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Abstract

Background—Administration of granulocyte-macrophage colony stimulating factor (GM-CSF)
relieves symptoms in Crohn's disease (CD). It has been reported that reduced GM-CSF bioactivity
is associated with more aggressive ileal behaviour and that GM-CSF-null mice exhibit ileal barrier
dysfunction and develop a transmural ileitis following exposure to non-steroidal anti-
inflammatory drugs (NSAIDs). STATS signalling is central to GM-CSF action. It was therefore
hypothesised that GM-CSF signalling in non-haematopoietic cells is required for ileal
homeostasis.

Methods—Bone marrow (BM) chimeras were generated by reconstituting irradiated GM-CSF
receptor (gm-csfr) B chain or GM-CSF (gm-csf) deficient mice with wild type BM
(WTBM—GMRKO and WTBM—GMKO). Intestinal barrier function and the response to
NSAID-induced ileal injury were examined. Expression of gm-csf, gm-csfr or stat5 in Caco-2 and
HT-29 intestinal epithelial cell (IEC) lines was knocked down and the effect of GM-CSF
signalling on IEC survival and proliferation was determined.

Results—Elevated levels of GM-CSF autoantibodies in ileal CD were found to be associated
with dysregulation of IEC survival and proliferation. GM-CSF receptor-deficient mice and
WTBM—GMRKO chimeras exhibited ileal hyperpermeability. NSAID exposure induced a
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transmural ileitis in GM-CSF receptor-deficient mice and WTBM—GMRKO chimeras.
Transplantation of wild type BM into GM-CSF-deficient mice prevented NSAID ileal injury and
restored ileal barrier function. lleal crypt IEC proliferation was reduced in WTBM—GMRKO
chimeras, while STATS5 activation in ileal IEC following NSAID exposure was abrogated in
WTBM—GMRKO chimeras. Following knock down of gm-csf, gm-csfr « or £ chain or stat5a/b
expression in Caco-2 cells, basal proliferation was suppressed. GM-CSF normalised proliferation
of Caco-2 cells exposed to NSAID, which was blocked by stat5a/b RNA interference.

Conclusions—Loss of GM-CSF signalling in non-haematopoietic cells increases NSAID ileal
injury; furthermore, GM-CSF signalling in non-haematopoietic cells regulates ileal epithelial
homeostasis via the STATS pathway. The therapeutic use of GM-CSF may therefore be beneficial
in chronic ileitis associated with CD.

Introduction

Recent genome-wide association studies have suggested that defects in innate immunity
contribute to the pathogenesis of Crohn's disease (CD).1 2 Granulocyte-macrophage colony
stimulating factor (GM-CSF) promotes epithelial barrier integrity, stimulates myeloid cell
antimicrobial function and reduces disease activity in CD and murine colitis due to dextran
sodium sulfate administration.3-6 We have shown that patients with ileal CD have high
levels of endogenous neutralising GM-CSF antibody in association with reduced GM-CSF
bioactivity and neutrophil antimicrobial function.7 Administration of neutralising GM-CSF
antibody to mice reduced ileal epithelial barrier function and increased susceptibility to
NSAID-induced transmural ileitis in card15-deficient mice.7 The mechanisms by which
GM-CSF may promote mucosal barrier function and adaptive responses to acute injury
could involve direct effects on both non-haematopoietic and bone marrow (BM)-derived
cells. GM-CSF has been shown to regulate the integrity of the alveolar epithelial barrier via
direct effects on epithelial cells.8 Autocrine GM-CSF produced by freshly isolated murine
intestinal epithelial cells (IEC) stimulated crypt cell proliferative activity.9 Systemic
treatment with GM-CSF during hyperoxic exposure reduced epithelial apoptosis in the
lungs.10 We therefore determined whether GM-CSF signalling in non-haematopoietic cells
is required for intestinal homeostasis under basal conditions or in response to injury.

We have reported that STATS5 activation is reduced in the affected colon in CD and that
stat5b-deficient mice exhibit increased susceptibility to experimental colitis due to trini-
trobenzene sulfuric acid administration.11 12 We have demonstrated that STAT5b is
required for basal survival of IEC by regulating the balance between pro- and anti-apoptotic
gene expression.13 These studies have shown that STATS is required for intestinal
homeostasis. It is also well known that STATS5 signalling is central to GM-CSF action in
various cell types.14 15 Thus, the reduction in STATS5 activation which we have observed
may reflect a reduction in local GM-CSF bioactivity.16 In our current studies, employing
GM-CSF and GM-CSF ligand-deficient mice engrafted with wild type (WT) BM and gm-
csf, gm-csfr and stat5 in vitro RNA interference, we demonstrate that GM-CSF signalling in
non-haematopoietic cells is required for the maintenance of ileal homeostasis, and epithelial
STATS is essential for GM-CSF regulation of homeostatic intestinal barrier function.
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Human and mouse recombinant GM-CSF were obtained from R&D Systems (St Louis,
Missouri, USA). All chemicals were purchased from Sigma-Aldrich (St Louis, Missouri,
USA) unless otherwise noted. Antibodies specific for Bid, Bax, Bcl-2, GM-CSF, STATS5,
p21 and cyclin D1 were from Santa Cruz Biotechnology (Santa Cruz, California, USA).
Antibodies specific for cleaved caspase-3 (Asp175) and tyrosine phosphorylation specific
STATS antibody (serine-649, pSTAT5) were from Cell Signaling Technology (Danvers,
Massachusetts, USA). Antibodies specific for STAT5a and STAT5b were from Zymed
Laboratories (South San Francisco, California, USA). Antibodies specific for CD3, Annexin
V were from eBioscience (San Diego, California, USA). Another tyrosine phosphorylation
specific STATS5 antibody was from Upstate Biotechnology (Lake Placid, New York, USA).
ON-TARGET plus SMARTpool for human stat5a/b and gm-csfr a/&c were purchased from
DHARMACON (Lafayette, Colorado, USA).13 The patient-based studies were approved by
the CCHMC IRB and informed consent and assent were obtained from the study
participants.7

Animal resources and maintenance

The animal study protocol was approved by the CHRF Institutional Animal Care and Use
Committee (IACUC). Breeding pairs of gm-csf- and gm-csfrfc-deficient mice (GMKO and
GMRKO) were obtained from Dr Bruce Trapnell.7 All mice used in these studies were re-
genotyped. Mice were maintained in specific pathogen-free (SPF) conditions in the
Children's Hospital Research Foundation (CHRF) Animal Care Facility.

Murine bone marrow transplantation (BMT)

This technique was performed with the assistance of the CHRF Experimental Haematology
Mouse Bone Marrow Transplantation (BMT) Core. The BMT core ablated the BM with
whole-body gamma irradiation with 1200 Rad in divided doses 3 h apart. The recipient then
immediately received an intravenous tail vein injection of 1x106 whole BM donor cells. As
shown in table 1, we transplanted WT BM cells into WT GMKO and GMRKO recipients
(WTBM, WTBM—GMKO and WTBM—GMRKO mice, respectively) or transplanted
GMRKO BM cells into WT mice (GMRBM—WT mice). Controls included gender and age-
matched WT, GMKO and GMRKO mice without BMT. We tested the transplantation
efficiency by measuring CD45.1 and CD45.2 in blood and BM; in parallel, we used flow
cytometry (FACS) and immunofluorescence (IF) to detect gm-csf and gm-csfr/c expression
in peripheral blood, BM and ileal sections, respectively (see figure 2A—-C in online
supplement). Reconstitution of >95% was anticipated. Eight weeks after BMT we
determined the effect on ileal barrier function and susceptibility to NSAID-induced ileitis.

Animal models of ileitis

To establish the animal model of ileitis, 4- or 5-week-old male and female mice were
exposed to the NSAID piroxicam at 200 ppm in the chow for 2 weeks. lleitis histology was
scored using the method previously published.7 17
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Primary mouse IEC short-term culture

Briefly, mouse ileum was everted and incubated in calcium-magnesium-free HBSS with 1
mM EDTA for 30 min at 37°C with gentle shaking to liberate IEC. Cell survival was
determined with Annexin V kit (eBioscience). The isolated cells were seeded in 24-well
Matrigel coated plates (BD Bioscience) and subcon-fluent IEC were exposed to 1 ng/ml
recombinant mouse GM-CSF for 30 min.7 18 The details are described in the online
supplement.

Measurement of paracellular ileal permeability and bacterial translocation

Ileal and colonic paracellular permeability were determined using an everted gut sac and
Ussing chambers method.7 19 20 The details are described in the online supplement.

Immunoblotting and immunofluorescence
Expression of GM-CSF, GM-CSFRa and fic, cleaved caspase-3, bax, Bid, p21, cyclin D1

and STATS5 were measured with isolated ileal IEC, ileal mucosal tissue and cultured cells.7
21 The details are described in the online supplement.

BrdU labelling and ki-67, TUNEL and cleaved caspase 3 staining of tissue sections and
semiquantitative analysis of IEC protein expression

BrdU staining followed the manufacturer's instructions (BrdU In-Situ Detection Kit, BD
Pharmingen).21 The details are given in the online supplement.

FACS analysis of IEC apoptosis

CD3-/7-AAD-/AnnexinV+ was used as a marker for apoptotic cells (BD Biosciences).7 22
Data were analysed using FlowJo software. The details are given in the online supplement.

RNA interference

gm-csf, gm-csfr @ and /& and stat5 a and b ON-TARGETplus SMARTpool (Dharmacon,
Chicago, Illinois, USA) transfection were performed with preconfluent HT-29 and Caco-2
cells according to the manufacturer's instructions. Subconfluent cells were then co-incubated
with 1074 M indomethacin (Sigma) and 1 ng/ml recombinant human GM-CSF (rhGM-CSF,
R&D Systems) for 24 h or treated with 10 ng/ml recombinant human tumour necrosis factor
B (rhTNFa, R&D Systems) in the presence or absence of stat5 a and b or gm-csfrac and /&
SiIRNA.13 The details are described in the online supplement.

Measurement of IEC proliferation and GM-CSF level in serum, isolated cells and tissue
extracts

The details are described in the online supplement.

Statistical analysis

The results are presented as mean+SEM. Data were analysed using analysis of variance
followed by one-way ANOVA and a two-tailed Student t test; p values <0.05 were
considered significant.
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Increased levels of GM-CSF autoantibodies (GM-CSF) in ileal CD are associated with
dysregulation of IEC survival and proliferation

We found that the frequency of apoptotic ileal crypt epithelial cells was increased in biopsy
sections obtained from inflamed ileal mucosa in paediatric patients with ileal CD with
elevated GM-CSF autoantibodies (defined as $1.6 pg/ml,7 figure 1A) compared with
patients with CD with low GM-CSF autoantibodies and healthy controls. It should be noted
that the higher in patients with elevated GM-CSF autoantibodies (4.5+0.9) compared with
2.2+1.0 in the group with low GM-CSF autoantibodies and 0 in the healthy control group.7
23 Despite the overall increase in mucosal injury, the frequency of proliferating ileal crypt
epithelial cells was reduced in the inflamed area in patients with CD with elevated GM-CSF
autoantibody levels compared with those with low GM-CSF autoantibody levels and healthy
controls (figure 1B). Collectively, these data suggest that GM-CSF autoantibodies may
promote more aggressive ileal disease in part by suppression of intestinal epithelial function
in response to gut injury.

Loss of GM-CSF signalling in non-haematopoietic cells increases susceptibility to NSAID-
induced ileitis

The contribution of cells from haematopoietic versus non-haematopoietic lineages in the
pathogenesis of CD is unclear. Studies have shown that haematopoietic cell lineages such as
neutrophils, macrophages and lymphocytes play an important role in the pathogenesis of
CD.24 Conversely, recent studies have also shown that non-haematopoietic sources,
especially IEC barrier dysfunction, are important aetiological factors contributing to CD.25
Thus, dysregulated IEC barrier function may be a prerequisite for the onset of intestinal
inflammation.25 26 We first determined that an appreciable amount of GM-CSF was
expressed in mouse ileal IEC and the intestinal mucosa under basal conditions (see figure
1A in online supplement). This was confirmed by ELISA assay, as the GM-CSF
concentration was 62+1.0 pg/ml in the serum compared with 2.6+0.5 pg/ml and 5.06+0.8
pg/ml in the same amount of isolated ileal IEC and ileal mucosa, respectively. IF and FACS
analysis (see figures 1B and 2A in online supplement) with isolated IEC confirmed that
GM-CSFRgc is highly expressed on ileal IEC compared with endothelial cells and colonic
IEC.

We next evaluated whether GM-CSF signalling in non-haematopoietic cells is mainly
involved in this regulation. Murine gm-csfr/c deficiency disrupts both GM-CSF and inter-
leukin 5 (1L-5) signalling in BM-derived cells but will allow for IL-3 function via the IL-3f3
subunit.27 Importantly, IEC do not express the cognate IL-5 receptor, so gm-csfr/c
deficiency results in a specific depletion in GM-CSF signalling, relative to WT controls, in
IEC.28 29 We therefore generated BM chimeras by reconstituting irradiated GM-CSF
receptor (gm-csfr) p chain or GM-CSF-deficient mice with WT BM (WTBM—GMRKO
and WTBM—GMKO) and WT controls containing WT BM transplanted from WT donors
(WTBM). Although a relatively small amount of other non-haematopoietic cells beyond IEC
also lost gm-csfr/c expression and BM-derived cells may transdifferentiate into epithelial
cells in response to injury,30 31 WTBM—GMRKO and WTBM—GMKO chimeras still
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showed a considerable loss of GM-CSF or GM-CSF signalling in IEC which account for the
majority of intestinal mucosal cells. IF and FACS analysis confirmed reconstitution of GM-
CSF+ and GMCSFRpc+ lamina propria mononuclear cells (LPMC) and circulating
leucocytes, respectively, in WTBM—GMRKO chimeras and WTBM—GMKO chimeras.
Most importantly, IF confirmed the depletion of gm-csfr/c on IEC (see figure 2A-C in
online supplement). WTBM—GMRKO may therefore represent a model for studying GM-
CSF signalling in non-haematopoietic (eg, epithelial) cells.

We then determined whether loss of GM-CSF signalling or GM-CSF in non-haematopoietic
cells would increase susceptibility to NSAID-induced ileitis. Similar to piroxicam-treated
gm-csf-deficient mice (GMKO)7 and gm-csf receptor B chain-deficient mice (GMRKO), we
found that a significant ileitis developed in WTBM—GMRKO chimeras following a 2-week
exposure to piroxicam (figure 2A). In contrast, BM chimeras containing deletion of gm-
csfrpe within the BM-derived compartment (GMRBM—WT) did not develop significant
ileal disease following administration of piroxicam (figure 2A-C). Together these data
indicate that the defective GM-CSF signalling in the non-haematopoietic compartment but
not in the transplanted haematopoietic cells was sufficient for NSAID-induced ileitis in
mice.

Restoration of WTBM improves NSAID-induced ileitis in GM-CSF deficient mice

While we found that WTBM—GMKO chimeras also developed ileitis in the intestinal
mucosa following exposure to piroxicam, the disease severity as well as ileal ulceration was
significantly milder than in the corresponding GMKO and WTBM—GMRKO chimeras
(figure 2A-C). It indicated that BM-derived cells also had a role in the protection against
ileal injury; restoration of WTBM improved NSAID-induced ileal injury in GMKO but not
in GMRKO mice. Consistent with these differences in mucosal injury, we found that there
was significantly increased bacterial translocation into mesenteric lymph nodes in
WTBM—GMRKO, WTBM—GMKO, GMKO and GMRKO mice following piroxicam
exposure compared with WTBM and WT controls (figure 2D). Taken together, these data
indicate that GM-CSF signalling in non-haematopoietic cells is required for homeostatic
responses to mucosal injury.

Loss of GM-CSF signalling in non-haematopoietic cells leads to ileal barrier dysfunction

To investigate whether loss of GM-CSF signalling in non-haematopoietic cells may be
responsible for the ileitis susceptibility trait in GMRKO and WTBM—GMRKO mice, we
determined ileal and colonic paracellular permeability. lleal but not colonic paracellular
permeability was significantly increased in GMKO, GMRKO and WTBM—GMRKO mice
(see figure 3A and figure 3A—C in online supplement), which led to significant bacterial
translocation to MLN under basal conditions (figure 2D). Consistent with this,
transepithelial electric resistance (TEER) was significantly lower in the ileum but not in the
colon of WTBM—GMRKO chimeras (see figure 3B and figure 3D in online supplement).
Interestingly, ileal paracellular permeability in WTBM—GMKO chimeras was significantly
reduced compared with ileal permeability in GMKO mice (p<0.01, figure 3A), suggesting
that WT BM-derived cells may rescue the ileal barrier dysfunction due to loss of GM-CSF
in intestinal mucosa and further improve the disease severity of NSAID-induced ileitis
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(figure 2A-C). Most importantly, it confirmed that GM-CSF signalling in non-
haematopoietic cells is required for ileal epithelial barrier function.

GM-CSF signalling in non-haematopoietic cells is required for intestinal epithelial survival
response to injury

The frequency of apoptotic IEC, as measured by TUNEL and activated caspase-3
immunohistochemistry staining, did not differ under basal conditions in GMKO and
GMRKO mice relative to WT controls or in WTBM—GMKO and WTBM—GMRKO
chimeras compared with WTBM. This therefore excluded the possibility of irradiation-
induced epithelial injury. However, the frequency of apoptotic IEC was significantly
increased in GMKO compared with WT mice following exposure to piroxicam (see table 2,
figures 4A and B). Interestingly, we found that WTBM—GMKO chimeras had a
significantly reduced frequency of IEC apoptosis following exposure to piroxicam compared
with GMKO and WTBM—GMRKO chimeras (table 2, figure 4A and B), suggesting that
blockade of GM-CSF signalling resulted in apoptosis of IEC.

However, while ileal IEC survival did not vary under basal conditions, cleaved caspase-3 in
isolated ileal IEC was upregulated in WTBM—GMRKO mice compared with WTBM mice
following exposure to piroxicam (table 2, figures 4A and C). Concomitant with this, the
frequency of apoptotic IEC (identified by Annexin VV FACS and cleaved caspase-3
immunohistochemistry staining) was increased in piroxicam-treated WTBM—GMKO mice
(table 2, figure 4D). Furthermore, we confirmed that the bax/bcl-2 ratio was significantly
higher in isolated ileal IEC from piroxicam-treated WTBM—GMKO mice compared with
piroxicam-treated WTBM mice (figure 3E). These results show that GM-CSF signalling in
non-haematopoietic cells is required for intestinal epithelial survival response to injury.

GM-CSF signalling in non-haematopoietic cells regulates intestinal epithelial cellular

proliferation

To address this further, we examined ileal IEC proliferation as measured by BrdU labelling.
IEC proliferation was substantially reduced in WTBM—GMRKO chimeras, accompanied
by significantly lower levels of p21 and cyclin D1 expression, compared with WTBM
controls assessed under basal conditions (figures 5A and B). Interestingly, the BrdU
labelling study showed that piroxicam administration increased the migration of ileal IEC
with upregulation of cyclin D1 and p21 in WTBM mice; this effect was greatly abrogated in
WTBM—GMRKO mice (see figures 5A and B). GM-CSF signalling on ileal IEC is
therefore required for cellular proliferation under basal conditions and following NSAID
exposure. In contrast, loss of GM-CSF signalling on ileal IEC was sufficient to cause a
reduction in ileal IEC proliferation which may initiate the ileal barrier dysfunction.
Collectively, these studies confirm that GM-CSF signalling in non-haematopoietic cells is
required for ileal homeostasis under basal conditions and following NSAID exposure.

GM-CSF regulates IEC survival and proliferation in vitro

In vitro studies showed that GM-CSF at 1 ng/ml normalised proliferation of subconfluent
Caco-2 and HT-29 cells exposed to indomethacin (figure 6A). We significantly knocked
down the expression of GM-CSF in subconfluent Caco-2 cells and found that the
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proliferation of Caco-2, determined by BrdU incorporation, was significantly suppressed by
the reduction of GM-CSF. The proliferation was restored by the reintroduction of GM-CSF
(1 ng/ml) into the culture medium (figure 6B). Similar to our in vivo results, in vitro GM-
CSF knock-down also induced significant activation of caspase-3 in Caco-2 cells (figure
6C).

Both gm-csfr @ and /¢ knock-down reduced basal cell proliferation in subconfluent Caco-2
and HT-29 cells, and these cells were more susceptible to the suppressive effects of
indomethacin or TNFa on proliferation (figure 6D and data not shown). The abundance of
cyclin D1 and p21 was reduced following gm-csfrfc knock-down, which is consistent with
the variation in cellular proliferation (figure 6E). As with our in vivo studies, TNFa
upregulated cleaved caspase-3 in subconfluent Caco-2 cells, which was enhanced by gm-
csfrpe knockdown (figure 5F). Knock-down of either GM-CSF or its receptor in intestinal
cell lines resulted in suppression of proliferation and an increase in apoptosis, showing that
GM-CSF can directly regulate IEC proliferation and survival via an autocrine pathway.

GM-CSF activates STAT5 in IEC in response to injury

GM-CSF executes its functions via activation of the JAK2-STATS signalling pathway.32
We found that STAT5 activation was increased in IEC and LPMC of WTBM mouse ileum
following piroxicam administration. This response was abrogated in the IEC but not LPMC
of WTBM—GMRKO mice. Interestingly, epithelial STAT5 activation was well preserved
in WTBM—GMKO mice, suggesting the effect of GM-CSF from BM-derived cells on IEC
(figure 7A and B). In fact, the activation of STAT5 in LPMC appeared to be increased
further in WTBM—GMRKO mice after piroxicam administration (figure 7A). GM-CSFRfc
is known to mediate haematopoietic cell survival through induction of the anti-apoptotic
protein bcl-2.33 We therefore examined whether GM-CSF could directly regulate enterocyte
survival and proliferation in response to injury via activation of STATS5. We isolated ileal
IEC and 1 ng/ml GM-CSF was used to stimulate the cells for 30 min. We found that GM-
CSF activated STAT5 in WT ileal IEC. Most importantly, GM-CSF upregulated bcl-2
expression in WT ileal IEC but not in GM-CSFRfc-deficient ileal IEC (figure 7C and D and
data not shown). These data suggest that GM-CSF may regulate ileal IEC survival via a
GM-CSF:STAT5:Bcl-2 pathway.

GM-CSF regulates the survival and proliferation of IEC cells through activation of STAT5 in

vitro

We exposed subconfluent Caco-2 cells to GM-CSF (1 ng/ml) and found that GM-CSF can
induce tyrosine phosphorylation of STAT5 (figure 8A). We next used RNAI to knock down
the expression of both statba and stat5b (STAT5 RNA.) in Caco-2 cells and measured
markers of apoptosis and proliferation. We also found that stat5 knock down greatly
increased the amount of Bid, Bax and cleaved caspse-3. Treatment with GM-CSF (1 ng/ml)
reduced the level of cleaved caspase-3 as well as Bid under basal conditions; however, this
effect was impeded by addition of STAT5 RNA. (figure 8B). We then examined
proliferation by measuring BrdU incorporation and levels of cyclin D1 and p21. Treatment
with GM-CSF increased Caco-2 proliferation and cyclin D1 and p21 expression; these
effects were abrogated by STAT5 knock down (figures 8C and D). These data clearly
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indicate that GM-CSF regulates the survival and proliferation of IEC cells through
activation of STATS.

Discussion

Mechanisms by which GM-CSF may promote mucosal barrier function in the intestine have
only recently begun to be explored.6 7 It may involve both non-haematopoietic and BM-
derived cells. gm-csfr/xc is highly expressed on ileal IEC and specifically conducts the GM-
CSF signalling in IEC.27 This indicates that GM-CSF signalling in non-haematopoietic cells
such as epithelial cells might be required for ileal function. We have now shown that GM-
CSF signalling in non-haematopoietic cells regulates the homeostasis of intestinal barrier
integrity. A key mechanism in the therapeutic effect of GM-CSF on patients with CD may
therefore involve GM-CSF regulation of IEC function.

NSAID administration is associated with frequent and early clinical relapse of quiescent
inflammatory bowel disease and induced ileal injury.34 Our data indicated that GM-CSF
signalling as well as GM-CSF deficiency lead to a disrupted ileal barrier and increased
susceptibility to NSAID-induced ileitis. To study the importance of GM-CSF signalling on
ileal barrier function we therefore used WTBM—GMRKO chimeras which have a specific
reduction of GM-CSF signalling in non-haematopoietic cells relative to WT controls. We
found that significant ileitis developed in these WTBM—GMRKO mice but not in
GMRBM—WT mice following exposure to piroxicam for 2 weeks. In comparison,
transplantation of BM from WT donor mice to gm-csf-deficient recipient mice prevented
NSAID-induced ileal injury and restored ileal barrier function and STATS activation in IEC.
On the one hand these results confirmed the importance of GM-CSF signalling in non-
haematopoietic cells in promoting the enterocyte response to NSAID injury while, on the
other hand, it also indicated that the BM-derived compartment may be the main source of
GM-CSF in the intestine. GM-CSF might have an anti-inflammatory role in the maintenance
of homeostatic ileal barrier function through directly targeting IEC.

Cyclin D1 and p21 regulate the intestinal cell cycle and proliferative activity in response to
injury.35 We found that the expression of cyclin D1 and p21 was lower in gm-csfr/c-
deficient IEC than in WT IEC and was less responsive to NSAID injury in WTBM-
GMRKO chimeras. It is therefore plausible to conclude that a lack of sufficient cyclin D1
and p21 upregulation leads to reduced proliferative activity in response to injury which then
results in a greater susceptibility to NSAID-induced injury. Consistent with in vivo studies,
we found that subconfluent Caco-2 and HT-29 cells with reduced gm-csfrac or gm-csfr/c
expression due to RNAI exhibited reduced proliferation under basal conditions and
enhanced apoptosis induced by TNFa. These studies indicate that GM-CSF is required for
IEC proliferation and survival. GM-CSF signalling is therefore more likely to have an anti-
inflammatory role in enterocytes in response to piroxicam administration. Our findings
reveal a novel mechanism for GM-CSF treatment of inflammatory bowel disease by directly
regulating IEC apoptosis and proliferation. Conversely, our studies also suggest that the
dose and duration of GM-CSF treatment should be cautiously considered due to a possible
tumorigenic risk.36 Taken together, these results confirm that GM-CSF signalling in non-

Gut. Author manuscript; available in PMC 2015 January 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Han et al.

Page 10

haematopoietic cells is required for ileal homeostasis, both under basal conditions and
following NSAID exposure.

GM-CSF executes its functions by interacting with the corresponding receptor which
phosphorylates at least two distinct domains in the f-chain.37 One of these domains induces
the activation of mitogen-activated protein kinases and the PI-3K/Akt/p21¥af-1 pathway.
The other mediates the activation of the JAK2-STATS signalling pathway.32 STAT5
activation is the central pathway for GM-CSF regulation of proliferation and survival of
various cells.16 Activation of STATS5 is required for the proliferation, differentiation and
maintenance of secretory mammary epithelium, hepatocytes and regulatory T cells. STAT5S
upregulates the transcription of antiapoptotic bcl family members in mammary epithelial
cells, haematopoietic cells and cardiac myocytes.38 39 GM-CSF fc is directly associated
with JAK2 which sequentially activates phosphorylation of downstream STATS in response
to different concentrations of GM-CSF.15 40 STAT5a and b can also bind the distal GAS
site in the cyclin D1 promoter to regulate the cell cycle.41 We found that exogenous GM-
CSF activated STATS5 as well as STAT5-regulated downstream genes including bcl-2 in
murine primary IEC. STATS5 RNA.i led to the suppression of Caco-2 cell proliferation and
blocked the ability of GM-CSF to stimulate proliferation. In vivo, chronic piroxicam
administration upregulated STATS activity in IEC in WTBM and WTBM—GMKO mice;
this was abrogated in WTBM—GMRKO mice in which GM-CSF signalling in non-
haematopoietic cells was significantly blocked. Collectively, these data strongly suggest that
GM-CSF regulation of IEC proliferation requires the activation of STATS5. Our current
studies employed a Cre/loxp recombination system to specifically delete the Stat5 locus in
IEC in mice.42 Depletion of STATS5 in IEC increased apoptotic IEC and reduced IEC
proliferation at baseline (data not shown). Taken together, these studies confirm that
enterocyte STATS is essential for ileal epithelial cell homeostasis and indicate that GM-CSF
regulates the survival and proliferation of IEC cells through activation of STATS5.

In conclusion, our studies have identified a GM-CSF-STATS5 pathway which directly
regulates enterocyte function and response to injury relevant to human CD. These studies
will guide efforts to determine whether stimulation of intestinal barrier function via GM-
CSF administration will be beneficial in restoring mucosal homeostasis in the subset of
patients with CD with reduced GM-CSF bioactivity due to endogenous autoantibodies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors acknowledge the assistance of the CHRF Experimental Haematology Mouse BMT Core and thank Drs
Lee Denson, Elizabeth Mann and Mitchell Cohen for revising the manuscript and providing outstanding technical
assistance.

Funding Crohns and Colitis Foundation of America (XH), Cincinnati Children's Hospital Research Foundation

Digestive Health Center (PHS Grant P30 DK0789392) and Cincinnati Children's Hospital Medical Center Trustee
Award (XH). NIH clinical and translational research award KL2 RR026315 (XH).

Gut. Author manuscript; available in PMC 2015 January 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Han et al.

References
1.

10

11.

12.

13.

14.

15.

16.

17.

18.

Page 11

Hampe J, Franke A, Rosenstiel P, et al. A genome-wide association scan of nonsynonymous SNPs
identifies a susceptibility variant for Crohn disease in ATG16L1. Nat Genet. 2007; 39:207-11.
[PubMed: 17200669]

. Rioux JD, Xavier RJ, Taylor KD, et al. Genome-wide association study identifies new susceptibility

loci for Crohn disease and implicates autophagy in disease pathogenesis. Nat Genet. 2007; 39:596—
604. [PubMed: 17435756]

. Drumm B, Vaughan D. Granulocyte-macrophage colony-stimulating factor for Crohn's disease.

Lancet. 2003; 361:1830. author reply 1830-1. [PubMed: 12781575]

. Korzenik JR, Dieckgraefe BK, Valentine JF, et al. Sargramostim for active Crohn's disease. N Engl

J Med. 2005; 352:2193-201. [PubMed: 15917384]

. Sainathan SK, Hanna EM, Gong Q, et al. Granulocyte macrophage colony-stimulating factor

ameliorates DSS-induced experimental colitis. Inflamm Bowel Dis. 2008; 14:88-99. [PubMed:
17932977]

. Bernasconi E, Favre L, Maillard MH, et al. Granulocyte-macrophage colony-stimulating factor

elicits bone marrow-derived cells that promote efficient colonic mucosal healing. Inflamm Bowel
Dis. 2010; 16:428-41. [PubMed: 19639560]

. Han X, Uchida K, Jurickova I, et al. Granulocyte-macrophage colony-stimulating factor

autoantibodies in murine ileitis and progressive ileal Crohn's disease. Gastroenterology. 2009;
136:1261-71. el—e3. [PubMed: 19230854]

. Joshi PC, Applewhite L, Mitchell PO, et al. GM-CSF receptor expression and signalling is

decreased in lungs of ethanol-fed rats. Am J Physiol Lung Cell Mol Physiol. 2006; 291:L.1150-8.
[PubMed: 16877635]

. Sennikov SV, Temchura VV, Kozlov VA, et al. The influence of conditioned medium from mouse

intestinal epithelial cells on the proliferative activity of crypt cells: role of granulocyte-macrophage
colony-stimulating factor. J Gastroenterol. 2002; 37:1048-51. [PubMed: 12522537]

. Paine R 3rd, Wilcoxen SE, Morris SB, et al. Transgenic overexpression of granulocyte
macrophage-colony stimulating factor in the lung prevents hyperoxic lung injury. Am J Pathol.
2003; 163:2397-406. [PubMed: 14633611]

Han X, Benight N, Osuntokun B, et al. Tumour necrosis factor alpha blockade induces an anti-
inflammatory growth hormone signalling pathway in experimental colitis. Gut. 2007; 56:73-81.
[PubMed: 16777921]

Han X, Osuntokun B, Benight N, et al. Signal transducer and activator of transcription 5b promotes
mucosal tolerance in pediatric Crohn's disease and murine colitis. Am J Pathol. 2006; 169:1999—
2013. [PubMed: 17148664]

Han X, Ren X, Jurickova I, et al. Regulation of intestinal barrier function by signal transducer and
activator of transcription 5b. Gut. 2009; 58:49-58. [PubMed: 18687707]

Feldman GM, Rosenthal LA, Liu X, et al. STAT5A-deficient mice demonstrate a defect in
granulocyte-macrophage colony-stimulating factor-induced proliferation and gene expression.
Blood. 1997; 90:1768-76. [PubMed: 9292509]

Trapnell BC, Carey BC, Uchida K, et al. Pulmonary alveolar proteinosis, a primary
immunodeficiency of impaired GM-CSF stimulation of macrophages. Curr Opin Immunol. 2009;
21:514-21. [PubMed: 19796925]

Lehtonen A, Matikainen S, Miettinen M, et al. Granulocyte-macrophage colony-stimulating factor
(GM-CSF)-induced STATS activation and target-gene expression during human monocyte/
macrophage differentiation. J Leukoc Biol. 2002; 71:511-19. [PubMed: 11867689]

Heller F, Florian P, Bojarski C, et al. Interleukin-13 is the key effector Th2 cytokine in ulcerative
colitis that affects epithelial tight junctions, apoptosis, and cell restitution. Gastroenterology. 2005;
129:550-64. [PubMed: 16083712]

Golaz JL, Vonlaufen N, Hemphill A, et al. Establishment and characterization of a primary canine
duodenal epithelial cell culture. In Vitro Cell Dev Biol Anim. 2007; 43:176-85. [PubMed:
17577610]

Gut. Author manuscript; available in PMC 2015 January 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Han et al.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 12

Forbes EE, Groschwitz K, Abonia JP, et al. IL-9- and mast cell-mediated intestinal permeability
predisposes to oral antigen hypersensitivity. J Exp Med. 2008; 205:897-913. [PubMed: 18378796]

Han X, Fink MP, Yang R, et al. Increased iNOS activity is essential for intestinal epithelial tight
junction dysfunction in endotoxemic mice. Shock. 2004; 21:261-70. [PubMed: 14770040]

Han X, Sosnowska D, Bonkowski EL, et al. Growth hormone inhibits signal transducer and
activator of transcription 3 activation and reduces disease activity in murine colitis.
Gastroenterology. 2005; 129:185-203. [PubMed: 16012947]

Drudy D, O'Donoghue DP, Baird A, et al. Flow cytometric analysis of Clostridium difficile
adherence to human intestinal epithelial cells. J Med Microbiol. 2001; 50:526—34. [PubMed:
11393290]

Hyams JS, Ferry GD, Mandel FS, et al. Development and validation of a pediatric Crohn's disease
activity index. J Pediatr Gastroenterol Nutr. 1991; 12:439-47. [PubMed: 1678008]

Bouma G, Strober W. The immunological and genetic basis of inflammatory bowel disease. Nat
Rev Immunol. 2003; 3:521-33. [PubMed: 12876555]

Meddings J. Barrier dysfunction and Crohn's disease. Ann NY Acad Sci. 2000; 915:333-8.
[PubMed: 11193596]

Hollander D, Vadheim CM, Brettholz E, et al. Increased intestinal permeability in patients with
Crohn's disease and their relatives. A possible etiologic factor. Ann Intern Med. 1986; 105:883-5.
[PubMed: 3777713]

Panja A, Goldberg S, Eckmann L, et al. The regulation and functional consequence of
proinflammatory cytokine binding on human intestinal epithelial cells. J Immunol. 1998;
161:3675-84. [PubMed: 9759892]

Jung HC, Eckmann L, Yang SK, et al. A distinct array of proinflammatory cytokines is expressed
in human colon epithelial cells in response to bacterial invasion. J Clin Invest. 1995; 95:55-65.
[PubMed: 7814646]

Ramshaw HS, Guthridge MA, Stomski FC, et al. The Shc-binding site of the betac subunit of the
GM-CSF/IL-3/IL-5 receptors is a negative regulator of hematopoiesis. Blood. 2007; 110:3582-90.
[PubMed: 17638849]

Rizvi AZ, Swain JR, Davies PS, et al. Bone marrow-derived cells fuse with normal and
transformed intestinal stem cells. Proc Natl Acad Sci U S A. 2006; 103:6321-5. [PubMed:
16606845]

Chidlow JH Jr, Greer JJ, Anthoni C, et al. Endothelial caveolin-1 regulates pathologic angiogenesis
in a mouse model of colitis. Gastroenterology. 2009; 136:575-84. e2. [PubMed: 19111727]

Levy DE, Darnell JE Jr. Stats: transcriptional control and biological impact. Nat Rev Mol Cell
Biol. 2002; 3:651-62. [PubMed: 12209125]

Guthridge MA, Barry EF, Felquer FA, et al. The phosphoserine-585-dependent pathway of the
GM-CSF/IL-3/1L-5 receptors mediates hematopoietic cell survival through activation of NF-
kappaB and induction of bcl-2. Blood. 2004; 103:820-7. [PubMed: 12920017]

Takeuchi K, Smale S, Premchand P, et al. Prevalence and mechanism of nonsteroidal anti-
inflammatory drug-induced clinical relapse in patients with inflammatory bowel disease. Clin
Gastroenterol Hepatol. 2006; 4:196-202. [PubMed: 16469680]

Beauchamp RD, Sheng HM, Shao JY, et al. Intestinal cell cycle regulations. Interactions of cyclin
D1, Cdk4, and p21Cipl. Ann Surg. 1996; 223:620-7. discussion 627-8. [PubMed: 8651753]
Mann A, Breuhahn K, Schirmacher P, et al. Up- and down-regulation of granulocyte/macrophage-
colony stimulating factor activity in murine skin increase susceptibility to skin carcinogenesis by
independent mechanisms. Cancer Res. 2001; 61:2311-19. [PubMed: 11280804]

Dijkers PF, van Dijk TB, de Groot RP, et al. Regulation and function of protein kinase B and MAP
kinase activation by the IL-5/GM-CSF/IL-3 receptor. Oncogene. 1999; 18:3334—42. [PubMed:
10362354]

Dumon S, Santos SC, Debierre-Grockiego F, et al. IL-3 dependent regulation of Bcl-xL gene
expression by STAT5 in a bone marrow derived cell line. Oncogene. 1999; 18:4191-9. [PubMed:
10435632]

Gut. Author manuscript; available in PMC 2015 January 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Han et al.

39.

40.

41.

42.

Page 13

Schorr K, Furth PA. Induction of bcl-xL expression in mammary epithelial cells is glucocorticoid-
dependent but not signal transducer and activator of transcription 5-dependent. Cancer Res. 2000;
60:5950-3. [PubMed: 11085510]

Hansen G, Hercus TR, McClure BJ, et al. The structure of the GM-CSF receptor complex reveals a
distinct mode of cytokine receptor activation. Cell. 2008; 134:496-507. [PubMed: 18692472]
Brockman JL, Schroeder MD, Schuler LA. PRL activates the cyclin D1 promoter via the Jak2/Stat
pathway. Mol Endocrinol. 2002; 16:774-84. [PubMed: 11923474]

Cui Y, Hosui A, Sun R, et al. Loss of signal transducer and activator of transcription 5 leads to
hepatosteatosis and impaired liver regeneration. Hepatology. 2007; 46:504, 13. [PubMed:
17640041]

Gut. Author manuscript; available in PMC 2015 January 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Han et al. Page 14

Significance of this study
What is already known about this subject?

Administration of non-steroidal anti-inflammatory drugs (NSAIDs) is associated
with frequent and early clinical relapse of quiescent inflammatory bowel disease and
induced ileal injury.

Intestinal homeostasis is a critical component in the pathogenesis of diseases
including food allergy and the inflammatory bowel diseases, which are rapidly
increasing in frequency worldwide.

Administration of granulocyte-macrophage colony stimulating factor (GM-CSF)
relieves symptoms in Crohn's disease (CD).

We have reported that GM-CSF bioactivity is associated with more aggressive ileal
behaviour. GM-CSF-null mice exhibit ileal barrier dysfunction and develop a
transmural ileitis following NSAID exposure.

What arethe new findings?
Loss of GM-CSF signalling in non-haematopoietic cells increases NSAID ileal
injury.
GM-CSF signalling in non-haematopoietic cells is essential for homeostatic

intestinal barrier function.

GM-CSF signalling in non-haematopoietic cells regulates ileal epithelial
homeostasis via activation of STATS in intestinal epithelial cells.

Our studies confer a novel mechanism for GM- CSF treatment of inflammatory
bowel diseases by directly regulating apoptosis and proliferation of intestinal
epithelial cells.

How might it impact on clinical practicein the foreseeable future?

Our studies have identified a GM-CSF-STATS pathway which directly regulates
enterocyte function and response to injury relevant to human CD.

These studies will guide efforts to determine whether stimulation of intestinal barrier
function via GM-CSF administration will be beneficial in restoring mucosal
homeostasis in the subset of patients with CD with reduced GM-CSF bioactivity due
to endogenous autoantibodies.

Our studies also suggested that the dose and duration of GM-CSF treatment should
be cautiously considered due to a possible tumorigenic risk.
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Figure 1.
Increased levels of granulocyte-macrophage colony stimulating factor (GM-CSF)

autoantibody (Ab) in Crohn's disease (CD) are associated with dysregulation of survival and
proliferation of intestinal epithelial cells. (A) The frequency of apoptotic ileal crypt
epithelial cells was determined by cleaved caspase-3 staining in healthy controls (CON) and
patients with CD with high (Hi) or low (Lo) serum GM-CSF Ab. Results are expressed as
mean+SEM (n=7); original magnification x200; bar=50 pm. (B) Frequency of proliferative
ileal crypt epithelial cells was determined by Ki67 staining in healthy controls and patients
with CD with high or low serum GM-CSF Ab. Results are expressed as mean£SEM (n=7);
original magnification x400; bar=50 um.
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Loss of granulocyte-macrophage colony stimulating factor (GM-CSF) signalling in non-
haematopoietic cells increases susceptibility to non-steroidal anti-inflammatory drug
(NSAID)-induced ileitis. (A—C) WT, GMKO, GMRKO, WTBM, WTBM—GMKO,
GMRBM—WT and WTBM—GMRKO mice received piroxicam (PIR) in the chow for 2
weeks and the effects on ileal histopathology and ulceration were determined. Original
magnification 3100, bar=50 mm. Open circles represent the ulcer area. *p<0.01 vs WTBM;
#p<0.01 vs GMKO (n=10). (D) Bacterial translocation in mesenteric lymph nodes (MLN)
was determined in WT, WTBM, GMKO, GMRKO, WTBM—GMKO, GMRBM—WT and
WTBM—GMRKO mice with and without piroxicam administration. *p<0.05 vs non-PIR
WT mice; #p<0.05 vs non-PIR WTBM and WTBM—GMKO mice (n=10). Results are
expressed as mean+SEM.
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Figure 3.

Loss of granulocyte-macrophage colony stimulating factor signalling in non-haematopoietic
cells leads to intestinal barrier dysfunction. (A) lleal paracellular permeability was
determined with everted gut sac in wild type (WT), WTBM, GMKO, WTBM—GMRKO
and WTBM—GMKO mice (n=10). (B) lleal epithelial electric resistance (TEER) was
determined by clamping the voltage across the epithelium layer mounted in Ussing
chambers (n=5). Results are expressed as mean+SEM.
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Figure4.
Granulocyte-macrophage colony stimulating factor (GM-CSF) is required for intestinal

epithelial survival response to injury. (A) TUNEL and cleaved caspase-3
immunohistochemistry staining were performed on ileal sections from WT, GMKO,
WTBM, WTBM—GMKO and WTBM—GMRKO mice under basal conditions and
following exposure to piroxicam (PIR). Average apoptotic intestinal epithelial cells (IEC)
per crypt was determined (original magnification 3400, bar=50 mm). lleal epithelial cells
were isolated with 1 mM EDTA from GMKO, WTBM, WTBM—GMKO and
WTBM—GMRKO mice with and without piroxicam treatment. (B, C) IEC apoptosis was
determined by cleaved caspase-3 western blot analysis (n=7). (D) The frequency of
apoptotic IEC was determined as the 7-AAD-, CD3-, Annexin V+ population (n=7). (E) Bax
and Bcl-2 expression were examined by western blot analysis (n=7). Signal intensity was
determined by densitometry. Results shown as mean+SEM. NSAID, non-steroidal anti-
inflammatory drug.
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Figurebs.
Granulocyte-macrophage colony stimulating factor (GM-CSF) signaling in non-

haematopoietic cells regulates cellular proliferation. (A) Proliferation of ileal intestinal
epithelial cells (IEC) was determined using BrdU incorporation measured by
immunohistochemistry staining (n=7 mice, =200 crypts counted per group). Original
magnification x400, bar=50 um. (B) lleal IEC were isolated with 1 mM EDTA from WTBM
and WTBM—GMRKO mice with and without piroxicam (PIR) treatment, cyclin D1 and
p21 were determined by western blot analysis (n=5). Results shown as mean+SEM. NSAID,
non-steroidal anti-inflammatory drug.
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Figure®6.
Granulocyte-macrophage colony stimulating factor (GM-CSF) regulates survival and

proliferation of intestinal epithelial cells in vitro. (A) Subconfluent Caco-2 and HT-29 cells
were incubated with hGM-CSF (1 ng/ml) and indomethacin (IN, 10 M) for 24 h, cell
proliferation was measured using BrdU incorporation. *p<0.01 vs control (CON) group;
#p<0.01 vs IN group (n=10). (B, C) gm-csf siRNA was used to knock down the expression
of GM-CSF in subconfluent Caco-2 cells in the absence and presence of rhGM-CSF (1
ng/ml) administration for 24 h. Proliferation of Caco-2 cells was detected by BrdU
incorporation and apoptosis of Caco-2 cells by cleaved caspase-3 western blot analysis.
Control (CON) group: transfection reagent without siRNA; *p<0.05 vs control or GM-CSF
group (n=10). (D) Proliferation of Caco-2 cells was detected under gm-csfac or fc
knockdown. *p<0.01 vs control group (n=10). Percentage of knock-down was determined
by western blot analysis. (E) Cyclin D1 and p21 were determined by western blot analysis in
subconfluent Caco-2 and HT-29 cells with and without gm-csfr/c knock-down. (F) After 24
h tumour necrosis factor a (TNFa) (10 ng/ml) administration, cleaved caspase-3 was
measured by western blot analysis in subconfluent Caco-2 cells with and without gm-csfr/c
knock-down. Results representative of five independent experiments are shown. BrdU
incorporation results are shown as mean+SEM.
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Granulocyte-macrophage colony stimulating factor (GM-CSF) activates STATS5 in intestinal

epithelial cells (IEC) in response to injury. (A) WTBM and WTBM—GMRKO mice

received piroxicam (PIR) in the chow for 2 weeks and STATS activation was examined by
immunohistochemistry staining (original magnification 3100, bar=50 mm, inset is negative
control). lleal epithelial cells in WTBM, WTBM—GMKO and WTBM—GMRKO mice
with and without proxicam treatment were isolated. (B) pSTATS5 and STATS5 in nuclear
proteins (NE) was determined by western blot analysis. (C, D) Ileal IEC were isolated from
WT mice and then stimulated with rmGM-CSF (1 ng/ml) for 30 min; pSTAT5 in NE and
Bcl-2 in cytosolic protein (CE) were detected by western blot analysis. Signal intensity was
determined by densitometry and results are shown as mean+SEM (n=5).
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Figure8.

Granulocyte-macrophage colony stimulating factor (GM-CSF) regulates the survival and
proliferation of intestinal epithelial cells through activation of STATS5. (A) Subconfluent
Caco-2 cells were stimulated with rhGM-CSF (1 ng/ml) for 15, 30 and 60 min and the
activation of STAT5 (pSTATS) was examined in nuclear proteins (NE) by western blot
analysis. (B) STATS5, Bid, Bax and cleaved caspse-3 expression were measured by western
blot analysis with and without STAT5 a and b siRNA (STATS5 siRNA). Control (CON)
group: transfection reagent without siRNA. (C) Caco-2 cells were stimulated by rhGM-CSF
(1 ng/ml) with and without STATS5 siRNA and cell proliferation was measured using BrdU
incorporation. *p<0.05 vs control group. (D) Cyclin D1 and p21 were identified by western
blot analysis with and without STAT5a and b RNA.. Signal intensity was determined by
densitometry and is shown as the mean£SEM. Results representative of five independent
experiments are shown.
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Table 1

Murine bone marrow transplantation (BMT)

Donors | Recipients Chimeras
WT WT WTBM
WT GMKO WTBM—GMKO
WT GMRKO WTBM—GMRKO
GMRKO WT GMRBM—WT
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Effects of GMK O, GMRK O and different bone marrow chimeras on apoptosis of ileal

intestinal epithelial cells (IEC)

Table 2

Groups TUNEL (positive IEC per crypt) | Cleaved caspase-3 (positive | EC per crypt)
WT/PIR 3.7420.7 4.29+0.9
GMKO/PIR 16.63+2.6” 19.20+3.0"
GMRKO/PIR 10.41x1.2" 15.74+35"
WTBM/PIR 4.03+0.5 5.21+1.1
WTBM—GMKO/PIR 9.32+201 ¥ 11.33+1.77 %
WTBM—GMRKO/PIR 21.73+4.21 19.16+3.01

Results are shown as mean+SEM (n=7).

*
p<0.05 vs WT/PIR.

Tp<0.05 vs WTBM/PIR.

¢p<0.05 vs GMKO/PIR and WTBM—GMRKO/PIR.

PIR, piroxicam.
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