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Abstract

Epimorphin (Epim), a member of the syntaxin family of membrane bound, intracellular vesicle
docking proteins, is expressed in intestinal myofibroblasts and macrophages. We have previously
demonstrated that Epim~~ mice are partially protected from dextran sodium sulfate (DSS)-
induced colitis. While IL-6/p-Stat3 signaling has been implicated in the pathogenesis of colitis, the
myofibroblast contribution to IL-6 signaling in colitis remains unexplored. Our aim was to
investigate the 1L-6 pathway in Epim™~ mice in the DSS colitis model. Whole colonic tissue,
epithelium, and stroma of WT and congenic Epim~~ mice treated with 5% DSS for 7 days were
analyzed for IL-6 and a downstream effector, p-Stat3, by immunostaining and immunoblot.
Colonic myofibroblast and peritoneal macrophage IL-6 secretion were evaluated by ELISA. IL-6
and p-Stat3 expression were decreased in Epim™~ vs. WT colon. A relative increase in stromal vs.
epithelial p-Stat3 expression was observed in WT mice but not in Epim™~ mice. Epim deletion
abrogates I1L-6 secretion from colonic myofibroblasts treated with IL-1p and decreases IL-6
secretion from peritoneal macrophages in a sub-set of DSS treated mice. Epim deletion inhibits
IL-6 secretion most profoundly from colonic myofibroblasts. Distribution of Stat3 activation is
altered in DSS treated Epim™~ mice. Our findings support the notion that myofibroblasts modulate
IL-6/p-Stat3 signaling in DSS treated Epim™~ mice.
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Introduction

Ulcerative colitis (UC) and Crohn’s disease (CD) are compleX, polygenic gastrointestinal
inflammatory disorders, that afflict millions of individuals in the United States and
worldwide. 1 Accumulating evidence suggests that inflammatory bowel disease (IBD)
develops in part as a consequence of a dysregulated immune response to environmental
factors/gut microbiota in the genetically susceptible host. 1+ 23. 4 Non-traditional innate
immune cells such as intestinal sub-epithelial myofibroblasts (ISEMF) have also been
implicated in the pathogenesis of IBD.

ISEMFs are mesenchymal cells located subjacent to the basement membrane, at the
interface between the epithelium and lamina propria. ISEMFs participate in epithelial-
mesenchymal cross-talk and in mediating the immune response via secretion of cytokines,
growth factors, and inflammatory mediators. ® An increase in myofibroblast number has
been observed in inflamed UC and CD mucosa. 8 Myofibroblasts in inflamed tissue are
characterized by altered proliferation and an increase in secretion of cytokines and
extracellular matrix factors. 7 Tissue scarring and fibrosis observed in Crohn’s disease has
been attributed to the presence of activated myofibroblasts. 7 As extensively reviewed in8,
activated intestinal myofibroblasts produce pro-inflammatory mediators and molecules that
may ultimately either down regulate or lead to chronic inflammation. Recent research has
also provided insights into the immunosuppressive function of myofibroblasts. Human
colonic myofibroblasts, for example, promote the expansion of a subset of regulatory T
cells. 9

These observations are consistent with the active role of myofibroblasts in the pathogenesis
of colitis. To further delineate the role of these cells in the pathogenesis of intestinal
disorders, we have investigated the role of the unique mesenchymal protein epimorphin
(Epim). Epimorphin (Epim) is a member of the syntaxin family of membrane bound,
intracellular vesicle docking proteins known as target membrane SNARES (t-SNARE) that
mediate fusion of v-SNARE expressing intracellular secretory vesicles with the plasma
membrane. 10 In the gut, Epim is expressed in mesenchymal cells including ISEMFs and has
arole in regulating intestinal morphogenesis. 1112

Investigations of the role of Epim in the adult intestine have shown that Epim~~ mice are
partially protected from dextran sodium sulfate (DSS)-induced acute colitis!3, a well-
established chemically induced model of IBD with similarities to ulcerative colitis 141°
frequently used to investigate intestinal injury and repair mechanisms. The mechanisms of
protection from DSS induced injury in Epim™~ mice are partially a result of improved
repair, mediated via an increase in crypt cell proliferation secondary to modulation of Bmp
secretion.13 Epim™~ mice also have a markedly reduced dysplastic tumor burden compared
to WT mice in the azoxymethane (AOM)/DSS murine model of colitis associated cancer
(CAC) 16 mediated in part by a decrease in interleukin (1L)-6 secretion from LPS stimulated
intestinal mesenchymal cells. 18 Overall, these findings suggested that in the gut, the effects
of Epim are mediated via its functional homology to syntaxin-2 which in turn regulates
secretion of signaling factors. 11 The interleukin (1L)-6/signal transducer and activator of
transcription-3 (Stat3) signaling pathway has been implicated in the pathogenesis of colitis,
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with reports of elevated serum and tissue IL-6 in both IBD and animal models of colitis.
IL-6 mediated induction of the transcription factor STAT-3 induces lamina propria T-cell
resistance against apoptosis, leading to T cell accumulation and perpetuation of chronic
inflammation. 17. 1819

We were interested, therefore, in exploring the previously unexamined role of Epim deletion
on the IL-6 pathway in the acute DSS colitis model. We evaluated IL-6 expression in DSS
treated colonic tissue of WT and congenic Epim~~ mice. IL-6 signaling was further assessed
by evaluating expression of one of its major downstream effectors, p-Stat3, in whole colon,
and in enriched colonic epithelium and stroma by immunostaining and immunoblot.

Materials and Methods

Animals

Congenic Epim™~ (on a C57BL/6J background) and WT C57BI/6J male littermates were
treated for 7 days with a solution of filtered water containing 5% dextran sodium sulfate
(USB). Mice were housed at Washington University School of Medicine barrier facility in a
12-hour light/dark cycle with complete access to food and water. The mice were fed a
standard rodent chow diet (PicoLab 20; Purina). Age-matched 8- to 12-week-old Epim~/~
and WT littermates were used in all experiments. All animal experimentation was approved
by the Animal Studies Committee of Washington University School of Medicine where the
study was carried out.

Dextran sodium sulfate (DSS) induced colitis

Congenic Epim™~ mice (n=27) and WT C57BL/6J mice (n=18) age-matched male litter-
mates were treated for 7 days with a solution of filtered water containing 5% dextran sodium
sulfate (DSS) (USB Corporation) in water ad libitum. Daily weights, stool consistency, and
rectal bleeding were assessed. Clinical scores were calculated as per Loher et al.20 Briefly,
body weight, fecal blood, and stool consistency were determined at least every other day and
given a score ranging from 0 to 4. The overall clinical score was the average of these three
scores and ranged from 0 (no activity) to 4 (maximal activity of colitis). We categorized
clinical scores < 1 as mild/none; 1-2 as moderate; and > 2 as severe. Animals were
sacrificed by CO, inhalation on day 8. The colon was removed from its mesentery to the
pelvic brim and descending colon was collected for histology and protein analysis. For
histologic studies, colons were opened and fixed in 4% formaldehyde (Fisher Scientific
International) overnight and transferred to 70% ethanol. They were then cut longitudinally,
stabilized in agar and submitted for paraffin embedding and for histological studies. Because
DSS induced injury was limited primarily to the descending colon, studies were conducted
on this segment of colon unless otherwise specified.

Mucosal injury assessment by Murthy crypt scores

Epim™~ and WT descending colons (n=3 each) were examined under high power (x200) by
a two independent observers (AS, JF) blinded to the genotype. The method of crypt scoring
by Murthy et al. 2! was used. Briefly, the scoring method was as follows: 0, normal
morphology; 1, loss of lower third of the crypt; 2, loss of lower two-thirds of the crypt; 3,
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loss of entire crypt but with remaining surface epithelium; and 4, loss of entire glands and
epithelium. A field encompassed a 0.07 mm2 circular area and each field was assigned a
grade of 0 to 4. The changes were quantitated according to the percentage involvement of
the disease process: 1, 1-25%; 2, 26-50%; 3, 51-75%; 4, 76-100% of area examined. Each
field was scored with a grade and percentage area of involvement and the product of the two
was the crypt score for that field. The crypt scores from all fields in a segment of colon were
summed yielding a tissue injury score for that segment of the colon.

Protein isolation and immunoblot

The colon was removed from its mesentery to the pelvic brim and separated into cecum,
ascending and descending colon. Protein extraction was performed on sections of
descending colon. Tissue was homogenized in 250 pl Tris buffer containing 100 mM Tris-
HCL pH 8.0, 100 mM NaCl, 10 mM EDTA, 1% Triton (Fisher Scientific International),
0.1% SDS and protease inhibitor cocktail (Sigma-Aldrich). Then supernatant was sonicated
for 30 seconds and centrifuged at 100 x g for 10 minutes to remove unbroken tissue. The
pellet was discarded and supernatant was stored at —20°C for use in immunoblot.

Tissue protein concentrations were measured using the Bio-Rad DC protein assay Kkit.
Absorbance was read at 750 nm using a Synergy HT multi-mode microplate reader (BioTek)
and data analyzed by Gen5 data analysis software. Aliquots of protein extract (20 ug) were
electrophoresed on a 9% SDS polyacrylamide gel and transferred onto a nitrocellulose
membrane as per.16 Immunoblots were incubated with a rabbit polyclonal anti-epimorphin/
syntaxin 2 antibody (1:5000; Synaptic Systems), rabbit polyclonal anti-Stat3 antibody
(1:2000; Cell Signaling Technology), and mouse monoclonal anti-alpha-tubulin (1:2000;
Santa Cruz Biotechnology) to control for differences in total protein loading, followed by a
horseradish peroxidase-conjugated anti-IgG antibody (1:5000-1:20,000; Santa Cruz
Biotechnology), and developed in chemiluminescent peroxidase substrate (ECL Western
Blotting Kit; Amersham Bioscience or SuperSignal West Femto Kit; Fisher Scientific
International). Relative abundance of each protein was measured using KODAK analysis of
digitized images obtained with an Epson Perfection 1650 scanner using Adobe Photoshop,
version CS5.

Epithelial-stromal separation and isolation

Epithelial cells were separated from the non-epithelial compartment utilizing a modification
of the EDTA method 22. Colons were extracted and incubated in tubes of HBSS/5mM
EDTA in a 37° C shaker set on 140 RPM for 15 minutes. Tubes were vigorously shaken for
15 seconds. Forceps were used to transfer the tissue segment into a 2" HBSS/EDTA wash
tube and incubation was repeated twice. The 15t HBSS/EDTA was centrifuged at 500G for 5
minutes. The supernatant was removed and 5ml of PBS was added to the remaining fluffy
epithelial pellet. These steps were repeated for the 219 and 3 wash. All three epithelial
collections in PBS were pooled into one tube and centrifuged at 500 G for 10 minutes to
remove the supernatant and 100-150 pl cell lysis buffer was added to lyse the pellet and
transferred to 1.5ml centrifuge tube (epithelial lysate). 500 pl cell lysis buffer was added to
the remaining stromal tissue now stripped of epithelium, homogenized, sonicated for 1
minute, and evaluated for protein by immunoblot or ELISA.
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Immunohistochemistry

IL-6 expression in Epim™~ and WT descending colon was analyzed using monoclonal
mouse anti-1L-6 antibody (1:50; R&D Systems). Sections were deparaffinized with three
washes of xylene, hydrated in decreasing grades of ethanol (100%, 95%, 70%, 50%, and
dH,0), and pretreated with Diva DECLOAKER reagent (BIOCARE) for antigen retrieval.
Antigen-antibody complexes were detected with biotinylated donkey anti-mouse 1gG
(1:500; Jackson ImmunoResearch Laboratories) and streptavidin-horseradish peroxidase
(1:1000; Jackson ImmunoResearch Laboratories) and diaminobenzidine (BIOCARE).
Immunohistochemical analyses of P-STAT3 expression were performed using polyclonal
rabbit anti-P-Stat3 antibody (1:50; Cell Signaling Technology). Antigen retrieval was
performed with Diva DECLOAKER reagent (BIOCARE); antigen-antibody complexes
were detected with biotinylated goat anti-rabbit IgG (1:500; Perkin Elmer) and streptavidin-
horseradish peroxidase (1:1000; Jackson ImmunoResearch Laboratories) and
diaminobenzidine (BIOCARE).

Immunofluorescensce

Cross sections of formalin fixed, paraffin embedded Epim™~ and WT mouse colons were
permeabilized with 0.25% triton X-100 (Fisher BP151-100) in PBS following
deparaffinization and retrieval of the antigen binding site. Sections were blocked in PBS
containing 5% goat serum (Sigma G9023-10ML) for 1 hour prior to adding primary
antibody diluted in the same serum containing solution, for overnight incubation at 4°C.
Primary antibodies used for a-smooth muscle actin/IL-6 co-staining were mouse anti-a
smooth muscle actin (Abcam ab7817, 1:500) and rabbit anti-IL6 (Abcam ab6672, 1:500).
Co-stains of rat anti-F4/80 (Abcam ab6640) and rabbit anti-1L6 were diluted at 1:500 and
1:1000, respectively. The next day, sections were washed with PBS followed by incubation
with appropriate secondary antibodies: cy2-labeled goat anti-rabbit (Jackson 111-225-114),
rhodamine-labeled goat anti-mouse (Jackson 115-297-003) or rhodamine-labeled goat anti-
rat (Jackson 112-297-003) at 1:200, for 1 hour at room temperature. Sections were PBS
washed before counterstaining with Lug/ml DAPI in PBS for 1 minute. One last wash with
PBS was done before adding fluorescent mounting media (Electron Microscopy Sciences
17985-10) and coverslip.

Peritoneal macrophage isolation from DSS treated mice

Resident peritoneal macrophages were isolated by flushing the peritoneal cavity with cold
PBS as described previously 16 from DSS treated WT and Epim~~ mice. Cells were counted
for viability by trypan blue exclusion; plated (5x105 cells/well) in a 96 well plate in RPMI
1640 media (BioWhittaker) with 2 mM I-glutamine (Life Technologies), 10 mM HEPES, 1
mM sodium pyruvate (BioWhittaker), 50 U/ml penicillin and 50 mg/ml streptomycin
(LifeTechnologies), 50 mM 2-ME (Fisher Scientific), and 10% FCS (HyClone); and
cultured at 37°C in 5% CO2. After 24 hours, supernatants were collected for measurement
of IL-6 and IL-11. ELISA (R&D) was performed per manufacturer’s instructions. Results
were expressed as pg of cytokine/ml.
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Treatment of colonic myofibroblasts with IL-1B

Statistics

Results

Previously generated WT and Epim™~ colonic myofibroblasts'6 (n=3 each) were plated in 6
well plates (100,000 cells/well) and treated with IL-1f (R&D) (0, 1.5, 3, and 100 ng/ml) for
24 hr and then switched to serum free media. Supernatant was collected after 48 hrs and
evaluated for IL-6 and IL-11 by ELISA as described above.

Data comparing groups is presented as mean + SEM, and significance was analyzed by 2-
tailed Student’s t test (Microsoft Excel; Microsoft). P values less than or equal to 0.05 were
considered significant.

Epimorphin deletion on a congenic background results in reduced morbidity in acute DSS

colitis

A previous study by our lab demonstrated that Epim™~ mice on a mixed C57BL/6J 129/SvJ
background treated with seven days of 5% dextran-sodium (DSS) had reduced morbidity as
measured by clinical scores compared to WT littermates.13 We began by confirming these
findings in congenic Epim™~ mice. We treated congenic Epim™~ on a C57BI/6J background
(n=18) and WT C57BI/6J (n=27) littermates with seven days of 5% DSS and similarly
observed reduced morbidity in congenic Epim™~ versus WT mice. The clinical score
accounts for percent body weight loss, rectal bleeding, and stool consistency. Clinical scores
were significantly lower in Epim™~ mice on days 3 through 6 of DSS treatment compared to
WT mice. However, the percentage of body weight loss in congenic Epim~~ mice after
seven days of DSS was similar to WT littermates (14% versus 15%, p=NS) and by day 7 of
treatment, the clinical scores of the two groups was also similar (Figure 1A).

Epimorphin deletion on a congenic background reduces histologic injury in acute DSS

colitis

We then wanted to determine whether the decrease in morbidity observed in congenic
Epim~'~ mice translated to histologic protection from injury. In response to treatment with
DSS, we observed that congenic Epim™~ had reduced histologic evidence of colitis
compared to WT mice. Descending colons of Epim™~ and WT mice were examined by
H&E staining of paraffin embedded sections. WT descending colon demonstrated inflamed,
denuded epithelial mucosa with loss of goblet cells (Figure 1B). Epim™~ colon
demonstrated partially preserved mucosa along with regions of denuded epithelial mucosa
(Figure 1C). Sections were then examined under high power (x200) and crypt scoring per
Murthy et al 21 was performed to quantify histologic damage. Epim™~ mice had a lower
crypt damage score in the descending colon than WT mice (Figure 1D). The average Murthy
score for WT (n=8) colon was 11.4 and for Epim™~ (n=9) colon was 9.1 (p<0.05). Thus,
both clinical score and histologic injury in response to DSS were reduced in congenic
C57BI6 Epim™~ mice compared to WT, although the effects of Epim deletion were more
modest in this background compared to the protection from colitis reported on the mixed
C57BI6/J/SvJ background.
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Epim deletion modulates IL-6 expression

Our previous studies with colonic myofibroblasts!® demonstrated that secretion of 1L-6 was
markedly inhibited from LPS treated Epim™~ myofibroblasts compared to WT. Therefore,
to further explore the mechanisms underlying the partial protection from colitis observed in
congenic Epim™~ mice, we examined expression of IL-6 in DSS treated Epim™~ and WT
colon. We performed immunostaining for IL-6 (Figure 2, Supplemental Figure 1). IL-6
expression was predominantly stromal (arrows) in both groups; however, intensity of
staining was more prominent in WT (n=5, Figure 2A) compared to Epim™~ (n=7, Figure
2B) stroma.

Epim deletion modulates p-Stat3 expression

We then looked at expression of one of the downstream effectors of IL-6 signaling, the
nuclear transcription factor p-Stat3 in sections of DSS treated Epim™~ and WT colons. We
first examined p-Stat3 expression by immunoblot, and measured p-Stat3 band intensity in
whole descending colon relative to that of the loading control protein tubulin (Figure 3A).
Representative blots of two separate experiments (n=6 WT and n=7 Epim~") are shown.
Minimal p-Stat3 expression was detected in whole colonic tissue harvested from untreated
WT animals. p-Stat3 was not detected in untreated Epim™~ colon. All animals expressed
unphosphorylated Stat3. WT mice expressed Epim/syntaxin-2 as expected, while Epim=~
mice did not. After treatment with DSS, p-Stat3 expression was blunted in Epim™~
compared to WT colon. Quantification of the immunoblot demonstrated that p-Stat3
expression was significantly reduced in the DSS treated Epim~~ colon compared to WT
colon (Figure 3B). We then evaluated p-Stat3 expression (Figure 4, Supplemental Figure 2)
in sections of DSS treated Epim™~ and WT colons by immunohistochemistry. Consistent
with the findings of the immunoblot, the overall intensity of p-Stat3 nuclear immunostaining
(arrows) was reduced in Epim™~ (n=4) (Figure 4B, D) versus WT colon (n=6) (Figure 4A,
C). P-Stat3 immunostaining was most prominently reduced in the stromal compartment of
Epim™~; we also noted heterogeneity in epithelial nuclear p-Stat3 immunostaining in
Epim~~ vs WT colon.

Effect of Epim deletion on p-Stat3 expression in the epithelium versus stroma

We began by performing immunoblots to assess expression of Epim, a-SMA, and tubulin
(Figure 5A). Immunoblot for Epim demonstrates its exclusive expression in the non-
epithelial compartment, consistent with our assertion that in the gut Epim is a stromal
protein. Immunoblot for a-SMA demonstrates that our technique for separating epithelial
from non-epithelial cells (lamina propria, submucosa, muscularis propria) was adequate. 22
a-SMA is predominantly expressed in the non-epithelial layer; while tubulin is expressed
predominantly in the epithelial layers. The tubulin expressed in some stromal samples
reflects spill-over from adjacent over-loaded wells.

We then performed immunoblots for p-Stat3 and Stat3. We observed Stat3 and p-Stat 3
expression in DSS treated WT and Epim™~ enriched colonic epithelium and stroma (Figure
5B). Quantification of p-Stat3 expression relative to Stat3 demonstrated that p-Stat3/Stat3
expression was 3.8 fold greater in WT stroma than in WT epithelium of DSS treated mice
(p=0.006, Figure 5C). Although a trend toward an increase in p-Stat3/Stat3 expression in
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Epim™~ stroma versus epithelium was observed, this difference was not statistically
significant (p=0.11). A non-significant trend toward a decrease in p-Stat3/Stat3 in Epim~/~
vs. WT stroma was observed. p-Stat3/Stat3 was similar in WT and Epim™~ epithelium.

We also evaluated IL-6 protein expression in DSS treated WT (n=4) and Epim™~ (n=6)
descending colon and observed a trend toward a decrease in overall IL-6 expression in
Epim™~ versus WT DSS treated colon (11.7pg/ml, SEM 7.4 versus 20.6 pg/ml, SEM 10.7,
p=0.5).

Epim deletion modulates IL-6 expression in colonic myofibroblasts

We suspected that evaluation of protein lysates for IL-6 was an insensitive method of
detecting cellular contributions to the I1L-6/p-Stat3 signaling pathway. Therefore, we
proceeded to evaluate IL-6 expression in myofibroblasts (Figure 6A-B) and macrophages
(Figure 7A-B), two stromal cell populations known to secrete IL-6. We began by performing
co-immunostaining for a-SMA and IL-6 in DSS treated WT (n=6) and Epim~~ (n=4)
descending colon. In WT DSS treated colon, we observed consistent co-expression of 1L-6
with a-SMA positive cells and lack of co-expression in areas with less IL-6 expression
(Figure 6A, Supplemental Figure 3A, solid and dashed arrows, respectively). In Epim™~
colon on the other hand, a-SMA positive cells that did not co-express IL-6 were more
frequently observed (Figure 6B, Supplemental Figure 3B, solid versus dash arrows), even in
sections with prominent IL-6 expression. Co-immunofluorescence for F4/80 and IL-6
demonstrated similar co-expression of IL-6 in Epim~~ versus WT colonic macrophages in
DSS treated mice (Figure 7A-B). Immunofluorescent staining again demonstrated an overall
decrease in stromal IL-6 expression in Epim~~ versus WT colon.

Effect of Epim deletion on colonic myofibroblast secretion of IL-6

We previously demonstrated that Epim deletion markedly inhibits secretion of IL-6 from
LPS treated primary cultures of colonic myofibroblasts. In addition, we have previously
demonstrated a reduction though not complete inhibition of IL-6 secretion from resident
peritoneal macrophages of naive Epim~~ versus WT mice. These findings in combination
with our new observation of diminished expression of IL-6 and p-Stat3 in DSS treated
Epim™~ versus WT colon led us to further investigate the effect of Epim deletion on IL-6
cytokine secretion from myofibroblasts and peritoneal macrophages in the acute DSS model.
To mimic the colitis-mediated inflammatory milieu, we treated our previously established
primary cultures of colonic myofibroblasts6 with IL-1p. An increase in IL-1f expression
and a pathologic role for IL-1f has been reported in experimental models of colitis,
including the DSS model. 15 23. 24 \We observed that in response to 1.5, 3, and 100 ng/ml of
IL-1B, WT colonic myofibroblasts secreted 415, 512, and 597 pg/ml of I1L-6 respectively
(p<0.05). IL-6 secretion was not observed in Epim™~ colonic myofibroblasts treated with up
to 3 ng/ml of IL-1 p and was detected from Epim~~ colonic myofibroblasts (16 pg/ml) only
after treatment with 100 ng/ml of IL-1p (Figure 8A). We then evaluated secretion of IL-11, a
member of the IL-6 cytokine superfamily and another activator of p-Stat3.2% In response to
100 ng/ml of IL-1f, we observed 108 pg/ml of IL-11 secretion from WT colonic
myofibroblasts, five-fold less than the observed IL-6 secretion. IL-11 secretion was not
detected in treated Epim~~ myofibroblasts (Figure 8B).
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Effect of Epim deletion on peritoneal macrophage secretion of IL-6 in DSS treated mice

We then evaluated secretion of IL-6 from peritoneal macrophages from Epim™~ (n=12) and
WT (n=11) mice after seven days of treatment with DSS. Despite a trend toward a decrease
in IL-6 secretion, the effect of Epim deletion on secretion of IL-6 from peritoneal
macrophages was not significant (1447 pg/ml, SEM 315 vs. 809 pg/ml, SEM 287, p=0.11)
(Figure 9). A wide range of IL-6 secretion was observed from WT (504.5-3294.1 pg/ml) and
Epim~~ (216.8-3640 pg/ml) mice. We therefore examined 1L-6 secretion from mice
segregated into groups with similar clinical scores on day 7 of treatment (Figure 10A) and at
the time of harvest (Figure 10B). Evaluation of clinical scores on day 7 of DSS treatment
(Figure 10A) demonstrated a distribution of scores such that we could group peritoneal
macrophage IL-6 secretion according to clinical score severity (minimal < 1; moderate 1-2;
and severe >2): one WT mouse and no Epim~~ mice had scores < 1; 6/11 WT and 7/12
Epim™~ mice had scores 1-2; and 4/11 WT and 4/11 Epim™~ mice had scores > 2.
Evaluation of IL-6 secretion from WT and Epim™~ mice with moderate clinical scores,
demonstrated a significant decrease in I1L-6 secretion from Epim™" peritoneal macrophages
(950.9 pg/ml vs. 346.0 pg/ml, p=0.02). At the time of harvest, the majority of WT (9/11) and
Epim~~ (7/12) mice had developed severe clinical scores (Figure 10B). IL-6 secretion from
Epim~~ vs. WT peritoneal macrophages (1112.4 pg/ml vs. 1683.5 pg/ml, respectively) of
mice with clinical scores >2 were similar.

Discussion

Although disrupted epithelial-stromal interactions have been implicated in the pathogenesis
of colitis, the signaling pathways specific to stromal cells and myofibroblasts remain an
ongoing area of investigation. We now show that in congenic DSS-treated Epim™~ mice,
clinical and histological protection from acute colitis is mediated in part via myofibroblast/
stromal modulation of the IL-6/p-Stat3 signaling pathway We have demonstrated a decrease
in stromal IL-6 expression and a decrease in expression of its down-stream mediator p-Stat3.
We also show a decrease in myofibroblast IL-6 expression and secretion in response to the
inflammatory mediator I1L-1f. Despite a trend towards a decrease in IL-6 secretion from
peritoneal macrophages of DSS treated mice, considerable IL-6 secretion from peritoneal
macrophages persisted in the setting of Epim deletion, supporting the crucial contribution of
the myofibroblast.

The mechanism of DSS induced injury is not entirely clear. Toxic epithelial injury,
alteration in mucin content, macrophage function, and consequent increased exposure to
luminal antigens followed by infiltration of polymorphonuclear cells, macrophages, and B
and T cells have been proposed as contributors.2®> Animal models of IBD, while not
completely reflective of human disease, have been successfully and routinely used to
partially interrogate the involved disease pathways in IBD pathogenesis?%. The DSS model
is a well-established chemically induced model of IBD with similarities to ulcerative
colitis'®, frequently used to investigate the mechanisms of intestinal injury and repair. 1419

We have demonstrated that in the acute DSS model Epim deletion results in reduced stromal
and myofibroblast expression of IL-6 and its downstream mediator p-Stat3. The
predominantly stromal expression of IL-6 in the setting of inflammation has been previously
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reported?’ and the IL-6/p-Stat3 pathway has been implicated in the pathophysiology of
animal and human colitis.17: 18281828 || _6 mediated trans-signaling activation of the
transcription factor STAT3 induces the transcription of anti-apoptotic genes bcl-2 and bcl-xI
which contribute to T cell resistance against apoptosis, T cell accumulation, and chronic
inflammation.1® Conversely, reduced DSS-induced intestinal inflammation has been
reported in IL-6 deficient mice. 29 The effects of the IL-6/STAT3 pathway are cell, tissue,
and context specific, however, with distinct roles in homeostasis, inflammation, and
tumorigenesis.39313233 Activation of Stat3 results in regulation of a variety of genes
involved in many cellular responses, including proliferation, differentiation, apoptosis, and
wound healing. The intestinal activities of p-Stat3 depend on the specific cell types
involved. For example, Stat-3 activation in epithelial and myeloid cells mediates mucosa-
protective and anti-inflammatory functions, whereas activated Stat-3 in T cells promotes
inflammation. 18. 34 To delineate whether the differences in p-Stat3 expression observed in
whole colonic tissue were epithelial or stromal, we separated DSS treated WT and Epim™~
colon into epithelial and stromal compartments.

Our results suggest that the mechanism by which Epim deletion results in partial protection
from DSS-induced colitis is likely multifactorial and is in part a consequence of modulation
of stromal and in particular, myofibroblast expression, of the pro-inflammatory cytokine
IL-6. Stat3 activation was detected in both stromal and epithelial compartments in DSS
treated mice. Epim deletion did not affect the intensity of activated Stat3 expression in the
epithelium, whereas it did appear to modulate/hinder stromal Stat3 activation. p-Stat3
immunostaining appeared most consistently reduced in the stromal compartment, with
heterogeneity in epithelial nuclear p-Stat3 expression. Consistent with this observation,
quantification of p-Stat3 expression in enriched epithelium demonstrated similar p-Stat3
expression in Epim™~ and WT mice. Quantification of p-Stat3 in enriched stroma
demonstrated a trend towards decreased expression in Epim~~ versus WT mice. A more
significant difference in stromal p-Stat3 expression may have been obscured by the presence
of multiple cells types (lamina propria, submucosa, muscularis propria) in the stromal
enriched samples.

Overall, our findings suggest that decreased stromal 1L-6 expression in Epim~~ mice most
profoundly affects stromal p-Stat3 activation and that preserved epithelial p-Stat3 expression
in Epim™~ mice may be a consequence of other Stat-3 activating cytokines (IL-11, IL-22,
IL-27, IL-10) and growth factors (EGF, HGF). 30 Other downstream effectors of 1L-6
including Shp2-Ras and phosphatidylinositol-3-kinase (PI3K) may be involved. The relative
cell-specific contribution to Stat3 activation in the stromal compartment is likely
multifactorial and is a subject of ongoing inquiry.

We have previously demonstrated that Epim deletion abrogates IL-6 secretion from LPS
treated colonic myofibroblasts and decreases IL-6 secretion from naive peritoneal
macrophages.® We further interrogated the effect of Epim deletion on myofibroblast
secretion by treating primary cultures with the inflammatory mediator IL-1f and evaluating
secretion of members of the IL-6 cytokine superfamily, IL-6 and IL-11. In WT
myofibroblasts, secretion of IL-6 in response to IL-1 was several-fold greater than
secretion of IL-11, suggesting that in this model, IL-6 secretion may be a more critical
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contributor to pathogenesis. We observed marked inhibition of both of these p-Stat3
activating cytokines from Epim™~ colonic myofibroblasts. While diminished p-Stat3
activation in Epim™~ mice partially protected from acute colitis raises the possibility of an
epiphenomenon associated with an overall decrease in inflammation, modulation of p-Stat3
expression limited to the stroma in Epim™~ mice concurrent with a decrease in
myofibroblast IL-6 and I1L-11 secretion in response to LPS and IL-1j makes this suggestion
less likely.

We also investigated the effect of Epim deletion on peritoneal macrophage secretion in the
acute DSS model. Our ready detection of IL-6 secretion from peritoneal macrophages
harvested from DSS treated animals suggested these cells were in a stimulated state and that
further ex-vivo stimulation would not be initially revealing. The less robust effect of Epim
deletion on peritoneal macrophage IL-6 secretion was consistent with the similar clinical
scores for Epim™~ and WT mice at the time of harvest. An effect of Epim deletion on
peritoneal macrophage secretion at an earlier time point cannot be ruled out, however.
Comparison of IL-6 secretion in mice with clinical scores of moderate severity demonstrated
decreased IL-6 secretion from Epim~~ versus WT peritoneal macrophages. This observation
suggests that the effect of Epim deletion on peritoneal macrophages may be most
pronounced early in the course of disease activity. In addition, late in the course of colitis,
compensatory mechanisms of IL-6 secretion, such as up-regulation of other syntaxins
expressed by macrophages (syntaxin-3, syntaxin-4) 3% may be in effect. Similar
immunostaining of 1L-6 in colonic macrophages of DSS treated WT and Epim~~ colon
supports our conclusion that at least by the time of harvest, the effects of Epim deletion are
most profound in the myofibroblast. Finally, although peritoneal macrophages are
traditionally thought to represent the intestinal environment, are often used in functional
studies, and are well-described in the colitis model 36: 37 this population may be different in
the un-stimulated/un-treated versus stimulated/DSS-treated animal and may in fact reflect
functionally distinct subsets. 38

A clear understanding of the stromal-mediated pathways in the pathogenesis of intestinal
injury and inflammation is paramount. Infiltrating innate immune cells (neutrophils,
macrophages, dendritic, and natural killer cells) trigger inflammatory responses via secretion
of cytokines. 2 Cytokine imbalance between effector and regulatory T cells in turn
contributes to disease pathogenesis. 3 An increase in IL-6 and IL-1p expression has been
reported in colonic mucosa of UC and CD patients. 3 These cytokines partially mediate the
interactions between immune cells, neighboring mesenchymal and overlying epithelial

cells. 2 Our results confirm that myofibroblast cytokine secretion may be contributing to the
cross-talk in the inflammatory milieu.

A logical extension of the interesting findings in Epim~~ mice in the acute DSS model is
evaluation of epimorphin expression in human IBD specimens. Unfortunately, however,
characterization of epimorphin expression in inflammatory bowel disease specimens has
thus far yielded inconsistent results. One study showed an alteration in the distribution of
epimorphin expression in active UC compared to inactive UC, and in active and inactive
CD. 39 These investigators observed diminished epimorphin expression in cells surrounding
the epithelium, but an overall increase in the number of epimorphin positive cells. Another
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study using a different antibody demonstrated no change in epimorphin expression in
normal compared to colitis specimens. 40 These inconsistent findings are likely a
consequence of differences in the specificity of antibody used to detect epimorphin. More
recent studies suggest that consistent detection of this protein may be best achieved by
immunostaining on frozen versus paraffin embedded sections.*!

Overall, little is known about the mechanisms whereby myofibroblasts contribute to ongoing
inflammation. It has been suggested that myofibroblasts derived from epithelial to
mesenchymal transition (EMT) and/or bone marrow (BM) stem cell migration may be
responsible through yet unknown mechanisms. Bone marrow transplant following whole
body irradiation in murine models has demonstrated that nearly 60% of pericryptal
myofibroblasts at 6 weeks post transplantation are derived from bone marrow.*2 Tissue
engraftment and myofibroblast formation increase in the setting of TNBS colitis.” Bone
marrow derived myofibroblasts have also been observed in transplant patients afflicted with
graft versus host disease.2 We have not addressed whether the Epim™~ myofibroblasts
participating in protection from DSS colitis are resident, bone-marrow-derived, or a
combination thereof. More recently a role for mesenchymal stem cells in sustaining colitis
by forming a niche for colitogenic T cells has been reported. 43 Our findings confirm that
myofibroblasts are active participants in the inflammatory response and that modulation of
their secretory function via Epim deletion has protective effects in the acute DSS model.

In conclusion, in an inflammatory milieu, Epim deletion abrogates IL-6 secretion most
profoundly from colonic myofibroblasts, with a variable effect on peritoneal macrophages.
The distribution of Stat3 activation is altered in DSS treated Epim~~ mice, with a trend
toward a decrease in the Epim™~ stroma. Our findings support the notion that
myofibroblasts modulate IL-6/p-Stat3 signaling in DSS treated Epim™~ mice and confirm a
role for this stromal protein in the pathogenesis of colitis.
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Figure 1. Congenic Epi m™" are partially protected from DSS colitis
Epim~~ (on a C57BL/6J background; n=27) and WT C57BI/6J (n=18) male littermates were

treated with 7 days of dextran sodium sulfate (USB corporation). (A) Congenic Epim™~
mice have reduced clinical colitis scores compared to WT mice in response to treatment
with DSS. Percentage body weight loss, fecal blood, stool consistency were evaluated and
scored daily as per. 20 The average of these parameters was calculated to determine a
clinical score. Clinical signs of colitis defined by a score of =0.5 were evident in WT mice
starting on Day 2 of DSS. Epim™~ did not demonstrate clinical signs of colitis until Day 5.
By day 7 the clinical severity of colitis in Epim™~ and WT mice was similar. (B-D)
Congenic Epim™~ have less histologic evidence of colitis compared to WT mice in response
to treatment with DSS. Epim™~ (n=9) and WT (n=8) descending colons were examined by
hematoxylin and eosin staining of paraffin embedded sections. Representative sections of
WT and Epim~~ descending colons at the completion of 7 days of DSS are shown. (B) WT
descending colon demonstrates entirely denuded epithelial mucosa (white brackets, original
magnification, x50). (C) Epim~~ colon demonstrates partially preserved mucosa (black
brackets) along with regions of denuded epithelial mucosa (white brackets, x50). (D)
Sections were then examined under high power (x200) and crypt scoring per Murthy et al 21
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was performed to quantitate histologic damage. The average Murthy score for WT
descending colon (n=8) was 11.4 and for Epim~~ (n=9) descending colon 9.1 (p<0.05).
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Figure 2. IL-6 expression is decreased in descending colon of Epim'/' mice treated with DSS
Representative sections of WT (n=5, A) and Epim™~ (n=7, B) intact descending colons were
immunostained with an anti -1L-6 antibody (R&D, 1:50). IL-6 expression is predominantly
stromal in WT and Epim™"~ colon. Intensity of stromal staining is more prominent in WT
compared to Epim™~ stroma (black arrows). Magnification 400x.
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Figure 3. p-Stat3 expression is decreased in Epi m~/~ DSS treated colon
p-Stat3 expression in Epim~~ descending colon was examined by immunoblot.

Representative blots of two separate experiments are shown (A). p-Stat3 band intensity
relative to that of the loading protein tubulin was measured. As expected, there is minimal to
no p-Stat3 expression in untreated animals. All animals expressed un-phosphorylated Stat3.
Only WT mice expressed Epim. The bottom row shows the loading protein tubulin. After
treatment with DSS, there is a blunted increase in p-Stat3 expression in Epim™~ versus WT
colon. (B) Quantification of band intensity confirms that p-Stat3 expression remained
significantly less in the DSS treated Epim™~ (n=7) compared to WT (n=6) colon.
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Figure 4. p-Stat3 expression is decreased in Epi m~/~ DSS treated colon
Representative sections of WT (A, C) and Epim™~ (B, D) colon were immunostained with

p-Stat3 (Cell Signaling Technology, 1:50). p-Stat3 nuclear staining is evident in epithelial
(thick arrows) and stromal (thin arrows) cells in WT (n=4) and Epim~'~ (n=4) colon. The
intensity of p-Stat3 nuclear staining appears less intense in Epim~'~ compared to WT colon.
Magnification A-B 400x; C-D 1000x.
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(A). Representative immunoblots for Epim, Tubulin, and a-SMA expression in DSS treated
Epim~'~ and WT descending colon are shown. Epim is detected only in the stromal
compartment of WT mice. a-SMA is predominantly expressed in the non-epithelial layer;
while tubulin is expressed predominantly in the epithelial layers. (B). Representative

immunoblots for p-Stat3 and Stat3 expressed in epithelial and stromal compartments of WT
and Epim™~ mice. (C). Quantification of p-Stat3 expression in the epithelial versus the
stromal compartments of DSS treated WT and Epim~~ mice. p-Stat3 normalized to Stat3
demonstrates that in WT colon, p-Stat3 expression is greater in the stromal versus epithelial

compartment. In contrast, the difference in p-Stat3 expression in Epim™~ stromal versus

epithelial compartments was not significant.
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Figure 6. IL-6 expression in colonic myofibroblasts in WT and Epi m~/~ DSS treated colon
Representative sections of formalin fixed paraffin embedded WT (n=5, A) and Epim™~

(n=4, B) intact descending colons were immunostained with rabbit anti -IL-6 (Abcam
ab6672, 1:500), and mouse anti-a smooth muscle actin (a-SMA) (Abcam ab7817, 1:500)
primary antibodies, followed by rhodamine-labeled (red) goat anti-mouse (Jackson
115-297-003, 1:200) and cy2-labeled (green) goat anti-rabbit (Jackson 111-225-114, 1:200)
secondary antibodies, respectively. The muscularis mucosa expresses a-SMA (red, arrow
heads). (A) Stromal IL-6 (green, cy?2) is readily detected in WT DSS treated descending
colon. In areas of WT colon with prominent IL-6 expression, co-immunostaining (yellow,
orange) of a-SMA and IL-6 is observed in cells lining the crypts. (B). There is less intense
stromal 1L-6 expression (green, cy2) in DSS treated Epim™~ versus WT colon. a-SMA
expressing cells that do not co-express IL-6 (dashed white arrows) and IL-6 expressing cells
that do not co-express a-SMA are more frequently observed in sections of DSS treated
Epim~~ colon. The muscularis mucosa immunostains for a-SMA and is indicated by
arrowheads. Blue is DAPI. Magnification 400x oil.
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Figure 7. IL-6 expression in colonic macrophages in WT and Epim_/_ DSS treated colon
Representative sections of formalin fixed paraffin embedded WT (n=5, A) and Epim~/~

(n=4, B) Intact descending colons were immunostained with rat anti-F4/80 (Abcam ab6640,
1:500) and rabbit anti-IL6 (Abcam ab6672, 1:500) primary antibodies followed by
rhodamine-labeled (red) goat anti-rat (Jackson 112-297-003, 1:1000) and cy2-labeled
(green) goat anti-rabbit secondary antibody (Jackson 111-225-114, 1:1000) secondary
antibodies respectively. Co-immunofluorescence for F4/80 and IL-6 shows similar co-
expression of IL-6 in Epim™~ versus WT colonic macrophages in DSS treated mice.
Immunofluorescent staining for F4/80 and IL-6 again demonstrates an overall decrease in
stromal 1L-6 expression in Epim™~ versus WT colon. Magnification 400x oil.
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Figure 8. Epim deletion in colonic myofibroblasts treated with IL-1f abrogates secretion of I1L-6
family of cytokines

WT and Epim~'~ myofibroblasts were plated in 6 well plates and treated with IL-1p (1.5, 3,
and 100 ng/ml) for 24 hr. Supernatant was collected after 48 hours and IL-6 and I1L-11
secretion were evaluated by ELISA. IL-6 and IL-11 secretion were not observed from
untreated WT or Epim~~ colonic myofibroblasts. (A). WT colonic myofibroblasts secrete
415, 512, and 597 pg/ml of IL-6 respectively (p<0.05 vs. no treatment) of IL-6 in response
to increasing doses of IL-1B IL-6 secretion was not observed in response to treatment with
1.5 and 3 ng/ml of IL-1f treated Epim~/~ colonic myofibroblasts. IL-6 secretion (16 pg/ml)
was detected from Epim~~ myofibroblasts only in response to 100 ng/ml of IL-1p. (B) WT
colonic myofibroblasts secrete 108 pg/ml of IL-11 in response to IL-1f (p<0.05 vs. no
treatment). 1L-11 secretion was not observed in IL-1 f treated Epim~~ colonic
myofibroblasts.
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Figure 9. Effect of Epim deletion on peritoneal macrophage secretion of I1L-6
Resident peritoneal macrophages were isolated by flushing the peritoneal cavity with cold

PBS as described previously 16 from DSS treated WT and Epim™~ mice and plated (5x10°
cells/well) in a 96 well plate as described in methods. After 24 hours, supernatants were
collected for measurement of IL-6 secretion. ELISA (R&D) was performed per
manufacturer’s instructions. Results were expressed as pg of cytokine/ml. Despite a trend
toward decreased secretion of 1L-6, there was no significant difference in secretion of IL-6
from peritoneal macrophages of DSS treated WT versus Epim™~ mice.
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Figure 10. Peritoneal macrophage IL-6 secretion from WT and Epi m~'~ mice with similar
clinical scores

Clinical scores were calculated for mice on day 7 (A) and on day 8 (harvest) (B) as
described in methods, for WT (n=11) and Epim~'~ (n=12) mice from which peritoneal
macrophages had been harvested and IL-6 secretion examined. IL-6 (pg/ml) detected in
media of each mouse (y-axis) was grouped according to clinical score (on the x-axis). (A).
On day 7 of DSS, a distribution of clinical scores was observed such that peritoneal
macrophage secretion within groups could be compared. A clinical score of 1-2 was
observed in n=6 WT and n=7 Epim~'~ mice. Secretion of IL-6 from Epim™~ vs. WT
peritoneal macrophages in this group was decreased (346 pg/ml vs. 950.9 pg/ml, p=0.02).
(B). At the time of harvest, the majority of WT and Epim™~ mice had clinical scores > 2 and
IL-6 secretion from WT and Epim™" peritoneal macrophages was not significantly different.
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