) differences were
observed for IL-5, IL-17, IL-12p70, or IFN-y. *P < 0.05 comparing SHIP*/*
with SHIP™~ mice ilea using a Student’s #test with Bonferroni correction. a.u.
indicates arbitrary unit.

present in the submucosa and between muscle layers
in the SHIP”~ mouse ilea (Figure 5B). However, given
the larger overall size of the SHIP”~ mouse ilea, we
measured the collagen per milligram of tissue. Sircol
assays for soluble collagen were performed comparing
SHIP~~ with SHIP*/* distal ilea. SHIP™~ mouse ilea had
2.1-fold more collagen than age-matched SHIP*/*
control mouse ilea, with significant differences at the
ages of 6 to 8 and 10 to 12 weeks (Figure 5C).

SHIP™~ Mice llea Have More Vimentin*
Fibroblasts, Increased Argl, and Arginase
Activity

Because fibroblasts are key players in intestinal fibrosis,
we compared the numbers of fibroblasts present in

the ilea of SHIP™~ mice with those in the ilea of SHIP*/*
mice by immunocytochemistry for vimentin. Masson’s
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Figure 5. SHIP™~ mice have elevated collagen deposition in their distal ilea,
indicative of fibrosis. A: H&E-stained horizontal sections of the distal ileum of
8-week-old SHIP™* (left) and SHIP~~ (right) mice revealed a thickened
muscle layer in SHIP~~ mice. B: Masson’s trichrome stain (blue) of adjacent
sections from the same mice revealed increased collagen deposition. Insets:
Higher magnifications show muscularis externa and muscularis mucosa and
the presence of collagen between muscle layers (bottom). Scale bars = 100
wm. C: Sircol assays comparing collagen levels between SHIP* and SHIP™~
ilea. Bars represent the mean * SD for 6 to 12 mice at each age (*P < 0.05).



trichrome staining of SHIP*/* and SHIP~~ mouse ilea
were performed at the same magnification used for vi-
mentin immunocytochemistry to show the thickness of the
muscle layers (Figure 6A). SHIP™/* mouse ilea have few
vimentin™ cells within the muscle layer, whereas SHIP7~
mouse ilea have abundant spindle-shaped vimentin™
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Figure 6. Increased collagen deposition correlates with increased fibro-
blasts, increased Argl expression and activity, and decreased NO production
in SHIP~~ mouse distal ilea. A: Masson’s trichrome staining (blue, left) and
anti-vimentin labeling (red, right; DAPI, blue) in ileal cross sections from
SHIP™* and SHIP™~ mice. Scale bars = 50 wm. B: IHC analysis of Argl
(brown, left) and nitrotyrosine (pink/red, right) levels in serial sections from
SHIP™/* and SHIP™~ mouse ilea (hematoxylin, blue). Scale bars = 100 pm.
C: Argl activity in SHIP*™/* and SHIP™~ mouse ilea. Bars represent the
mean * SD for 6 to 12 mice at each age (*P < 0.05).
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cells within the muscle layer and in the submucosa (Fig-
ure 6A).

Given that Argl is up-regulated in vivo in SHIP”~ mouse
macrophages and is upstream of the L-proline required
for collagen biosynthesis, we investigated Argl protein
expression levels and arginase activity in the SHIP7~
mouse ilea. The SHIP~~ mouse ilea have increased Argl
expression, including cells within immune cell aggre-
gates, the submucosa, and the muscularis (Figure 6B).
Arginases compete with NO synthases for their common
substrate, L-arginine; therefore, increased Argl is pre-
dicted to reduce NO production in tissues. Indeed, in the
SHIP™~ mouse ilea, staining of nitrotyrosine (which is
produced downstream of NO production) of serial sec-
tions was reduced compared with that of SHIP*/* litter-
mate controls (Figure 6B). Arginase activity was also
measured in ileal tissue homogenates to determine
whether it was increased. SHIP”~ mouse ilea had a 1.85-
fold increased arginase activity compared with SHIP™/*
littermate controls at the age of 6 to 8 weeks, and argi-
nase activity was significantly higher at the age of 10 to
12 weeks (Figure 6C).

Arginase Inhibition Reduced Collagen
Deposition and Muscle Hyperplasia
in SHIP™~ llea

Increased arginase activity in the SHIP™~ mouse ilea
correlated with increased collagen deposition; there-
fore, SHIP~~ mice were treated with the arginase inhib-
itor, BEC, an arginine analogue that was previously
used in other models of intestinal inflammation.®":32
Because the onset of increased arginase activity and
collagen deposition in SHIP™~ ilea occurred between
the ages of 4 and 6 weeks, we treated SHIP”~ mice
daily with 100 uL of 0.2% BEC in water by oral gavage
during this period. BEC treatment caused a 50% re-
duction in arginase activity compared with untreated
6-week-old SHIP”~ mice (Figure 7A), and Argl protein
expression was also decreased (Figure 7B). Immune
cell infiltrates were still present in the BEC-treated mice
and were not significantly reduced relative to untreated
SHIP~~ controls (Figure 7C). BEC-treated SHIP~~ mice
had decreased collagen deposition, evident from re-
duced Masson’s trichrome staining (Figure 7D), and
ileal collagen was also reduced by 25% compared with
untreated SHIP~~ mice in Sircol assays (Figure 7E).
The thickness of the muscle layers was reduced in
BEC-treated SHIP™~ mice relative to untreated SHIP~~
mice (Figure 7E).

Discussion

The current treatment of CD includes therapies to reduce
intestinal inflammation, improving quality of life for pa-
tients.®® Despite improvements in therapies reducing in-
flammation, fibrosis remains a serious complication of
disease.®* Research studying intestinal fibrosis has been
challenging, in part, because of a lack of suitable animal
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Assessment of immune cell infiltrates within the muscularis and submucosa of -BEC and +BEC SHIP™

/= mice. The nuclei of infiltrating immune cells were counted.

Bars represent the mean * SD of four representative fields, counted at X20 magnification in ileal cross sections from six mice from each group. N.S. indicates
not significant. D: Masson’s trichrome stain (blue) of ileal sections of -BEC and +BEC SHIP~~ mice. Scale bar = 100 wm. E: Sircol assays for soluble collagen (left)
and thickness of muscle layer (right) in SHIP™~ mouse ilea, for -BEC or +BEC. Bars represent the mean = SD (1 = 7) performed in three independent

experiments (*P < 0.001).

models. Herein, we report that the SHIP”~ mouse is a
model of spontaneous intestinal inflammation that shares
key features with CD. More importantly, these mice de-
velop fibrosis, characterized by thickening of the muscle
layers, collagen deposition, and fibroblast accumulation
in the distal ileum (Figures 5 and 6).

There are several inducible murine models of intestinal
fibrosis. Intestinal fibrosis can be induced in mouse colon
and cecum by chronic Salmonella enterica infection'® and
in the colon by overexpression of transforming growth
factor-B12° or monocyte chemoattractant protein-12" or
by repeated induction of colitis by trinitrobenzene sul-
fonic acid.?® These models do not cause fibrosis in the
ileum, where it is most frequently found in patients with
CD, and do not provide insight into spontaneous devel-
opment of intestinal fibrosis. There are two genetic mouse
models of spontaneous ileal inflammation. The tumor ne-
crosis factor®FE mouse develops ileal inflammation be-
ginning before the age of 4 weeks, with inflammatory
infiltrates in the submucosa containing scattered neutro-
phils and collections of histiocytes but do not display
muscle thickening or collagen deposition.?® The SAMP1/
YitFc mouse develops ileal inflammation with thickened
circular muscle and collagen deposition in the submu-
cosa and has perianal fistulae.?* Fibrosis develops slowly

over 40 weeks in these mice, and the multigenic changes
that cause this phenotype remain undefined.

Features reminiscent of CD in the SHIP™~ mouse in-
clude both inflammatory and fibrotic components. CD is
characterized by discontinuous inflammation primarily in
the distal ileum,®*® and SHIP~ mouse inflammation is
discontinuous and restricted to the distal third of the
ileum (Figure 1B). Sites of inflammation in patients with
CD are dominated by neutrophils,3® and abundant neu-
trophils are present in the SHIP™ ileum (Figure 3). An
additional feature of CD is the formation of rudimentary
granulomata in the ileum,®” and a diagnostic feature of
the disease is the presence of multinucleated giant cells
in the inflamed ileum.®®3° Similarly, SHIP7~ mice also
have poorly formed granuloma containing multinucleated
giant cells within the ileum (Figure 2B). Fibrotic features
of CD, such as muscle hyperplasia and collagen depo-
sition,*© are also present in our model (Figure 5). Trans-
mural fibroblast accumulation that occurs during intesti-
nal fibrosis in patients with CD is also apparent in our
model as an increase in vimentin™ cells (Figure 6A).

CD has traditionally been considered to be a Th1- and
Th17-mediated disease based on increased production
of interferon-v, IL-12p70, and IL-23 in the early phases of
inflammation.?41-43 Recently, the SHIP7~ mouse was re-



ported to be Th2 skewed,** which was attributed to hy-
peractive basophils producing IL-4.%° Unlike the inflam-
matory response characterized during active CD, fibrosis
is a Th2-driven process.*® IL-4 and IL-13 stimulate type |
collagen gene expression (Col1a2)*” and collagen pro-
duction by fibroblasts.*”*® The inflamed and fibrotic
SHIP~~ mouse ilea express a mixed Th2 and Th17 cyto-
kine profile, with significantly increased production of
IL-4, IL-13, and IL-23 (Figure 4). Alternatively activated
macrophages, fibroblasts, and dysregulated Th2 and
Th17 cytokine production have recently been suggested
as the critical players in the development of an exagger-
ated healing response that leads to fibrosis.*® The
SHIP™~ mouse has a myeloproliferative disorder and al-
ternatively activated macrophages, abundant fibroblasts,
and increased Th2 and Th17 cytokine responses that
may cooperate to cause the dramatic ileal fibrosis in the
SHIP~~ mouse.

We recently found that PI3K, and specifically
PI3Kp1108, activity is required for robust expression of
Argl in response to IL-4.%° Increased Argl expression and
arginase activity are features of murine alternatively acti-
vated macrophages®®; in vivo SHIP”~ mouse macro-
phages, including intestinal macrophages, are alterna-
tively activated and constitutively express Argl.?”>" On
examination, Argl expression and arginase activity were
up-regulated in the distal ilea of SHIP~~ mice (Figure 6).
Arginase could play an indirect role in the SHIP™~ mouse
ileal fibrosis by affecting inflammation. Alternatively, argi-
nase could play a direct role in promoting fibrosis by
increasing proline production, which is required for col-
lagen biosynthesis, and/or by increasing ornithine pro-
duction, which is metabolized by ornithine decarboxylase
to produce polyamines that promote cell cycle progres-
sion and could lead to muscle hyperplasia.®® Based on
this, we hypothesized that arginase inhibition could re-
duce intestinal fibrosis. Blocking arginase activity in the
intestine with BEC has exacerbated inflammation, includ-
ing immune cell infiltration, during Citrobacter rodentium—
induced colitis,®" but limits disease during Helicobacter
pylori infection by increasing NO-mediated killing of the
pathogen.®2 In our SHIP™~ mouse genetic model of intes-
tinal inflammation, BEC treatment reduced arginase ac-
tivity and expression in the SHIP”~ mouse ilea (Figure 7A)
but had no impact on the number of immune cell infil-
trates or immune cell aggregates present in the SHIP7~
mouse ilea (Figure 7D). More importantly, BEC treatment
reduced fibrosis, collagen deposition, and muscle hyper-
plasia in the SHIP”~ mouse ilea (Figure 7E).

SHIP acts by negatively regulating signaling through
the PI3K pathway, which is reported to be an important
signaling pathway in inflammatory bowel disease.®® In-
terestingly, human SHIP is encoded in the 2937 region of
human chromosome 2, where a polymorphism that is
associated with early-onset inflammatory bowel disease
has recently been described.®* Our study identifies SHIP
deficiency as a genetic cause of murine intestinal inflam-
mation with CD-like features, highlighting the importance
of the SHIP and PI3K pathway as regulators of intestinal
homeostasis. The power of this model of CD is that it
accurately and consistently recapitulates both the ileal
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localization of inflammation and the ileal fibrosis that oc-
curs in some patients with CD. Argl activity correlates
with fibrosis in two murine models of lung fibrosis,>>°¢
and arginase expression is significantly higher in re-
sected gut tissues from patients with CD.5” Arginase
inhibition reduced the fibrosis that we observed in the
SHIP~~ mouse ileum, identifying arginase as a potential
target for the treatment of intestinal fibrosis.
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