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Abstract
Background—Ileal involvement in Crohn’s disease (CD) is associated with NOD2 mutations
and Granulocyte-Macrophage Colony Stimulating Factor auto-antibodies (GM-CSF Ab), and GM-
CSF blockade promotes ileitis in Nod2/Card15 deficient (C15KO) mice. RALDH2 expressing
dendritic cells (DC) and IL-4 promote CCR9 imprinting and small bowel homing of T
lymphocytes, in conjunction with CCL25 expression by ileal epithelial cells (IEC). We
hypothesized that GM-CSF neutralization promotes ileal disease by modulating expression of
CCL25 by IEC and CCR9 by T lymphocytes via Nod2 dependent and independent pathways.

Methods—CCL25 and CCR9 expression were determined in pediatric CD patients stratified by
GM-CSF Ab. Ileitis was induced in C15KO mice via GM-CSF Ab administration followed by
NSAID exposure, and expression of CCL25, CCR9, FOXP3, intracellular cytokines, and RALDH2
was determined in IEC and immune cell populations.

Results—The frequency of CCL25+ IEC and CCR9+ T lymphocytes was increased in CD
patients with elevated GM-CSF Ab. In the murine model, GM-CSF blockade alone induced IEC
CCL25 expression, and reduced the frequency of mesenteric lymph node (MLN) CD4+FOXP3+

cells, while Card15 deficiency alone enhanced MLN DC RALDH2 expression. Both GM-CSF
neutralization and Card15 deficiency were required for down-regulation of MLN DC IL-10
expression; under these conditions NSAID exposure led to an expansion of IL-4+ and IL-17+

CCR9+ lymphocytes in the ileum.

Conclusions—GM-CSF prevents ileal expansion of CCR9+ lymphocytes via Nod2 dependent
and independent pathways. CCR9 blockade may be beneficial in CD patients with elevated GM-
CSF Ab.
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Introduction
The pathogenesis of Crohn’s Disease (CD) involves a complex interplay between host
genetic variation and environmental factors, leading to maladaptive immune responses to
endogenous and exogenous antigens. The fundamental importance of innate immunity in the
development of CD has become evident in recent years. Genetic studies have discovered
CARD15/NOD2 polymorphisms in patients with CD that alter their innate immune
responses.1 The precise mechanisms of NOD2 mutations in the pathogenesis of CD are
unknown, although functional NOD2 modulates toll-like receptor signaling and NFκB
activation.2 Although nod2 deficient (C15KO) mice have normal ileal histology, they
exhibit abnormal Peyer’s patch homeostasis with increased permeability and increased TLR
expression altering their response to bacterial products after injury.3-4 While heterozygous
NOD2 polymorphisms confer a modest increased risk of developing ileal CD, the
polymorphism is also found in healthy individuals.5-6 Therefore, it would be expected that
additional alterations in the innate immune system may interact with NOD2 mutations to
regulate CD development within the ileum.

Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) is required for priming of
myeloid cell antimicrobial functions. Our group has recently reported that neutralizing auto-
antibodies to GM-CSF (GM-CSF Ab) are increased in a subset of CD patients.7-8 In
addition to having abnormal neutrophil function, these patients also have an increased risk
of ileal location and structuring/penetrating behavior. To test for a pathogenic role for GM-
CSF Ab, we developed a novel murine model of transmural ileitis involving GM-CSF
neutralization in card15-/- mice (C15KO) and non-steroidal anti-inflammatory drug
(NSAID) exposure.7

However, the mechanism for ileal specificity with loss of GM-CSF bioactivity is unknown.
Recruitment of lymphocytes from the mesenteric lymph node (MLN) to the intestine is a
highly selective process involving adhesion molecules, chemokines and the appropriate
cognate receptors. Specifically in regards to the small intestine, it is interactions between
mucosal addressin cell adhesion molecule-1 (MadCAM-1) on the intestinal epithelial cell
(IEC) and β7 integrins and interactions between the chemokine/chemokine receptor pair
CCL25/CCR9 that maintain lymphocyte trafficking and localization to the small intestinal
lamina propria.9-10 CCR9 imprinting occurs within the MLN, and requires the presence of
IL-4 and RALDH2 expression by MLN dendritic cells (DC) to promote lymphocyte CCR9
expression.11-13 Alterations in CCL25/CCR9 have been described in CD patients with small
bowel involvement as well as in the SAMP1/YitFc model of ileitis.14-15 However, the role
of GM-CSF Ab and nod2 in this regard has not been described.

In addition to being required for CCR9 lymphocyte expression within the MLN, a role for
IL-4 and Th2 cytokines has been described in the early phases of ileal Crohn’s and in the
SAMP1/YitFc model of ileitis. Early post-operative recurrent ileal Crohn’s lesions were
associated with a significant increase in IL-4 mRNA expression and a decrease of IFN-γ
mRNA compared to normal mucosa.16 Further, in the spontaneous model of ileitis in
SAMP1/YitFc mice, ileitis can be ameliorated through administration of IL-4 antibodies and
transfer of IL-4+ lymphocytes from affected mice with ileitis to a SCID recipient was
sufficient to induce intestinal inflammation.17

In our current study, we asked whether CCL25 and CCR9 expression would vary between
pediatric CD patients with high and low levels of GM-CSF Ab, and employed our animal
model of ileitis involving GM-CSF neutralization in the C15KO host to test for alterations in
CCR9+ lymphocyte expansion. We determined that there was increased ileal CCL25
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expression and peripheral and lamina propria CCR9 expansion in CD patients with high
levels of GM-CSF Ab.

In our corresponding animal model of ileitis, we also found increased ileal CCL25
expression with loss of GM-CSF bioactivity which was nod2 independent. In card15
deficient mice which develop ileitis following GM-CSF neutralization and NSAID
exposure, we observed a mixed ileal expansion of Th2 and Th17 CCR9+ lymphocytes. This
expansion of CCR9 lymphocytes in the card15 deficient host corresponded to persistent
expression of RALDH2 in the MLN DC and an expansion of IL-4+ T lymphocytes within the
MLN.

Materials and Methods
Human Subjects

Patient-based studies were approved by the Cincinnati Children’s Hospital Medical Center
(CCHMC) Institutional Review Board. CD patients were diagnosed using established
criteria, with phenotype per the Montreal criteria.18 The Pediatric Crohn’s Disease Activity
Index (PCDAI) was used to measure disease activity.19 Ileal biopsies were obtained at the
time of diagnostic colonoscopy and scored using the Crohn’s Disease Histological Index of
Severity (CDHIS).20 Blood samples were obtained either during diagnostic endoscopy or
during a routine blood draw after diagnosis and medication exposures were documented.
Patients were genotyped for CARD15 mutations and GM-CSF Ab were quantified in serum
by enzyme-linked immunosorbent assay.21 Based upon our previous report, CD patients
were classified as GM-CSF Ab high if their GM-CSF Ab level was ≥1.6 μg/mL.7

Murine Model of Ileitis
The animal studies were approved by the CCHMC Institutional Animal Care and Use
Committee. Mice were housed in conventional conditions and allowed ad lib access to
drinking water and chow. We employed our previously described model of acute ileitis
involving C15KO mice, GM-CSF neutralization and piroxicam (NSAID) exposure.7

Flow Cytometry Analysis of Patient Samples
Staining of peripheral blood samples were performed in 1% FBS in PBS using anti-human
PerCP-CD3, FITC-CD4, and PE-CCR9 or PE-CXCR3 (BD Biosciences, San Jose, CA).
Samples were evaluated on a FACSCalibur (BD Biosciences) and analyzed using Cell Quest
Pro (BD Biosciences).

Immunohistochemistry
Immunohistochemistry was performed on paraffin-imbedded ileal biopsy sections obtained
from human samples and mouse sections as described previously using primary antibodies
for either CCL-25 (Santa Cruz Biotechnology, Santa Cruz, CA) or CCR9 (Abcam,
Cambridge, MA).22

Flow Cytometry Analysis of Murine Samples
Single cell suspensions were prepared from the spleen and MLN. Lamina propria
mononuclear cells from mouse ileal specimens were isolated using collagenase digestion, as
described previously.23 Surface staining was performed in 1% FBS/PBS using anti-mouse
PerCp-CD3, FITC- or PerCp-CD4, PE-CD44, APC-CD62l, PE- or FITC-CCR9, APC-
CD11c , (BD Bioscience), APC-CD25, APC-F4/80 and PE-CD11b (eBioscience, San
Diego, CA). In certain samples, cells were then fixed and permeabilized according to
manufacture recommendations for PE-FoxP3, FITC-IL-4, IL-6, IL-10, IL-17, or IFN-γ
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intracellular staining (eBioscience). Samples were evaluated on a FACSCalibur (BD
Biosciences) and analyzed using CellQuest Pro (BD Biosciences).

Murine Dendritic Cell Gene Expression Quantification with Real Time PCR
Dendritic cells (DC) were harvested from MLN as described previously.24 Briefly, MLN
underwent Liberase (Roche, Indianapolis, IN) digestion and cells were stained with FITC-
CD11c PE-CD3 (eBioscience) and 7-AAD (BD Pharmingen). CD11chi DC were sorted by
the CCHMC Flow Cytometry Core using FACSAria II (BD Biosciences). Total RNA was
isolated using the Rneasy Mini Kit (Qiagen, Valencia, CA) and transcribed using oligo
primers and Superscript III (Invitrogen, Carlsbad, CA). Real time-PCR (RTPCR) was
performed using the Brilliant II SYBR Green Kit (Agilent, Santa Clara, CA) with primer
sequences as provided in Supplemental Table 1. Expression data were analyzed using the
Stratagene Mx3000P (Agilent).

Statistical Analysis
Statistical analyses were performed using GraphPad PRISM version 5.02 (GraphPad Inc,
San Diego, CA). Continuous variables were analyzed using 2-sample t test and 1-way
ANOVA with Bonferroni test for multiple comparisons. Discrete variables were analyzed
using the Fisher exact test or χ2 analysis. Results were considered statistically significant for
p values ≤0.05.

Results
CCR9 and CCL25 are Up-regulated in Pediatric CD Patients with Elevated GM-CSF Ab

Our studies included 30 pediatric-onset CD patients and 15 healthy controls (Supplemental
Table 2). Ileal sections were obtained at the time of diagnostic colonoscopy and peripheral
blood samples were obtained either at the time of diagnosis or while on treatment. Age,
gender, disease location, or clinical disease activity did not vary between GM-CSF Ab Lo
(serum GM-CSF Ab < 1.6 mcg/mL) patients and GM-CSF Ab Hi (serum GM-CSF Ab ≥ 1.6
mcg/mL) patients. While the overall frequency of CARD15 mutations did not differ between
the GM-CSF Ab Lo and Hi groups, there were insufficient samples to test for an effect of
combined elevated GM-CSF Ab with a CARD15 mutation. For peripheral blood samples
obtained following diagnosis, there was no difference in duration of disease between the two
groups (2.5±1.6 yrs vs. 1.6±2.4 yrs, p=0.5). Exposure to 5-ASA products was higher in the
GM-CSF Ab Lo patients compared to the GM-CSF Ab Hi patients (89% vs. 31%, p<0.05).
Otherwise, the frequency of exposure to corticosteroids, immune modulators, or biologics
did not differ between the groups.

The frequency of ileal CCR9+ lamina propria mononuclear cells (LPMC) was increased in
GM-CSF Ab Hi patients compared to GM-CSF Ab Lo patients or controls (Figure 1A).
Examining the frequency of CCR9+ CD4+ lymphocytes in the peripheral blood, we observed
an expansion of this cell population in GM-CSF Ab Hi patients compared to controls or
GM-CSF Ab Lo patients (Figure 1B). This peripheral expansion was specific to the CCR9+

lymphocyte, as there were no differences in granulocyte CCR9 expression or CXCR3
expression between the three groups (data not shown).

We then examined expression of the cognate chemokine for CCR9, CCL25, within ileal
IEC. The frequency of CCL25+ IEC was increased in GM-CSF Ab Hi patients compared to
either GM-CSF Ab Lo patients or controls (Figure 2).
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Expansion of CCR9 and CCL25 in Murine Ileitis due to GM-CSF Ab Administration
We have previously reported that when C15KO mice have GM-CSF bioactivity blocked
with a neutralizing GM-CSF Ab and are on chow containing a NSAID, they develop
transmural ulcerating ileal disease.7 To determine if this was due to up-regulation of CCR9
as we observed in pediatric CD patients with elevated GM-CSF Ab, we performed flow
cytometric analysis using this murine model of ileitis. The frequency of CCR9+ lymphocytes
was increased in the MLN, ileum, and spleen in C15KO mice following neutralization of
GM-CSF bioactivity and NSAID exposure (Figure 3A). The frequency of CCR9+

lymphocytes did not vary from baseline values under any other conditions tested including
in WT mice with GM-CSF neutralization and NSAID exposure or C15KO mice with isotype
control IgG administration and NSAID exposure. Therefore, ileal injury was specifically
associated with expansion of CCR9+ lymphocytes.

To further characterize the CCR9+ lymphocyte, we analyzed intracellular staining for Th1,
Th2, and Th17 cytokines. Within the ileum, we found a mixed expansion of IL-4+, IL-17+

and IFN-γ+ CCR9+ lymphocytes in C15KO mice that develop ileal injury compared to WT
mice after NSAID exposure and GM-CSF neutralization (Figure 3B). Within the C15KO
mice where ileal injury occurred, the frequency of ileal IL-4+CCR9+ lymphocytes were
greater than both the frequency of IL-17+ and IFN-γ+CCR9+ lymphocytes (20% vs. 8% vs.
4%, p<0.05).

IL-4 and RALDH2 have been found to be necessary for CCR9 imprinting within the MLN.
11, 13 There was a significant increase in IL-4+CCR9+ lymphocytes within the MLN of the
C15KO mouse that developed ileitis after NSAID exposure and GM-CSF neutralization
compared to either the C15KO mouse with NSAID exposure alone or WT mouse exposed to
NSAID and GM-CSF neutralization where injury was not seen (Figure 3B).

RNA from MLN CD11chi DC was isolated to examine for changes in RALDH2 expression.
We observed a nod2-dependent reduction of RALDH2 expression when WT mice were
exposed to NSAID that was GM-CSF-independent (Figure 4). This resulted in a significant
difference in RALDH2 expression between WT mice after NSAID exposure and GM-CSF
neutralization and C15KO mice that develop a CCR9+ lymphocyte expansion and ileitis.

To determine if there were corresponding changes in CCL25 expression, we performed
immunohistochemistry. We detected basal expression of ileal CCL25 in both genotypes,
localized predominantly at the base of the crypt that did not change after only NSAID-
containing chow exposure. However, following GM-CSF neutralization, CCL25 expression
increased in ileal IEC in both WT and C15KO mice (Figure 5). Under these conditions,
there was continued expression at the base of the crypt, but also expression in the majority
of intestinal villi.

To understand if CCR9+ lymphocyte expansion was specific or if it was associated with an
overall expansion of activated/memory T-cells (CD44+CD62L-,Ta/m) we examined the
frequency of Ta/m. We found that in both WT and C15KO mice, there was an increased
frequency of Ta/m after GM-CSF neutralization and NSAID exposure compared to the basal
frequency within the MLN (Supplemental Figure 1). In the spleen, there was a lower
frequency of Ta/m in the C15KO compared to WT mice under basal conditions. In contrast
to the MLN, the frequency of these cells increased only in C15KO mice, but not in WT
mice, after GM-CSF Ab administration and piroxicam exposure. The frequency of Ta/m was
highest within the ileum, however did not change under any conditions in either genotype.
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GM-CSF Dependent Regulatory T-cell Induction after NSAID Exposure
Expansion and function of CCR9+ lymphocytes may be inhibited by regulatory T-cells
(Treg), so we next determined if expansion of CCR9+ lymphocytes corresponded to changes
within Treg population. Using flow cytometry, a GM-CSF dependent expansion of
CD3+CD4+Foxp3+ cells in the draining MLN was observed in both WT and C15KO hosts
after NSAID exposure (Figure 6). Expansion in both the population of CD25+FoxP3+ cells
and of CD25-FoxP3+ cells was observed. At baseline, WT and C15KO hosts had a similar
frequency of Tregs in the MLN. The frequency of Tregs increased after NSAID exposure in
both genotypes and this induction of FoxP3+ cells was completely inhibited by GM-CSF
neutralization. In the spleen, there was an up-regulation of Tregs after NSAID exposure, but
this was GM-CSF independent in both genotypes.

C15KO Mice Exhibit a GM-CSF Dependent Expansion of IL-10 Producing Dendritic Cells
The epithelial and immune response to gut injury may be influenced by IL-10 secreted by
antigen presenting cells. We therefore performed intracellular cytokine staining for FACS
analysis examining the frequency of IL-10+ DC and macrophages in the different stages of
the animal model. Within the MLN, we observed a significantly lower frequency of
IL-10+CD11chi DC in the C15KO host compared to the WT (Figure 7A). In the WT, there
were no changes in the frequency of these cell populations under any condition in the animal
model. In the C15KO host, there was an increase in the frequency of IL-10+CD11chi

populations after NSAID exposure which approached the frequency detected in WT
animals. This up-regulation was GM-CSF dependent, as GM-CSF neutralization abrogated
this response in the C15KO host. Similarly, a decreased basal frequency of MLN
IL-10+CD11b+F4/80+ macrophages was observed in the C15KO host compared to the WT
(Figure 7B). These differences appeared to be specific to the MLN, as the spleen and ileum
exhibited no differences in the frequency of IL-10+ DC under any conditions (Supplemental
Figure 2).

To determine if the changes observed were specific to IL-10, we performed intracellular
staining for IL-6. Similar to the frequency of IL-10+ antigen presenting cells, there was a
decreased basal frequency of IL-6+ DC and IL-6+ macrophages in C15K0 mice compared to
WT (Supplemental Figure 3). The frequency of IL-6+ DC in the C15KO host increased with
NSAID exposure to the level observed in WT animals. Collectively, these data demonstrated
a substantial, GM-CSF dependent reduction in the frequency of IL-10 expressing DC in the
MLN of C15KO mice, relative to WT controls.

Discussion
In this study, we have identified alterations in CCL25 and CCR9 that are associated with
loss of GM-CSF bioactivity in pediatric CD and in a model of murine ileitis. Patients with
high level of antibodies to GM-CSF exhibited an up-regulation of IEC CCL25 expression,
increased ileal CCR9+ LPMC, and increased expression of CCR9 on peripheral blood
lymphocytes. We observed similar findings in our mouse model, where animals in the
experimental group that develop transmural ileal disease had increased ileal CCL25
expression and expansion of CCR9 in the splenic, MLN and ileal lymphocyte populations.
Expansion of CCR9 was associated with an expansion of IL-4+ MLN lymphocytes in
C15KO mice after GM-CSF neutralization, and persistent expression of RALDH2 in C15KO
MLN DC that was GM-CSF independent. We also identified several novel GM-CSF-
dependent intestinal homeostatic responses, including an up-regulation of Tregs and an
expansion of IL-10+ MLN DC in the card15 deficient host in response to NSAID exposure.
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CCL25 has been recognized as a chemokine central to immune cell homing to the small
intestine and may play a role in the pathogenesis of IBD. It is widely recognized that
expression of CCL25 is limited to the small intestine in both humans and mice.25-26 Other
investigators have reported that CCL25 expression is up-regulated in inflamed small bowel
specimens from CD patients.14 However, our study is the first to correlate increased CCL25
expression to loss of GM-CSF bioactivity in CD and occurred both in WT and C15KO mice
after GM-CSF neutralization. The factors involved in promoting the expression of CCL25
are largely unknown. It has been reported to be up-regulated in the murine ileum after TNF-
α administration.27 However, a separate study found expression to be unchanged after LPS
injection and was not different between germ free or conventionally-housed swine.28-29

CCL25 has been implicated in animal models of ileitis. It was shown that SAMP1/YitFc
mice that develop spontaneous ileitis have increased ileal expression of CCL25 and that
disease could be prevented through administration of a neutralizing antibody to CCL25.15

Yet in the TnfΔARE ileitis model, CCL25 appears to be dispensable as despite the loss of
CCL25 expression, animals still develop disease.30 In our animal model, WT mice with loss
of GM-CSF bioactivity and NSAID exposure also exhibit increased expression of CCL25,
but yet did not develop significant ileitis. Therefore, increased CCL25 expression is not
sufficient to cause ileal injury.

CCR9 is the cognate receptor for the chemokine CCL25 and homes activated T-cells from
the MLN to the small intestine. MLN stromal cells and antigen-presenting DC from the
Peyer’s patches induce activation, proliferation and increased expression of CCR9 on MLN
lymphocytes in an IL-4 and retinoic acid dependent manner.11, 13, 31-33 In our animal
model, we exhibited an expansion of MLN IL-4+CCR9+ lymphocytes as well as sustained
RALDH2 expression, both of which support CCR9 imprinting, after GM-CSF neutralization
and NSAID exposure in C15KO mice that develop ileitis. Factors that control RALDH2
expression are largely unknown, and our study is the first to show a nod2-dependent
reduction after ileal insult.

Characterizations of CCR9+ lymphocytes have revealed a phenotype of highly activated
cells, with increased expression of CD40L and pro-inflammatory cytokine production.34-35

It has been shown that therapeutic blockade of CCR9 can prevent disease in other murine
models of ileitis.15, 36-37 In our model, we found a mixed expansion of IL-4+, IL-17+ and
IFN-γ+ ileal CCR9+ lymphocytes which only occurred in the experimental group that
developed ileitis. With a higher frequency of IL-4+CCR9+ lymphocytes compared to IL-17
and IFN-γ, our acute ileitis model shows a relative Th2 bias which is consistent with
increases in IL-4 compared to IFN-γ mRNA within ileal samples of early, post-operative
recurrent CD lesions and consistent with the finding that spontaneous ileitis in the SAMP1/
YitFc mice can be ameliorated through inhibition of IL-4. 16-17

We found that pediatric CD patients with high levels of GM-CSF Ab had increased
circulating CCR9+ lymphocytes. This is consistent with adult CD patients undergoing
surgical resection having increased CCR9+ cells within the peripheral blood.14 However, in
this study, inflamed portions of small bowel exhibited a decreased frequency of CCR9+

lymphocytes compared to normal small bowel. This is in contrast to our finding that GM-
CSF Ab hi CD patients had increased CCR9+ LPMC compared to GM-CSF Ab lo patients
or controls. One explanation for this discrepancy may be related to the stage of disease when
the samples were obtained. All of our patient samples were obtained at time of diagnosis,
while samples in the previous study were taken at time of surgical resection. It has been
shown in the SAMP1/YitFc ileitis model that CCR9 expression increases early in the disease
course, but decreases at later stages and neutralization of CCR9 is only beneficial to animals
early in disease.15 A phase II study of a CCR9 antagonist has demonstrated efficacy in
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patients with moderate-severe CD.38 Our data suggests that patients with high level of GM-
CSF Ab may particularly benefit from therapeutic blockade of this pathway.

Expansion of pro-inflammatory T-cells may result from alterations in the proportion of the
Treg population or function of these anti-inflammatory cells. Peripheral contractions of Tregs
and intestinal expansion have been identified in IBD patients with active disease.39-41 We
identified a novel GM-CSF dependent expansion of FoxP3+ cells within the MLN in
response to NSAID exposure. NSAIDs may lead to increased reactive oxygen species within
the IEC and increased apoptosis with bacterial adhesion and invasion.42-44 Compromise of
the intestinal barrier which leads to increased permeability may lead to expansion of Treg
responses.45 GM-CSF may maintain Treg homeostasis through modulation of antigen
presenting cell pathways that are important in sustaining Treg expansion and inhibition of
auto-immune diseases.46-49 GM-CSF may also act to modulate TLR4 expression which has
been shown to be necessary for Treg responses to intestinal injury.50-52 Although retinoic
acid is involved in Treg homeostasis, other cytokines such as TGF-β are required and the
inflammatory milieu may influence FoxP3 expression and regulatory T-cell function. It has
been shown that despite retinoic acid treatment, transferred Treg lose suppressive function
under chronic inflammatory conditions and that retinoic acid is also important in the
generation of IL-17 producing T lymphocytes which promote intestinal inflammation in a T-
cell transfer model of ileitis.53-54 These reports are consistent with our finding that despite
persistent RALDH2 expression in the affected C15KO host with ileitis, expansion of Treg
was not observed with NSAID exposure following GM-CSF neutralization.

The final novel homeostatic mechanism identified through our animal model was a nod2-
dependent basal population of IL-10+ MLN DC and a GM-CSF-dependent expansion of
these cells after NSAID exposure in the card15 deficient host. Multiple studies involving
peripheral blood monocytes have shown that patients with mutant NOD2 have defective
IL-10 responses to MDP, adherent-invasive E. Coli, and Samonella.55-58 In addition, a
recent study found that there were basal differences in IL-10 expression between NOD2
mutant and wild type primary human monocytes.59 However, similar differences in basal
IL-10 expression have not been found in mouse bone marrow-derived macrophages or
splenocytes.59-60 This could be consistent with our findings as the basal difference was
specific to the DC and macrophage within the MLN and was not observed in splenic cell
populations. The biochemical mechanism for the GM-CSF dependent expansion of IL-10+

DC within the card15 deficient host is not known, although GM-CSF has been shown to be
important in expression of TLR4 receptor mRNA and LPS responses.50-51

In conclusion, we have identified alterations in CCL25 and CCR9 expression related to
neutralization of GM-CSF bioactivity in pediatric CD and similar changes in our novel
model of murine ileitis. We also report several novel, GM-CSF-dependent and nod2-
dependent homeostatic mechanisms that may play a role in prevention of disease in
genetically susceptible individuals. Our data would suggest that either blockade of the
CCL25/CCR9 pathway or restoration of GM-CSF bioactivity may be of therapeutic benefit
to this particular group of patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Ab antibody

C15KO card15 deficient

CD Crohn’s disease

CDHIS Crohn’s disease histological index of severity

DC dendritic cells

FACS flow cytometric analysis

GM-CSF granulocyte-macrophage colony stimulating factor

IEC intestinal epithelial cell

LPMC lamina propria mononuclear cells

MLN mesenteric lymph node

NSAID non-steroidal anti-inflammatory drug

PCDAI pediatric Crohn’s disease activity index

Ta/m activated/memory T-cells

Treg regulatory T-cells

WT wild type
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Figure 1. Frequency of Lymphocytes Expressing CCR9 is Up-regulated in Pediatric CD Patients
with Elevated GM-CSF Ab
(A) Immunohistochemistry for CCR9 was performed on ileal biopsies obtained at the time
of initial diagnostic endoscopy from HC, GM-CSF Ab Lo CD patients, and GM-CSF Ab Hi
CD patients as shown. The number of positive lamina propria mononuclear cells was
determined in 10 high powered fields. (B) Peripheral blood samples were obtained from
patients at the time of diagnosis or during routine blood draws after diagnosis. Samples from
healthy controls (HC), CD patients with low (GM-CSF Ab Lo) or high (GM-CSF Ab Hi)
serum GM-CSF antibody were analyzed by flow cytometry. Cells were gated on CD3+CD4+

lymphocytes to determine the frequency of CCR9+ CD3+CD4+ cells as shown with
representative scatter plots. n=8-13 per group, data are shown as the mean ± SEM, *p<0.05.
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Figure 2. Up-regulation of Ileal Epithelial Cell CCL25 Expression in Pediatric CD Patients with
Elevated GM-CSF Ab
Immunohistochemistry for CCL25 was performed on ileal biopsy samples obtained at the
time of initial diagnostic endoscopy from HC, GM-CSF Ab Lo CD patients, and GM-CSF
Ab Hi CD patients as shown. The number of intestinal epithelial cells (IEC) expressing
CCL25 was determined in 10 high powered fields and divided by the total number of IEC to
determine the frequency of CCL25+ IEC. n=4 per group, data are shown as the mean ±
SEM, *p<0.05.
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Figure 3. Up-regulation of CCR9 Expression on Lymphocytes in Murine Ileitis
Mesenteric lymph nodes (MLN), spleen and ileum were isolated at the time of sacrifice for
flow cytometric analysis from wild type (WT) or card15 deficient mice (C15KO) on regular
chow, animals pre-treated with an IgG isotype control or a neutralizing GM-CSF antibody
(GM-CSF Ab, 50 mcg, IP) on chow containing the NSAID piroxicam (PIR, 200 ppm). (A)
Cells were gated on CD3+CD4+ lymphocytes to determine the frequency of CCR9+

CD3+CD4+ cells as shown with representative scatter plots from MLN. (B) After surface
staining, cells were then fixed and permeabilized before intra-cellular staining for IL-4,
IL-17, or IFN-γ was completed. Cells were gated on the CD3+CD4+ population to determine
the frequency of CCR9+cytokine+ CD3+CD4+cells as shown with representative scatter
plots n=4-7 per group, data are shown as the mean ± SEM, *p<0.05.
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Figure 4. RALHD2 Expression within the MLN Dendritic Cell in Murine Ileitis
Mesenteric lymph nodes were isolated at the time of sacrifice from wild type (WT) or
card15 deficient mice (C15KO) on regular chow, animals pre-treated with an IgG isotype
control or a neutralizing GM-CSF antibody (GM-CSF Ab, 50 mcg, IP) on chow containing
the NSAID piroxicam (PIR, 200 ppm). RNA was isolated from sorted CD11chi dendritic
cells and RALDH2 gene expression was assayed by quantitative PCR and normalized
relative to expression of GAPDH. n=4-7 per group, data are shown as the mean ± SEM,
*p<0.05.
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Figure 5. Ileal Epithelial Cell CCL25 Expression is Up-regulated after GM-CSF Neutralization
and NSAID Exposure
(A) Immunohistochemistry for CCL25 was performed on ileal samples obtained at the time
of sacrifice wild type (WT) or card15 deficient mice (C15KO) on regular chow, animals
pre-treated with an IgG isotype control or a neutralizing GM-CSF antibody (GM-CSF Ab,
50 mcg, IP) on chow containing the NSAID piroxicam (PIR, 200 ppm). A negative control
employed isotype sera instead of antibody (shown as insert). (B) Intestinal epithelial cells
(IEC) expressing CCL25 were determined in 10 high powered fields and divided by the total
number of IEC to determine the frequency of CCL25+ IEC. n=6 per group, data are shown
as the mean ± SEM.
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Figure 6. GM-CSF Dependent Regulatory T-cell Up-regulation after NSAID Exposure
Mesenteric lymph nodes (MLN) and spleen were isolated at the time of sacrifice for flow
cytometric analysis from wild type (WT) or card15 deficient mice (C15KO) on regular
chow, animals pre-treated with an IgG isotype control or a neutralizing GM-CSF antibody
(GM-CSF Ab, 50 mcg, IP) on chow containing the NSAID piroxicam (PIR, 200 ppm). Cells
were gated on CD3+CD4+ lymphocytes to determine the frequency of FoxP3+ CD3+CD4+

cells as shown with representative scatter plots from MLN. n=5-16 per group, data are
shown as the mean ± SEM, *p<0.05.

Samson et al. Page 20

Inflamm Bowel Dis. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Samson et al. Page 21

Inflamm Bowel Dis. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. IL-10 Expression by Dendritic Cells Requires GM-CSF in the Card15 Deficient Host
Mesenteric lymph nodes (MLN) were isolated at the time of sacrifice for flow cytometric
analysis from wild type (WT) or card15 deficient mice (C15KO) on regular chow, animals
pre-treated with an IgG isotype control or a neutralizing GM-CSF antibody (GM-CSF Ab,
50 mcg, IP) on chow containing the NSAID piroxicam (PIR, 200 ppm). (A) Cells were
gated on the CD3- CD11chigh population to determine the frequency of IL-10+

CD3-CD11chi cells as shown with representative scatter plots. (B) Cells were gated on the
CD3-CD11b+ F4/80+ population to determine the frequency of IL-10+

CD3-CD11b+F4/80+cells as shown with representative scatter plots. n=6-12 per group, data
are shown as the mean ± SEM, *p<0.05.
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