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Abstract

Background—Fibrostenosis and stricture are well-recognized endpoints in Crohn’s disease
(CD). We hypothesized that stricturing-CD is characterized by eosinophilia and epithelial-1L-33.
We proposed that eosinophil exposure to 1L-33 would perpetuate inflammatory chronicity and
subsequent fibrostenosis.

Methods—We performed a retrospective study of 74 children with inflammatory and stricturing
ileal-CD comparing clinicopathological features to immunohistochemical measures of
eosinophilia and IL-33. To scrutinize eosinophil patterns we developed a novel eosinophil-
peroxidase (EPX)-score encompassing number, distribution and degranulation. Human
eosinophils and intestinal fibroblasts were cultured with IL-33 and IL-13 and inflammatory and
remodeling parameters were assessed. Anti-eosinophil therapy was also administered to the
Crohn’s-like ileitis model (SAMP1/SkusSlc).

Results—Our novel EPX-score was more sensitive than H&E-staining, revealing significant
differences in eosinophil patterns, comparing inflammatory and stricturing pediatric CD. A
significant relationship between ileal-eosinophilia and complicated clinical/histopathological
phenotype including fibrosis was determined. IL-33 induced significant eosinophil EPX-secretion
and IL-13 production. Exposure to eosinophils in the presence of 1L-33, ‘primed’ fibroblasts to
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increase pro-inflammatory cytokines (TNF-a, IL-10, IL-6), eosinophil-associated chemokines
(CCL24, CCL26) and IL-13Ra2 production. Production of fibrogenic molecules (collagen 1A2,
fibronectin and periostin) increased following exposure of ‘primed’-fibroblasts to 1L-13.
Epithelial-1L-33 was increased in pediatric Crohn’s-ileitis and strongly associated with clinical
and histopathological activity, ileal eosinophilia and complicated, fibrostenotic disease. SAMP1/
SkuSlc eosinophil-targeted treatment resulted in significant improvements in inflammation and
remodeling.

Conclusions—Our study of specimens from pediatric patients with ileal CD linked eosinophil
patterns and IL-33 to fibrosis; and suggested these may contribute to the perpetuation of
inflammation and subsequent stricture in pediatric CD.
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Pediatric Crohn’s Disease; Eosinophil; Fibrosis; Stricture

Introduction

The underlying pathogenesis of Crohn’s disease (CD) relates to the complex interactions
between genetic, immunologic and environmental factors. In some cases, chronic
inflammation leads to stricture formation and surgical resection of diseased tissue. While not
all patients develop intestinal strictures, ileal location and duration of disease pose specific
risks.(1) In fact, the cumulative incidence of stricturing disease has been reported as 27% at
5 years and 38% at 10 years.(2) Although certain similarities exist between pediatric and
adult onset disease, pediatric disease is distinct, with more extensive and rapidly progressing
pathology.(3) Thus studies focusing specifically on pediatric patients are of great value to
gain a better understanding of cause and improved treatments or preventions. Without an
exact understanding of the underlying pathogenesis of stricturing disease, the identification
of biomarkers, therapeutic targets and thus Food and Drug Administration approved
treatments remains undiscovered.

Previous studies link CD-related strictures with a number of different cell types including
fibroblasts and eosinophils. With respect to eosinophils, a large body of evidence supports
their role in tissue remodeling and fibrosis. For instance, eosinophils and eosinophil derived
products induced the activation of fibroblasts in vitro, resulting in fibroblast proliferation,
collagen gel contraction and production of fibrogenic molecules, remodeling proteases,
cytokines and chemokines.(4-6) However, to date no study has examined the relationship
between eosinophil patterns in stricturing pediatric CD compared to those with
inflammatory pediatric CD. In addition, IL-33 has not been examined comparing stricturing
to inflammatory pediatric CD populations. Using a mouse model of Crohn’s disease, others
and we previously reported the significant association of eosinophils with mouse ileitis and
identified their potential as a novel therapeutic target.(7, 8) Since these results provided
support for a clinically relevant role for eosinophils in fibrotic-CD, and because of the
identified role of eosinophils in other fibrotic diseases, we wondered whether eosinophil
patterns were different in complicated pediatric CD such as stricturing disease compared to
inflammatory CD. To address this, we hypothesized that eosinophils were associated with
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strictured CD in children and that the pro-fibrogenic cytokines, IL-33 and IL-13, stimulated
a remodeling response from human eosinophils and intestinal fibroblasts.

Methods

Assessment of anti-eosinophil treatment in mouse ileitis

Original SAMP1 strain of the mouse model of Crohn’s-like ileitis, SAMP1/SkuSlc female
mice 4-10-weeks-of-age, were purchased from Japan SLC (Hamamatsu, Japan).(9) Mice
were maintained under specific pathogen free conditions with ad libitum access to food and
water. Anti-CCR3 rat anti-mouse MAb 6S2-19-4 and monoclonal antibody specific for
Interleukin-5 (TRFK-5; Cayman Chemical, Ann Arbor, MI) both selectively deplete murine
eosinophils.(7, 10, 11) Experimental animals were injected intraperitoneal (i.p.) with 200ug
of TRFK-5 antibody, 200ug of anti-CCR3 and 200ug of TRFK-5 antibodies once weekly
from 20 to 30-weeks-of-age and sacrificed 24 hours following final administration. Inflamed
control mice were treated i.p. with a non-specific isotype control antibody with equal dose
and duration. The last 10 cm of the ileum was removed, processed and scored by a
pathologist blinded to the experimental conditions (PJ) as previously described.(7, 12)

Briefly, three histological parameters were assessed with equal weight for each parameter: 1.
active inflammation (granulocytes), 2. chronic inflammation (lymphoplasmacytic
infiltrates), and 3. villus distortion (architectural disruption, separation of villi, crypts and
muscularis). Infiltrating eosinophils were identified by immunostaining with rat anti-mouse
MBP monoclonal antibody (Clone MT-14.7) and quantified as previously described.(7) lleal
sections were stained with periodic acid-Schiff (PAS) and goblet cells were quantified as
previously described as a measure of remodeling.(7) The University of Colorado School of
Medicine Institutional Animal Care and Use Committee approved these studies.

Subject selection

A retrospective chart review was performed of patients who were evaluated in the Digestive
Health Institute, Section of Pediatric Gastroenterology, Hepatology, and Nutrition at the
Children’s Hospital Colorado from 2002-2011 who had received a diagnosis of CD and had
undergone surgical resection (stricturing) or biopsy (inflammatory) of the terminal ileum.
Subjects were excluded from this analysis if they had incomplete treatment records. Based
on review of the clinical record, subjects were subdivided into either stricturing or non-
stricturing ileal disease. Subjects were defined as follows; stricturing CD subjects exhibited
symptoms and radiological features consistent with partial obstruction that lead to surgical
resection; inflammatory CD subjects had symptoms and clinical evidence of inflammation
(labs and /or radiographs) without evidence of obstruction; control subjects had symptoms
of gastrointestinal dysfunction, no clinical evidence of inflammation (labs and /or
radiographs) and normal ileal mucosa. Patients were considered under CD treatment if they
were prescribed either 5-aminosalicylates (5-ASAS), corticosteroids, immunomodulators,
biologic-therapies or antibiotics alone or in combination. Clinical features recorded included
location(s) of activity, previous treatments, ESR, CRP and HgB Units and calculation of
Pediatric Crohn’s Disease Activity Index (PCDAI) (Table 1).(13)
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Human subject specimen histological assessments

To allow for equal comparison between biopsies and full thickness resected tissues all
histological assessments were performed on mucosal tissue alone and not on deeper resected
tissues. Hematoxylin and Eosin (H&E) stained ileal tissue sections were assessed by board
certified pathologist (KC) for 1.) pathological activity (mild active, mild-, moderate- or
severe-chronic active), 2.) eosinophil numbers (mean of 5 random high powered fields (hpf)
and peak number counted in single most densely inflamed hpf at 40 X magnification-field
size 0.26 mm?, data presented as mean * range), and 3.) lamina propria fibrosis (mild, loose
collagen matrix fibrils; moderate, condensed collagen matrix fibrils; or severe, substantially
condensed collagen matrix fibrils) (Supplemental Figure 1A). Measurement of lamina
propria fibrosis was also performed on Masson’s Trichrome stained tissue sections.

Eosinophil peroxidase (EPX) immunostaining was completed to determine the pattern of
eosinophils within tissue specimens. Briefly, each section underwent staining with a
monoclonal antibody for EPX (hybridoma MM25-82.2.1) as previously described.(11, 14)
Slides were assessed for eosinophil patchiness/localization, degranulation, and intact
eosinophil numbers to determine an ileal EPX index adapted from that previously described
(Supplemental Table 1 and Supplemental Figure 1B).(14) Priority factors were assigned
based on those indices that gave then greatest and the least differences when comparing
inflammatory to stricturing specimens allowing stratification of these two disease types. On
this basis, priorities were assigned to patchiness/localization (priority score-4), average
numbers of eosinophil infiltrating the tissues (priority score-3), peak eosinophil number
infiltrating the tissue (priority score-2) and degranulation (priority score-1). Tissue sections
were assessed independently and in a blinded manner by a pathologist (KC) and two other
research investigators (JM & LH).

Immunostaining was completed for Interleukin-33 (Polyclonal goat anti-1L-33; R&D
Systems, Minneapolis, MN). Slides were assessed for IL-33 staining as follows: none-score
0, present in epithelial cells-score 1, or increased numbers of / presence in epithelial cells-
score 2. IL-33 stained tissue sections were assessed independently by three research
investigators (LH, RH, SDF) blinded to specimen demographics. The Institutional Review
Board at the University of Colorado (COMIRB) approved this study.

Human eosinophil isolation

Human eosinophils were isolated from healthy volunteers. Briefly, white blood cells were
isolated from whole blood and anticoagulated with 5% citrate buffer. Plasma was removed
following centrifugation. Red blood cells (RBCs) were pelleted from leukocytes using 6%
Dextran/0.9% saline sedimentation (Fluka, Sigma, MO). Granulocytes were isolated from
discontinuous Percol gradients (42% and 51%) (Sigma, MO), and monocytes discarded.
Residual erythrocytes were lysed with ice-cold water, and the remaining cells were washed.
Eosinophils were purified by negative selection using anti-CD16 and anti-CD14 MACS
microbeads and AutoMACS separation (Miltenyi, CA). Eosinophils were >95% pure as
assessed by fast green (4%). The Institutional Review Board at the University of Colorado
(COMIRB) approved this study.
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Assessment of Eosinophil Activation by IL-33

Viable single cell suspensions were subjected to culture in the presence or absence of 100
ng/ml IL-33 (R&D Systems, Minneapolis, MN) for 3 hours. Cells were subjected to flow
cytometric analysis with FITC labeled anti-ST2 or isotype control antibodies (MBL
International, Woburn, MA). Eosinophil peroxidase (EPX) release into cell supernatants was
quantified as a marker of easinophil activation and granule protein release by peroxidase
assay, modified from that previously described.(15) Eosinophils were also pelleted by
centrifugation and harvested for electron microscopic analysis in glutaraldehyde fixative as
previously described (16) or harvested for total cell RNA isolation with RNeasy Mini Kits
(Qiagen, Valencia, CA). Tagman gene expression assays (Applied Biosystems, Foster City,
CA) were performed on whole cell RNA, processed as previously described.(11) Data was
normalized to 18S and calculated as Relative Expression (2722 CY),

Eosinophil and 18Co fibroblast co-culture

Intestinal myofibroblasts (18Co-ATCC) were cultured as previously described (4) in the
presence of freshly isolated eosinophils at a ratio of 1:1. Following 24 or 48 hours co-
culture, eosinophils were completely removed and 18Co cells harvested for total cell RNA
isolation with RNeasy Mini Kits (Qiagen, Valencia, CA). For IL-13 stimulation experiments
18Co cells were co-cultured with eosinophils for 48 hours, eosinophils were removed and
18Co cells were returned to culture in the presence of IL-13 (100 ng/ml, R&D Systems,
Minneapolis, MN) for an additional 72 hours, at which point 18Co’s were harvested for total
cell RNA isolation with RNeasy Mini Kits (Qiagen, Valencia, CA).

Statistical analysis

Results

Statistical analyses of data outcomes were performed by Mann-Whitney test, 1-way
ANOVA (Kruskal Wallis) test with Dunns correction for multiple comparisons, 1-way
ANOVA (Neuman Keuls) test, Spearman rank correlation test and Student’s t-test where
appropriate. Data are expressed as means + SEM. A P-value of <0.05 was considered as
statistical significance although in some cases higher levels of significance are noted and
described in the figure legends where applicable. *P<0.05, **P<0.01, ***P<0.001.

Eosinophil targeted therapies diminished chronic inflammation and remodeling in a
mouse model of Crohn’s-like ileitis

To examine the causative effects of eosinophils on tissue remodeling, the SAMP1/SkuSlIc
mouse model of Crohn’s-like disease was treated with eosinophil targeting antibodies
(TRFK-5 or anti-CCR3 & TRFK-5 in combination). A significant improvement in overall
inflammation and tissue architecture was determined by examining H&E stained ileal tissue
sections (14.8+1.8 vs 4.6+0.5; P<0.001 vs 4.7£1.7 Total Inflammatory Score; P<0.01)
(Supplemental Figure 2A). As expected, treatment with both antibody regimens led to a
significant reduction in ileal tissue eosinophils as quantified on major basic protein (MBP)
stained sections (200+22 vs 82+14; P<0.01 vs 46+3 Eosinophils / HPF; P<0.001)
(Supplemental Figure 2B). As a measure of remodeling, goblet cell hyperplasia assessed by
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Periodic-Acid Schiff (PAS) staining was significantly decreased in these anti-eosinophil
treated mice compared to age matched IgG-treated controls (30+3 vs 13+1; P<0.001 vs
11+1 Percent Goblet Cells per Villus; P<0.001) (Supplemental Figure 2C).

Eosinophil mucosal distribution pattern differentiates stricturing from non-stricturing
pediatric ileal Crohn’s disease

Next, we determined whether any histopathological features present in the mucosal surface
of clinical specimens from pediatric subjects permitted the distinction of inflammatory from
stricturing CD. Clinical characteristics of stricturing CD subjects (n=18), inflammatory
Crohn’s subjects (n=17) and control subjects (n=39) are presented in Table 1. Subjects were
included in this study that were both treatment naive and those undergoing medical
treatments for CD (5-aminosalicylates (5-ASAs), corticosteroids, immunomodulators,
biologic-therapies or antibiotics alone or in combination). No statistical differences were
identified between stricturing and inflammatory CD subjects when comparing mean disease
duration and laboratory markers of inflammation (ESR, CRP and HgB) (Table 1). We next
determined whether the number of eosinophils, as traditionally counted on H&E stained
tissues, were able to provide distinguishing histological features of these two phenotypes.
Whereas peak eosinophil counts, as measured by H&E, were increased in inflammatory CD
compared to control subjects (P<0.001), they were not significantly increased comparing
control subjects to stricturing CD specimens (Figure 1A, C-E).

On H&E staining, the tinctural features of eosinophils and their granules, in the context of
an inflamed mucosa, can make enumeration challenging. Based on this, we questioned
whether a more comprehensive assessment of mucosal eosinophil patterns might be
beneficial. To address this, we took advantage of our previously developed eosinophilic
peroxidase (EPX) immunohistochemical staining protocol using this on these ileal tissue
specimens. Results from this more sensitive and specific staining could now identify a
significant increase in peak eosinophil number comparing stricturing CD specimens to
control subjects (P<0.001) (Figure 1B, C-E).

To further address this difference in sensitivity between H&E and EPX analysis, a four-
point EPX immunohistochemistry-based indexed scoring system was adapted from our
previous work(14) to better characterize eosinophil patterns in the ileal mucosa of stricturing
and inflammatory CD specimens (Table 1). EPX-scoring analysis revealed a significant
increase in eosinophil burden when comparing controls (12.97+0.54; EPX-score) to
inflammatory (16.64+0.97; P<0.01) and to stricturing CD specimens (19.61+0.9; P<0.001)
(Figure 2A). In contrast to using just peak eosinophil numbers (Figure 2D), a significant
increase in eosinophil pattern as assessed by total EPX-score (patchiness/distribution,
degranulation & numbers combined) was captured in the stricturing CD specimens as
compared to inflammatory CD (P<0.05) (Figure 2A). Further dissection of differences
between inflammatory and structuring CD mucosal eosinophilia, revealed differences in
patchiness or distribution/localization of eosinophils (7.12+0.44 vs. 5.52+0.46; P<0.05,
stricturing vs inflammatory) (Figure 2B) and average number of eosinophils counted across
5 fields of view (6.92+0.34 vs. 6.06+0.32, stricturing vs inflammatory) (Figure 2E). Neither
peak number of eosinophils nor degranulation could distinguish between stricturing and
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inflammatory CD specimens (Figure 2C-D). Analysis of tissue from treatment-naive
subjects showed similar patterns; eosinophil EPX-score was increased in stricturing and
inflammatory CD subjects compared to control subjects (Supplemental Figure 3).

lleal eosinophilia correlates with clinicopathological features of pediatric Crohn’s disease

To address the potential association of eosinophils with disease activity, we next correlated
the peak number of eosinophils as identified by EPX staining with the pediatric Crohn’s
disease activity index (PCDAI) as well as histological features of chronicity and fibrosis. In
order to exclude any potential treatment-effect bias, only treatment-naive specimens were
examined. This comparison revealed a highly significant relationship between the peak
numbers of eosinophils / hpf and PCDAI (r=0.68, P<0.0001; Figure 2F). In addition, a
highly significant association was identified between eosinophilia and histological
chronicity (r=0.76, P<0.0001; Figure 2G) as well as fibrosis (r=0.68, P<0.0001; Figure 2H).
The relationship between eosinophilia and fibrosis was also confirmed when examining
fibrosis assessed by Masson’s Trichrome stain (r=0.33; P<0.01). Together, these results
indicate that mucosal eosinophilia is associated with chronicity and complications in
pediatric Crohn’s ileitis and that detailed analysis of mucosal eosinophil patterns provides
significant benefit in clinically and histologically characterizing inflammatory versus
stricturing pediatric CD.

Eosinophils are activated by IL-33 and prime intestinal fibroblasts in the perpetuation of
eosinophil recruitment and exacerbated fibrosis via IL-13

We next took a reductionist approach to determine the impact of eosinophils in intestinal
fibrosis. Based on previous work suggesting a role for IL-33 in eosinophil and fibrosis
related diseases, we first determined the ability of IL-33 to induce eosinophil degranulation
and the production of fibrogenic cytokines associated with inflammatory bowel disease
(IBD) such as 1L-13.(17) We first confirmed that human eosinophils expressed the cognate
IL-33 receptor ST2 by flow cytometry; similar to previously published studies, we show that
18.3+6.9% of resting human eosinophils express ST2 (n=3 donors). Next, we found that
exposure of human eosinophils to 1L-33 resulted in eosinophil activation observed by
electron micrograph, including membrane ruffling and reversal of granule staining
consistent with degranulation (Figure 3A). IL-33 stimulated eosinophils also resulted in
significant release of EPX compared to controls, as captured by immunofluorescence assay
(Figure 3B). Finally, we examined the ability of 1L-33 to induce human eosinophil derived
fibrogenic 1L-13, as had previously been demonstrated for mouse eosinophils. These results
demonstrated a significant increase in IL-13 mRNA synthesis (19-fold; P<0.01) (Figure 3C).

To further determine the downstream impact of IL-33-stimulated eosinophils, we examined
whether these activated leukocytes could induce a pro-inflammatory response from
intestinal fibroblasts (Figure 4). Our results showed that, co-culture of 1L-33-stimulated
eosinophils with intestinal fibroblasts led to increased production of a number of
inflammatory (TNF-c, IL-1f and IL-6) and eosinophil chemotactic (CCL24 and CCL26)
molecules (Figure 4A-B). For instance, compared to control fibroblasts, TNF-a was
significantly increased by the presence of I1L-33-stimulated eosinophils (10-fold; P<0.05
[24hr]) (7-fold; P<0.01 [48hr])) (Figure 4A). IL-1p was increased 3.4-fold (P<0.05 [24hrs])
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(Figure 4A), while IL-6 was increased 2-fold (P<0.05 [24hrs]) and 13.5-fold (P=0.18;
[48hrs]) (Figure 4A).

In addition, the increased production of the eosinophil-associated chemokines CCL24
(Eotaxin-2) and CCL26 (Eotaxin-3) also demonstrated the potential for further eosinophil
recruitment by fibroblasts. Compared to control fibroblasts, CCL24 was significantly
increased by the presence of IL-33-stimulated eosinophils (7-fold; P<0.01 [24hr]) (4.2-fold;
P<0.01 [48hr])) (Figure 4B). CCL26 was increased 1.7-fold (P<0.05 [24hrs]) (Figure 4B)
and changes in CCL11 (Eotaxin-1) production were not found.

The expression of the cytokine receptor IL-13Ra?2 was also significantly increased (Figure
4Ciii). IL-13Ra2 has been described as a mediator of IL-13-induced intestinal fibrosis or as
an IL-13-antagonist in other organs.(18, 19) To investigate the role of increased fibroblast
IL-13Ra2 expression following IL-33-stimulated eosinophil co-culture, we followed this co-
culture by removing the eosinophils and secreted-mediators and subsequently stimulated
these ‘primed’ intestinal fibroblasts with 1L-13 in fresh media. Fibroblasts first cultured in
the presence of 1L-33-stimulated eosinophils and subsequently stimulated with 1L-13
induced significant production of COL1A2 when compared to fibroblasts first cultured in
the presence of eosinophils alone with subsequent I1L-13 stimulation (4.5-fold versus 3.3-
fold; P<0.05) (Figure 4D). A similar induction of Fibronectin (1.7-fold versus 1.5-fold;
P<0.05), and Periostin (11.7-fold versus 6.5-fold; P<0.05) was also established (Figure 4D).
Here we determined a clear two-step method by which IL-33-stimulated eosinophils mediate
the ‘priming’ of intestinal fibroblasts for subsequent IL-13 induced pro-fibrotic activity.

IL-33 is increased in pediatric ileal Crohn’s disease, is associated with eosinophilia and
histological evidence of disease chronicity

Since IL-33 can stimulate the influx of eosinophils into inflamed tissues and elicit their
activation, we next examined intestinal epithelial-1L-33 in pediatric tissues affected by CD
using immunohistochemistry (Figure 5). IL-33’s was most strongly detected in endothelial
cell nuclei, as well as in infiltrating lamina propria cells, epithelial cells, Paneth cell-
granules and could sometimes be detected as cell free cytokine within extracellular spaces.
Epithelial-1L-33 was detected more frequently in epithelial cells of the crypts than villi, and
was located in both the cytoplasm and nucleus of these cells, consistent with previous
reports examining Crohn’s and Ulcerative colitis specimens.(20-22) Epithelial-1L-33 was
significantly increased in untreated inflammatory (1.6+0.08; P<0.001) and stricturing
(1.3+0.06; P<0.001) CD subjects’ specimens compared to controls’ (0.45+0.05) (Figure
5A-B). Interestingly, Crohn’s disease-related treatments had no effect on epithelial-1L-33
levels in either group. Correlation analysis determined a significant relationship between the
increasing presence of epithelial-1L-33 and PCDAI (r=0.75, P<0.001), histologic activity
(r=0.71, P<0.001) and numbers of eosinophils (r=0.6: P<0.001) (Figure 5C-E). A
significant correlation was also detected between epithelial-IL-33 and fibrosis (r=0.5969;
P<0.001) (Figure 5F). A modest but statistically significant relationship existed between
cell-free/extracellular-1L-33 and eosinophil degranulation (r=0.2760; P<0.05) in addition to
fibrosis (r=0.4529; P=0.001).
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Discussion

Fibrostenotic ileal CD represents a poorly understood pediatric patient phenotype that
frequently requires surgical resection. Identification of predisposing factors, novel
biomarkers and therapeutic targets associated with this group of patients could provide
earlier diagnosis and medical intervention. Because of an increasing body of work that
supports a role for eosinophils in fibrotic diseases outside of the gastrointestinal tract, we
wondered whether accumulation and activation of this cell was associated with pediatric
ileal stricturing CD. To address this, we utilized immunohistochemical staining for
eosinophil peroxidase (EPX) to fully capture a number of key features related to eosinophil
infiltration and translated our findings to assess the role of I1L-33, a key fibrogenic molecule,
in activating eosinophils to promote a stenotic phenotype. Histological assessments with
EPX revealed that the degree and localization pattern of eosinophilic inflammation
distinguished stricturing pediatric CD compared to inflammatory pediatric CD. In addition,
our data elucidate the lack of sensitivity, specifically in fibrostenotic pediatric CD, of H&E
staining for the study of eosinophils’ role(s) in intestinal inflammation. Activation of
eosinophils by 1L-33 led to not only degranulation, but also production of IL-13 and
fibroblast production of a number of downstream molecules associated with fibrosis.
Together these findings provide support for a possible pathogenetic role of eosinophils in the
remodeling events that lead to pathological fibrostenosis in pediatric CD.

Clinical studies examining eosinophils’ role in IBD, especially those focusing on
complicated pediatric CD, are limited due to a number of factors including small numbers of
patients, inadequate methodologies to detect eosinophils, variability of eosinophil number
along the gastrointestinal tract and lack of information with respect to treatments taken by
study subjects prior to specimen procurement. In fact, few studies have defined a ‘normal’
number of eosinophils along the gastrointestinal tract of children thus making comparisons
between control and diseased tissues difficult. With respect to our overall hypothesis, we
carefully defined this unique and large group of ileal stenotic pediatric patients and
compared them to relevant pediatric non-inflamed controls. To address a central issue of
capturing the full content of eosinophilic inflammation, we used an eosinophil granule
specific immunohistochemical stain to develop a scoring index rather than just using the
single metric of eosinophil number. Careful and thorough patient selection and tissue
analysis created the unique set of findings presented here.

A number of previous studies have documented the profound accumulation of eosinophils in
mucosal tissues from patients with pathologically-phenotypically undefined IBD, but their
role within this microenvironment remains uncertain. An urgent need exists to begin
targeting specific mechanisms including eosinophils’ role in specific aspects of mucosal
dysfunction. In this regard, eosinophils have been shown to participate directly, as an
effector cell in barrier dysfunction, goblet cell hyperplasia and muscle contraction.(7, 23,
24) In the intestine, eosinophils in vitro have been directly implicated in the activation of
intestinal fibroblasts, resulting in fibroblast proliferation, the production of fibronectin,
collagen, collagen gel contraction, IL-6 and IL-8 secretion.(4—6) In addition, eosinophils
may communicate with other resident cells to initiate or perpetuate an inflammatory
response. In support of our results, recent in vitro studies examined the impact of I1L-33 on
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not only fibrosis, but also eosinophil activation. For instance, IL-33-stimulated eosinophils
adhere to matrix and connective tissue proteins and secrete significant quantities of 1L-8
compared to control eosinophils.(25-29) Exposure of mouse bone-marrow-derived
eosinophils to IL-33 results in the production of IL- 13.(30) Since human eosinophils are
one of the key sources of IL-13, we sought to determine whether IL-33 could directly
stimulate IL-13 production and for the first time show this in human eosinophils.(30-38) In
addition, co-culture of ‘primed’ fibroblasts with IL-33-activated eosinophils, led to
increased IL13Ra?2 expression and downstream to IL-13 induced pro-fibrotic molecule
expression. These findings bear relevance since Fichtner-Feigl et al previously defined the
crucial role of IL-13 signaling via IL-13Ra2 in intestinal fibrosis using chronic mouse
models.(18, 39-41)

To date eosinophil production of IL-13 has not been studied in the context of eosinophil-
fibroblast interactions and the subsequent activation and perpetuation of fibrogenic
processes in the intestines. Here we show for the first time in a reductionist setting that
eosinophil-fibroblast or IL-33-eosinophil-fibroblast co-cultures leads to the induction of
IL-13Ra2. Subsequent exposure of these intestinal fibroblasts to 1L-13 leads to the
production of fibrogenic molecules Collagen 1a2, Fibronectin and Periostin. Thus
eosinophils may contribute in a two-step manner towards both perpetuation of inflammation
and the potentiation of pro-fibrotic activation of intestinal fibroblasts in vitro.

Fibrosis is considered a sequela to chronic inflammation, thus cytokines are an important
factor in this process. IL-33 is produced by a wide range of cells in IBD including
colonocytes(20, 22) and colitis associated myofibroblasts.(42, 43) Previous studies have
defined that IL-33 is increased in active IBD samples compared to uninvolved or control
specimens.(20-22, 42—-45) Not all studies refer to the site of specimen collection, however
there is enough evidence currently to state that IL-33 expression is increased in colonic 1BD,
and seems most prominent in ulcerative colitis. Studies of Crohn’s disease and I1L-33 have
been limited in specimen number and mainly to colonic location. IL-33 has been implicated
in the fibrotic process in other organs.(17, 46-50) Thus, ours is the first significantly
powered study of 1L-33 comparing inflammatory and stricturing disease in pediatric Crohn’s
ileitis specimens. We report here that epithelial-1L-33 is increased in ileal localized pediatric
Crohn’s IBD. This IL-33 is associated with increased Pediatric Crohn’s Disease Activity
Index (PCDAL), histological activity, eosinophilic infiltration and more severe fibrosis score.

The clinical relevance of these findings is based on two highly significant correlations. First,
while our novel metrics of eosinophilic inflammation was able to distinguish inflammatory
from structuring pediatric CD, peak eosinophil values were also highly correlative with
Pediatric Crohn’s Disease Activity Index (PCDAI) and histological features of chronicity
and fibrosis. Second, epithelial IL-33 expression in ileal tissues was also highly correlative
with eosinophilia, Pediatric Crohn’s Disease Activity Index (PCDAI) and histological
evidence of chronicity. (51, 52)

Our findings are consistent with a growing body of interest and that of our previous study
that suggested the association between eosinophils and bowel wall thickening in pediatric
patients with eosinophilic colitis and with esophageal remodeling in EoE.(53, 54) Here,
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using a new and more potent double-antibody eosinophil-targeted treatment, we reinforce
our previous findings demonstrating the positive impact of single-antibody eosinophil-
targeted treatment on ileal inflammation and remodeling.(7)

The pathogenesis of CD-related strictures is not fully understood but ileal disease and
duration of disease are considered risk factors. The cells most implicated in this process are
those of mesenchymal origin including fibroblasts, smooth muscle cells and recruited or
trans-differentiated mesenchymal-like cells.(55) Once activated by profibrogenic mediators
such as TGF-p and IL-13 these cells proliferate and produce fibrotic molecules such as
collagen, fibronectin and periostin. The production of an excessive amount of these cells and
molecules leads to tissue thickening and stiffness and eventually to stricture. Growing
evidence supports a new paradigm whereby fibroblasts contribute to initiation and
perpetuation of inflammatory processes independent of their structural and fibrogenic roles
during chronic disease.(56) Another study of colonic myofibroblasts has shown that type-2
cytokines regulate the eosinophil-chemokine eotaxin-3 expression.(57) Here we provide
evidence for the first time that eosinophils and in addition IL-33-stimulated eosinophils
induce intestinal fibroblast production of proinflammatory cytokines TNF-a, IL-1f3 and IL-6
and eosinophilic-chemokines eotaxin-2 (CCL24) and eotaxin-3 (CCL26). Thus IL-33-
eosinophil-fibroblast interactions may act to perpetuate intestinal inflammation and
eosinophilia by both cytokine and chemokine production.

Our findings are limited by the lack of longitudinal data from our specimens. Future studies
should consider examining eosinophilia over the course of disease in paired samples pre and
post-stricturing in addition to increased numbers of specimens with and without treatment.
Due to the rare nature of these specimens this should be a heavily powered long-term study.
Similar to co-culture experiments reported here, studies examining eosinophils’ role in
esophageal and dermal fibroblast activation determined the necessity for contact between
eosinophils and fibroblasts.(29, 31) Future studies should examine the role of soluble
mediators versus juxtacrine signalling between eosinophils and fibroblasts in mediating
inflammatory and fibrogenic processes. Previous studies have associated epithelil-1L-33
with inflammatory ulcerative colitis in adults. Here we report associations between
epithelial-1L-33 and fibrostenotic pediatric Crohn’s ileitis. Future studies need to consider
dissection of IL-33 in fibrotic clinical complications of chronic disease, including
quantitative comparisons between these two anatomical sites. Clinical implications of our
study now highlight the need to examine eosinophilia when histologically assessing
specimens from CD patients. Our data demonstrate that altered mucosal eosinophil patterns
determined by our EPX-scoring system can differentiate inflammatory versus stricturing
ileal mucosal specimens, and that this is independent of disease duration.

Here, we have added to previous studies in mouse models indicating that eosinophils play a
significant role in ileal remodeling and fibrosis in specimens from pediatric patients with
CD. These studies established that fibrosis occurring in pediatric ileal CD is associated with
greater eosinophilic inflammation, epithelial-1L-33 expression and mediated in part by
IL-33, eosinophils and IL-13 signaling in intestinal fibroblasts. Further studies are planned
to address a longitudinal examination of eosinophils in the progression toward fibrosis in
pediatric and adult CD. Our data add to a growing body of literature dissecting the
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mechanisms of fibrostenosis in CD, implicating eosinophils and eosinophil-derived
mediators as viable targets in CD-related strictures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Peak numbers of eosinophils were enumerated in (A) H&E and (B) Eosinophil Peroxidase
(EPX)-stained ileal tissues from patients with CD. Subjects were divided into those with

strictures (STR) and those without strictures that had inflammatory CD (INFL).
Representative photomicrographs comparing H&E (C, E, G) to EPX-stained (D, F, H)

tissues from control (CL), inflammatory and stricturing Crohn’s-ilea. Scale bars represent
50uM. Data are expressed as means = SEM. Statistical significance was assessed by 1-way

ANOVA with Newman-Keuls multiple comparisons test. *P<0.05, ***P<0.001.
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Figure 2. Distinguishing stricturing Crohn’s-ileitis using eosinophil peroxidase (EPX)
immunohistochemistry based scoring system. Eosinophil infiltration correlates with disease
activity, chronicity and fibrosis

EPX immunohistochemistry provides a quantitatively sensitive strategy to distinguish
inflammatory from stricturing CD specimens. Examination of the scores for individual EPX
parameters associated with all control (CL), inflammatory (INFL) or stricturing (STR) CD
patients found in Table 1 demonstrated differences between (A) their overall scores, in
addition to individual parameters comprising the EPX algorithm: (B) Patchiness, (C)
Degranulation, (D) Peak eosinophils / hpf and (E) average eosinophils across 5 random
fields-of-view (F.0.V.). Statistical assessments (ANOVA with Newman-Keuls) of the EPX-
staining scores (means = SEM) demonstrated the utility of this algorithm to distinguish
between stricturing and inflammatory CD mucosal specimens. *P<0.05, **P<0.01,
***P<(.001. Peak numbers of ileal eosinophils / hpf (EPX) were analyzed for relationships
to subjects’ (F) pediatric Crohn’s disease activity index (PCDAI), (G) histological activity
and (H) fibrosis score measured in H&E stained tissues for subjects defined in Table 1 that
were not considered under treatment relevant to their CD. The Pearson correlation
coefficient (r) and its associated statistical significance are shown.
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Figure 3. Circulating eosinophils are activated by IL-33
Circulating eosinophils were isolated and subjected to 1L-33 stimulation (100ng/ml) for 3

hours, then assessed for evidence of activation. (A) Representative electron micrographs
provide evidence of eosinophil activation (right) compared to untreated controls (left),
including reversal of granule staining consistent with degranulation (arrows) and membrane
ruffling (arrowheads). (B) Biochemical measures of peroxidase activity in cell free
supernatants from control and 1L-33-stimulated eosinophils (3hrs, 200ng/ml) were
performed. (C) Eosinophil IL-13 mRNA expression analysis was performed by real-time
PCR on extracted RNA from control and IL-33-stimulated eosinophils (3hrs, 100ng/ml).
Data are expressed as means + SEM of 4 individual donors. Statistical significance was
assessed using the non-parametric Mann-Whitney test compared with untreated controls.
*P<0.05, **P<0.01.
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Figure 4. IL-33-activated eosinophils induce pro-inflammatory intestinal fibroblast activation
and perpetuation of eosinophil recruitment in vitro
Confluent 18Co intestinal fibroblasts cells were co-cultured with I1L-33 (100ng/ml) and

eosinophils. As controls 18Co cells treated with I1L-33 alone (100ng/ml), 18Co cells co-
cultured with eosinophils in the absence of 1L-33 or 18Co cells alone were used. (A) Pro-
inflammatory cytokine, (B) eosinophilic chemokine and (C) cytokine receptor mMRNA
analysis of 18Co fibroblasts was performed by real-time PCR on extracted RNA following
24 and 48 hours of co-culture. In a second series of experiments cells were treated in the 4
groups described above. Following 48 hours of co-culture 18Co cells were washed and
IL-13 (100ng/ml) was placed into each of the wells. (D) Fibrosis-associated molecule
mRNA analysis of IL-13-stimulated 18Co fibroblasts was performed by real-time PCR on
extracted RNA following an additional 72 hours of culture. Data are expressed as means +
SEM of 2-6 individual donors. Statistical significance was assessed using 1-way ANOVA
with Newman-Keuls multiple comparisons test. *P<0.05, **P<0.01, ***P<0.001.
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Figure 5. Epithelial-1L-33 expression is associated with disease progression and eosinophilia in
complicated Crohn’s disease
Representative photomicrographs of I1L-33 immuohistochemically stained ileal tissues from

(Ai) control (CL) subjects or from patients with (Aii) inflammatory (INFL) or (Aiii)
stricturing (STR) CD. Arrows indicate epithelial-IL-33. (B) A score was generated to
quantify the absence (0), presence (1) or increased presence (2) of epithelial-1L-33 staining.
Epithelial-1L-33 scores were analyzed for relationships to subjects’ (C) pediatric Crohn’s
disease activity index (PCDAI), (D) histological activity and (E) peak eosinophils / hpf
(EPX) and (F) fibrosis score measured in H&E stained tissues. All analyses were performed
on subjects defined in Table 1 that were not considered under treatment relevant to their CD.
Statistical significance was assessed for epithelial-1L-33 scores by using 1-way ANOVA
with Newman-Keuls multiple comparisons test. ***P<0.001. For all other analysis the
Pearson’s correlation coefficient (r) and its associated statistical significance are shown.
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Table 1
Clinical characteristics of study subjects
Control Inflammatory Stricturing
Number (n) 39 17 18
Sex (% male) 44 59 67
Age range years (median) 2-17 (14) 6-17 (14) 8-18 (14)
Disease duration (months) N/A 8.0+29 11.3+25
ESR (mm/hr) 10.0+1.7 323+6.7 35.7+6.8
CRP (mg/dL) 0.5+0.04 6.2+3.7 93+21
Hgb (g/dL) 136+0.4 120+0.4 11.4+05
Previous treatments Corticosteroid — 0 Corticosteroid — 6 Corticosteroid — 15
5-ASA -0 5-ASA -4 5-ASA -4
Immunomodulator -0 | Immunomodulator -6 | Immunomodulator — 17
Biologic -0 Biologic - 1 Biologic — 4
Antibiotic — 0 Antibiotic - 5 Antibiotic — 2
PCDAI N/A 35.2+19 376+23

All values mean + SEM.

No statistical difference between Inflammatory and Stricturing disease was obtained.
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