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Abstract

Background—Sargramostim, granulocyte—macrophage colony-stimulating factor (GM-CSF), a
hematopoietic growth factor, stimulates cells of the intestinal innate immune system. Clinical
trials show that Sargramostim induces clinical response and remission in patients with active
Crohn's disease. To study the mechanism, we examined the effects of GM-CSF in the dextran
sulphate sodium (DSS) induced acute colitis model. We hypothesized that GM-CSF may work
through effects on dendritic cells (DCs).

Methods—Acute colitis was induced in Balb/c mice by administration of DSS in drinking water.
Mice were treated with daily GM-CSF or PBS. To probe the role of plasmacytoid DCs (pDCs) in
the response to GM-CSF, we further examine the effects of monoclonal antibody 440c, which is
specific for a sialic acid-binding immunoglobulin (Ig)-like lectin expressed on pDCs.

Results—GM-CSF ameliorates acute DSS-induced colitis; resulting in significantly improved
clinical parameters and histology. Microarray analysis showed reduced expression of pro-
inflammatory genes including TNFa and IL1p; results further confirmed by real-time RT-PCR
and serum Bio-plex analysis. GM-CSF treatment significantly expands pDCs and type 1 IFN
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production. Administration of mAb 440c completely blocked the therapeutic effect of GM-CSF.
GM-CSF is also effective in RAG1~/~ mice, demonstrating activity independent effects on T and
B cells. IFN-B administration mimics the therapeutic effect of GM-CSF in DSS-treated mice. GM-
CSF increases systemic and mucosal type 1 IFN expression and exhibits synergy with pDC

activators, such as microbial CpG DNA.

Conclusions—GM-CSF is effective in the treatment of DSS colitis in a mechanism involving
the 440c* plasmacytoid DC population.

Introduction

Crohn's disease (CD) is a chronic inflammatory disorder of the gastrointestinal tract.
Although the etiology is surely multifactorial and remains incompletely understood, the
common endpoint in the disease is loss of tolerance to commensal gut flora and an aberrant
or overactive adaptive immune response. Evidence suggests that activated macrophages,
CD4+ Thl cells and their products have a pivotal role in disease pathogenesis. !

Accordingly, most current therapies and investigational agents for CD are
immunosuppressive in nature and target the T-cell response mediated by the adaptive
immune system. The role of proinflammatory cytokines have also been implicated in
exacerbation of CD.! Therapeutic approaches targeting proinflammatory cytokines like
TNF-a and IL-1, have been extensively investigated.2-> More recent evidence suggests that
defects in mucosal innate immune function may also have a critical role in CD.! Support for
the role of innate immune dysfunction in the development of CD includes: i) patients with
genetic disorders of innate immunity, specifically quantitative or qualitative disorders of
phagocytic cell populations, frequently develop GI inflammation that is indistinguishable
from CD;* ii) CSF therapy in these patients often leads to improvement of GI disease; iii)
experimental defects of innate immune function can culminate in a chronic T-cell mediated
enterocolitis; 7 iv) genetic and environmental risk factors for CD such as smoking negatively
affect innate immune function® and v) the discovery of an association between CD and
mutations in genes important for innate immune elements (e.g. CARD15/NOD2, TLRs).”?

We hypothesized that innate immune deficiency may be central to the pathogenesis of CD
and, furthermore, that CSFs may have clinical utility in the treatment of CD through
regulation or activation of the innate immunity. A recent Phase II, randomized, double-
blind, placebo controlled trial of Sargramostim (yeast derived recombinant human GM-CSF)
found that it was effective in the treatment of patients with moderately-to- severely active
CD.!0

However, the mechanism of action was not clear. GM-CSF is a hematopoietic growth factor
that plays a pivotal role in the development and function of innate immune cells, including
dendritic cells (DCs), macrophages and granulocytes. GM-CSF increases proliferation and
maturation of neutrophils, monocytes and DCs, and is clinically used in the treatment of
neutropenia.!! However, knockout mice lacking GM-CSF or GM- CSF receptors have
normal steady state hematopoiesis. This suggests that the major physiologic function for
GM-CSF may be to stimulate the function of effector cell populations. GM-CSF expands
DCs when administered exogenously.!2-13 DCs are antigen-presenting cells that provide a
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direct connection between innate and acquired immunity. Plasmacytoid DCs (pDCs) are the
main producers of type 1 IFN in response to certain viral infections via TLR-9 stimulation
and have recently been also found to exert an important regulatory role in the immune
response. TLR-9 mediated type 1 IFN production also occurs with stimulation by bacterial
or synthetically derived cytosine-phosphate-guanosine (CpG) motifs.'* Type 1 IFN has a
number of functional effects that may be important in the regulation of intestinal immune
responses.!317 To better understand the mechanism of GM-CSF in human CD, we
examined it's effects in a mouse model of inflammatory bowel disease (IBD); acute dextran
sulfate sodium (DSS) colitis.!® Acute DSS colitis is a T cell-independent model as intestinal
inflammation also develops in SCID mice and RAG1~/~.19-21 DSS treatment produces
barrier breakdown and leads to well characterized histologic changes in the colon, including
ulceration, infiltration of inflammatory cells into the lamina propria and focal crypt
damage.!$- 22 The DSS model provides a unique opportunity to examine therapeutic
approaches targeting innate immune clearance. We hypothesized that GM-CSF regulates or
activates the innate immune system and is responsible, in part, for the tolerogenic state
characteristic of healthy mucosa. To probe the role of pDCs in the therapeutic response to
GM-CSF, we utilized mAb 440c. Monoclonal Ab 440c recognize a previously
uncharacterized member (Siglec-H) of the sialic acid-binding immunoglobulin (Ig)-like
lectin (Siglect) family/ Siglec-H is selectively expressed on pDCs. Siglec-H associates with
the adaptor DAP12 for signaling and blocks type I IFN expression following TLR
stimulation.?3> 2% Furthermore, to demonstrate that the therapeutic effects of GM-CSF are
independent of adaptive immune elements, we examined its effects on DSS colitis in mice
lacking mature T and B cells (RAG17~"~ mice). The results of our studies show that GM-CSF
is effective in the treatment of DSS-induced colitis, and this effect is dependant on 440c
positive (440ct) pDCs and is independent of adaptive immune elements (T and B cells).

Materials and methods

Reagents

Animals

Pegylated-recombinant murine-GM-CSF was produced in Pichia pastoris and modified as
previously reported.23 Recombinant murine IFN-f and mAb 440c were kindly donated by
Drs. Ed Croze and Marco Colonna, respectively. Phosphorothiate-stabilized CpG 1018 (5’
TGACTGTGAACGTTCGAGATGA-3’) was purchased from IDT.

Specific pathogen free, female, 6-8 week old Balb/c mice, and 6-8 week old RAG1™~ mice
on a Balb/c background were purchased from Jackson Laboratory. Animals were housed in
the Washington University School of Medicine barrier facility, maintained on light/dark
cycles of 12h and fed with a standard rodent chow diet. The Washington University Animal
Studies Committee approved all experimental procedures.

Induction of DSS colitis

Previous studies have shown that a concentration of 5% (w/v) DSS (USB Corp.) in drinking
water consistently induces colitis in Balb/c mice.!®: 26 For RAG1~/~ mice, 4 % (w/v-1) DSS
was administered to induce a similar severity of colitis.!> Control mice received sterile water
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during the study period. Mice were monitored daily and weights were recorded. Some
groups were treated with daily, 5 pg i.p. injections of pegylated recombinant murine GM-
CSF. Groups treated with mAb 440c received 200 g i.p. on alternate days. Another group
was administered with murine recombinant type 1 IFN (mIFN-f) 100,000U/d, (i.p.) for 7
days. At the time of sacrifice, stool samples were subjected to occult blood testing using the
Seracult kit (Propper Manufacturing), and bleeding score was determined as previously
reported.?2 After 7 days of exposure to DSS, mice were sacrificed following halothane
(Halocarbon laboratories) inhalation. Their colons were excised from the cecum to the
pelvic brim and their length was measured in centimeters. They were equally divided into
proximal and distal colon and used for RNA isolation and histology, respectively.

Histological scoring

After colon excision, a portion of distal colon was fixed in 10% neutral formalin buffer
(Sigma). Five-micrometer paraffin sections were cut transversely and stained with H&E for
histological scoring by a pathologist blinded to the treatment groups using an established
method.2’

Microarray analysis

Microarray analysis was performed to identify genes significantly increased following acute
DSS colitis. The total RNA isolated from the colon of control and DSS-treated mice were
used for Agilent whole genome mouse arrays (Agilent technologies, CA). A primary
statistical analysis of the array data was performed using the Significance Analysis of
Microarrays (SAM) procedure.2® These analyses were performed on log-transformed mean
signal intensities from five duplicate experiments. SAM assigns a gene-specific ‘t’ test based
on changes in gene expression relative to the standard deviation of repeated measurements
for that gene.

Numerical quantification of 440c* cells in sections

Sections of spleens isolated from control, GM-CSF, GM-CSF+440c and 440c treated groups
were subjected to immunohistochemical staining using mAb 440c™. In each group, a total of
six high power fields (hpf) were evaluated from different corners of the slide. In each hpf,
total cells and 440c* (brown) cells were counted and the percentage of 440c™ cells was
determined.

Real Time RT-PCR

Total RNA was isolated from the proximal colon using Trizol (Invitrogen) and subjected to
mRNA purification using Oligotex mRNA mini kit (Qiagen). mRNA was then reverse
transcribed with SuperScript II reverse transcriptase (Invitrogen Corp) in the presence of
random hexamer primers (Invitrogen Corp). cDNA were used for real time RT-PCR
analyses using Jumpstart Taqg DNA polymerase (Sigma) and SYBR green nucleic acid stain.
Mouse primers used in analysis were as follows: B-actin ATCATTGCTCTCCTG-AGCG-3’
and 5’-GCTGATCCACATCTGGAA-3’; TNF-a 5’-
GACCCTCACACTCAGATCATCCTTCT-3’ and 5’-ACGCTGGCTCAGCCACTC-3’;
IL1-B, 5>-TCGCTCAGGGTCACAAGAAA-3’ and 5’-
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CATCAGAGGCAAGGAGGAAAAC-3’;IL1-a, 5’- TCCAGGGCAGAGAGGGAGT and
5’-GGAACTTTGGCCATCTTGATTT-3’; IL-10, 5’- TGCAGCAGCTCAGAGGGTT-3’
and 5’-TGGCCACAGTTTTCAGGGAT-3’; IFN-a, 5’-TCTGATGCAGCAGGTGGG-3’
and 5’~-AGGGCTCTCCAGAC-TTCTGCTCTG-3’; IFN-B, 5’-
GCACTGGGTGGAATGAGACT-3’ and 5’- AGTGGAGAGCAGTTGAGGACA-3’; IDO,
5’-TCTGTGAGAAAGTTCCACCTCGCA-3’ and 5’-
TTCCACATTTGAGGGCTCTTCCGA-3’.

Crossing threshold values for individual genes were normalized to B-actin expression.

Quantitation of Serum Cytokines

Following halothane-induced anesthesia of mice, blood samples were collected by retro-
orbital puncture and allowed to clot for 1-2 hr at 37°C. They were centrifuged at 1,000 x g,
4°C to obtain serum and stored at —80°C. Bio-PlexTM multiple cytokine assays (BioRad
Laboratories) were performed for quantitation of serum cytokine levels as per the
manufacturer's instructions. Data was analyzed using Bio-Plex Manager Software (v 3.0)
with 5 parameter curve fitting and assay precision.

Statistical analysis

Results

All data were expressed as mean = SEM. Statistical analysis of significance was determined
by Student's ‘t’ test for unpaired data with Welch correction using Graph Pad Instat (Graph
Pad Software Inc.). A P <0.05 was considered significant.

GM-CSF reduced the severity of DSS colitis

Acute colitis was induced in Balb/c mice by treatment with 5% DSS in their drinking water
for 7 days. DSS-treated animals exhibited weight loss and rectal bleeding similar to previous
reports.'8 Weight loss began around day 4 (Fig 1A) and became significant compared to
untreated control animals by day 7 (—6.37% of baseline weight, P < 0.01). Treatment with
GM-CSF significantly attenuated this weight loss (+0.5%, P < 0.01). Recently, others have
observed a protective role for type 1 IFNs (a and ) in murine models of experimental
colitis.!3-29 The natural interferon-producing pDC is the major source of type 1 IFN
following in vivo stimulation of TLR-9.23 To directly investigate whether the pDC is
involved in the therapeutic response to GM-CSF, we utilized a novel mAb, 440c.
Monoclonal Ab 440c binds to Siglec-H, a cell surface receptor exclusively present on the
pDC.2* In vivo and in vitro, mAb 440c blocks the pDC functional response to TLR
stimulation.23-2* When DSS treated animals received GM-CSF and mAb 440c (DSS+GM-
CSF+mADb 440c), the therapeutic effects of GM-CSF was blocked (wt loss; —6.85%, P <
0.01). Treatment with DSS and mAb 440c alone (DSS+mAb 440c) resulted in disease
activity and histopathologic scores not significantly different from treatment with DSS alone
(data not shown). Two additional markers of colitis severity, rectal bleeding and colon
shortening were also determined at necroscopy on day 7. Treatment with GM-CSF (DSS
+GM-CSF) reduced both the rectal bleeding score and degree of colonic shortening
compared with DSS alone (Fig 1B & C). The therapeutic effects of GM-CSF on these
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disease activity measures were also reversed by co-administration of mAb 440c (DSS+GM-
CSF vs. DSS+GM-CSF+mAb 440c¢).

Segments of distal colon were stained with H&E for histopathological evaluation. Control
mice had normal crypt morphology (Fig 1D), whereas comparable segments from DSS-
treated mice had overt colitis with ulceration and inflammatory infiltrates (Fig 1E). GM-
CSF-treated mice (DSS+GM-CSF) had significantly reduced inflammatory infiltrates,
ulceration, and crypt damage (Fig 1F). Addition of mAb 440c (DSS+GM-CSF+mAb 440c)
reversed the therapeutic effects observed with GM-CSF (Fig1G). Formal histopathologic
scoring was performed utilizing a validated scoring system.2” DSS treatment led to a
significant increase in histopathologic score (control, 0 + 0 vs. DSS, 6.6 + 2.2, P < 0.01).
GM-CSF treatment significantly reduced histologic disease activity (DSS, 6.6 £ 2.2 vs. DSS
+GM-CSF, 1.4 £ 0.6, P < 0.01). Finally, addition of mAb 440c blocked the therapeutic
effect of GM-CSF (DSS+GM-CSF, 1.4 £ 0.6 vs. DSS+GM-CSF+440c, 5.0 + 2.2, P < 0.01).
These results demonstrate that GM-CSF significantly reduces the severity of DSS colitis in a
manner functionally involving the pDC.

GM-CSF reduces the pro-inflammatory gene expression in DSS colitis

In an attempt to identify gene biomarkers for disease activity, replicate microarray analyses
were performed to identify genes who's expression is significantly changed following the
induction of acute DSS colitis. RNA was isolated from the colons of DSS-treated mice on
day 7. Statistical analysis of microarrays identified 368 genes significantly upregulated in
DSS colitis. Table 1 contains a subset of these genes known to be potentially important in
the setting of IBD. Treatment with GM-CSF (DSS+GM-CSF) also was associated with
decreases in most of these genes (data not shown). We validated a number of these genes
known to be important in IBD by real time RT-PCR.2¢ GM-CSF treatment (DSS+GM-CSF
vs. DSS) significantly blunted DSS-induced increases in pro-inflammatory cytokines: TNF-
a (6.5 vs. 9.8 fold P < 0.05); IL1-B (3.5 vs. 13.9 fold, P < 0.05); IL1-a (8.4 vs. 29.9 fold, P
< 0.05). Administration of mAb 440c (DSS+GM-CSF+mAb 440c) nullified the therapeutic
effect of GM-CSF and induced a proinflammatory cytokine profile similar to that observed
in animals treated with DSS alone (Fig 2A).

To confirm the GM-CSF effects on proinflammatory cytokines at the protein level, serum
samples were quantified using Bio-Plex assays (Fig 2B). As expected, compared to the
cytokine levels observed in animals treated with DSS alone, GM-CSF treatment (DSS+GM-
CSF) significantly attenuated the increases in several cytokines: TNF-a (168.7 vs. 258.1 pg/
ml); IL1-B (9.7 vs. 35.9 pg/ml, P < 0.05) and IL1-a (28.8 vs. 113.4 pg/ml, P <0.01). In
contrast, administration of mAb 440c (DSS+GM-CSF+mAb 440c) reversed the GM-CSF-
mediated reductions in these proinflammatory cytokines. To exclude the non-specific
function of Ig via Fc receptors we previously examined control groups containing isotype
control antibodies in this model. These results were similar to those reported here (data not
shown).
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GM-CSF expands the interferon producing pDC (440c*)

The pDC is the major the source of systemic type 1 interferon secretion following TLR-9
stimulation.!3-23 Since pDC production of type 1 IFN may contribute to the therapeutic
effects of GM-CSF on DSS colitis, we postulated that GM-CSF may act by expanding the
pDC cell population. Balb/c mice were treated with GM-CSF (5 pg/d, i.p.) for 5 days and
tissue sections were subjected to immunohistochemical staining using mAb 440c (Fig 3D).
GM-CSF treatment, significantly increased the percentage of 440c* pDC in the spleen
compared to untreated animals (4.3 vs. 0.5 %) (Fig 3B). Addition of mAb 440c (GM-CSF
+mAb 440c) partially attenuated the effect of GM-CSF on the number of 440c* splenic cells
(Fig 3C). Animals treated with mAb 440c alone did not exhibit significant changes in 440c*
cells compared with controls (Fig 3D). These data show that GM-CSF treatment
significantly expands splenic 440c™ cells (Fig 3E). Since assay of type 1 IFN in the serum is
not particularly sensitive, we measured expression of type 1 IFN at the mRNA level in the
spleen by real time RT-PCR.1> Significant increases in IFNa, mRNA expression were
observed following treatment with GM-CSF (Fig 3F). This effect was blocked following
mAD 440c administration. Increases in IFN-f and indoleamine dioxygenase (IDO) were also
observed after treatment with GM-CSF, however the differences did not reach statistical
significance. Type 1 IFN and IDO cytokine levels were also increased in the intestine
following GM-CSF treatment (data not shown).

GM-CSF ameliorates DSS colitis in T and B-cell deficient mice

To explore whether GM-CSF effects are independent of the adaptive arm of the immune
system, we examined the DSS model in T and B-cell deficient mice. Mice homozygous for a
deletion in the recombination activating gene (RAG1~/") lack mature T and B cells. H&E
staining of colonic sections (Fig 4A) shows crypt damage and mucosal ulceration with DSS
colitis, similar to that observed in wild-type mice. Treatment with GM-CSF (DSS+GM-
CSF) resulted in decreased inflammation and maintenance of normal crypt architecture.
Formal histopathologic scoring was performed by a pathologist blinded to the treatment
groups. GM-CSF treatment resulted in a significant reduction in histopathologic disease
activity: (control, 0 + 0 vs. DSS, 16.1 £2.2; P <0.01) and (DSS, 16.1 £ 2.2 vs. DSS+GM-
CSF, 10.4 £2.7; P <0.01). Clinical parameters (weight loss and rectal bleeding) also
improved following GM-CSF treatment (data not shown).

Real time RT-PCR analyses demonstrated significant DSS-induced increases in the
expression of proinflammatory cytokines (Fig 4B). Compared to DSS treated animals, GM-
CSF treatment (DSS+GM-CSF) attenuated the increase in these cytokines: TNF-a (2.4 vs.
6.07 fold); IL1-B (3.8 vs. 12.04 fold, P < 0.05) IL1-a (5.2 vs. 19.7 fold, P < 0.01). These
results show that the therapeutic mechanism of action of GM-CSF in experimental colitis
does not require the presence of mature T and B cells.

IFN-B treatment mimics the effects of GM-CSF in DSS colitis

Our data supports the hypothesis that GM-CSF works by effects on the 440c* pDC. Since
this cell is the major source of systemic type 1 IFN secretion following TLR9 stimulation,
we next conducted an experiment to determine if administration of type 1 IFN would mimic
the disease ameliorative effects of GM-CSF. Administration of IFN-f} to animals treated
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with DSS resulted in a significant reduction in histopathological colitis (Fig SA). Real time
RT-PCR analyses from colonic RNA demonstrated that mice treated with IFN-f§ (DSS+IFN-
B) had decreased expression of pro-inflammatory cytokines compared to DSS alone: TNF-a
(4.4 vs. 9.8 fold, P < 0.05), IL1p- (9.3 vs. 13.9 fold) and IL1-a (1.6 vs. 29.9 fold, P < 0.05)
(Fig 5B). Clinical improvement was observed with IFN- treatment (data not shown). These
results suggest that a critical role of the 440c* pDC in the therapeutic response to GM-CSF
may be local production of type 1 IFN.

GM-CSF treatment augments TLR-9 mediated type 1 IFN production

Studies have demonstrated that immunostimulatory DNA, (CpG DNA motifs) induce type 1
IFN production through TLR-9 stimulation in pDCs.1?-17& 30 To explore whether GM-CSF
has significant effects on the functional response to CpG DNA, we examined type 1 IFN
production in the spleen and intestine after systemic stimulation with CpG. Balb/c mice
were treated with GM-CSF for five days. 18h before sacrifice, 200 ug of CpG ODN 1018
was injected subcutaneously. Real time RT-PCR was performed to measure mRNA
expression of type 1 IFNs (a and ), IDO and IL-10 in the spleen and small intestine of CpG
and GM-CSF (CpG+GM-CSF) treated mice.

We observed that CpG treatment alone led to an increase of IFN-a (91.7 fold), IFN-p (33.9
fold), IDO (38.6 fold) and IL10 (18.2 fold) expression in the spleen (fig 6A). GM-CSF
treatment significantly augmented expression of these cytokines following CpG treatment:
IFN-a (91.7 vs. 633.3 fold); IFN-f (33.9 vs. 158.8 fold); IDO (38.6 vs. 171.6 fold); IL-10
(18.2 vs. 98.5 fold) (Fig 6A). Similar results were also observed in the small intestine (Fig
6B). These results suggest that GM-CSF augments the production of type 1 IFNs, and the
anti-inflammatory molecules IDO and IL-10 following systemic administration of a TLR-9
agonist.

Discussion

Although Crohn's disease (CD) was first described over 70 years ago, its pathogenesis
remains incompletely understood. Observations and reports in human disease led us to
hypothesize that defects of innate immunity may be central to the development of CD.*3!
We also hypothesized that CSFs would modulate disease activity through their effects on the
number and function of innate immune cells. This led to phase I and II trials of GM-CSF in
patients with moderately-to-severely active CD. Both trials showed clear evidence that
treatment with GM-CSF was associated with a reduction of disease activity.!? Further data
in human disease as well as animal models of colitis have supported the role of innate
immune deficiency in the pathogenesis of CD.13-19&32-34 Accordingly, we examined the
effectiveness of GM-CSF administration in the mouse model of acute DSS colitis. GM-CSF
has broad effects on cells involved with innate immunity, including macrophages, dendritic
cells, neutrophils, and intestinal epithelium. GM-CSF regulates proliferation and
differentiation of hematopoietic cells. GM-CSF is released by various cell types including T
lymphocytes, macrophages, fibroblasts and endothelial cells. GM-CSF activates and
enhances the production and survival of neutrophils, eosinophils, and macrophages, which
play a key role in the innate immune response.?> A study by Fukuzawa et al,3> using single
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cell RT-PCR has demonstrated the local production of GM-CSF by the Paneth cell of the
intestine. These Paneth cell are located at the bottom of the intestinal crypts and as well as in
the epithelial cell lines. GM-CSF receptor B chain is present in both Paneth and non-Paneth
cells of the small intestinal epithelium. Thus, GM-CSF secreted from Paneth cells may act
locally by autocrine and paracrine mechanisms. GM-CSF in Paneth cells might also have a
role in mucosal immunity of the small intestine by enhancing expression of costimulatory
molecules, not only in typical antigen presenting cells, but also in epithelial cells of intestine
crypts under certain pathologic conditions. GM-CSF regulates innate immune clearance of
other mucosal surfaces including the lung.

To study the pathophysiology of Crohn's disease, unfortunately there is no animal model
that completely recapitulates its cause and manifestations. The best animal model for
investigating the mechanism of action for a therapeutic agent, is the model that recapitulates
the therapeutic response. We chose DSS colitis because it is a model of disrupted epithelial
barrier function and results in increased exposure of lamina propria innate immune elements
to luminal microbes. One of the key mechanisms of DSS induced colitis is thought be a
direct toxic effect on mucosal epithelia cells, but the exact mechanisms are still unknown.
As DSS is considered to produce toxic effect on mucosal epithelia cells, the dysfunction of
the mucosal barrier may be an initial event leading to mucosal inflammation in this model.3¢
This may be an excellent model for CD in which innate immune dysfunction may lead to
impaired barrier function and microbial clearance. This mouse model has potential
applicability to human disease and has been recommended for preclinical testing of new
therapeutic methods for IBD.37- 38 To identify disease markers, microarray analysis was
performed on colon samples from DSS —treated mice. Microarrays are capable of
simultaneously measuring expression of thousands of genes in specimens from affected and
normal and have the potential to provide information about disease pathogenesis not
previously possible. In the present study, we have identified important proinflammatory
cytokines and markers, such as TNF-a, which has been targeted by therapeutic agents in
Crohn's disease.? The present study demonstrates that GM-CSF leads to reduced severity of
acute DSS colitis by multiple disease parameters. GM-CSF treatment was also associated
with a reduction in the expression of proinflammatory cytokines. Previous work
demonstrated that animals pretreated with bacteria-derived CpG motifs, are protected from
development of DSS colitis.!3-17& 39 This effect was shown to be mediated by type 1 IFN
production through TLR-9 signaling, most likely by pDCs.!3 Therefore, we hypothesized
that the effect of GM-CSF in DSS colitis might also be mediated by effects on the pDC
population. To test our hypothesis, we used a recently described mAb, 440c. This mAb 440c
selectively recognizes murine pDCs and functionally blocks type 1 IFN production in
response to TLR-9 ligation by CpG. Treatment with mAb 440c abolished the therapeutic
effects of GM-CSF in DSS colitis, on clinical, histological parameters, and at the level of
pro-inflammatory cytokine expression. This suggested that local type 1 IFN production by
440c* pDCs may be central to the anti-inflammatory effect of GM-CSF in acute DSS colitis.

Previous reports had indicated that GM-CSF expands DC populations.*? Therefore, we
examined the effect of GM-CSF on the numbers of splenic 440c* pDCs by
immunohistology. GM-CSF treatment significantly increased the numbers of 440ct pDCs in
the spleen compared with controls. GM-CSF treatment also increased IFN-a mRNA
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expression in the spleen. This effect was reversed by the addition of mAb 440c. To
determine if the effects of GM-CSF are dependent on adaptive immune mechanisms, we
examined RAG1~/~ mice, which lack mature T and B cells. RAG1~/~ mice developed DSS
colitis similar to wild type mice. This data highlights the fact that the effects of GM-CSF in
DSS colitis do not require mature T and B cells. Further studies are planned to examine the
effect of GM-CSF in the adoptive transfer model (CD45RB high) transfer model to delineate
the role of T cells. Our observation in RAG1~/~ mice suggests that the mechanism of action
of GM-CSF may be modulation of innate immune function as opposed to an alternate
mechanism, such as increasing regulatory T cell populations. These findings are reminiscent
of the data from Katakura et al, 1> in which the inhibition of DSS colitis by pretreatment
with CpG was also observed in RAG1~/~ mice. We also found that the therapeutic effects of
GM-CSF (DSS+GM-CSF) in DSS colitis were mimicked by administration of IFN-§ (DSS
+IFN-B). We, therefore, investigated the role of GM-CSF in the induction of type 1 IFN
production. Following systemic TLR-9 stimulation by CpG, there was increased expression
of type 1 IFNs, IDO, and IL-10 mRNA in the spleen and ileum. This induction was
augmented by pretreatment with GM-CSF. Mice treated with GM-CSF alone exhibited a
slight increase in type 1 IFNs in ileum but not in spleen. This CpG-mediated induction is
blocked with administration of mAb 440c. These results are consistent with previous studies
demonstrating that mAb 440c blocks CpG stimulated type 1 IFN production.?3- 24 These
data support the assertion that it may be type 1 IFN production by pDCs that mediates the
protective effects of GM-CSF in DSS colitis.

In summary, GM-CSF is effective in treating intestinal inflammation in human CD. In
mouse models, it is also effective in preventing the development of colitis. Studies have
reported that type 1 IFNs have multiple effects on the immune system including up-
regulation of MHC class I and II, enhanced co-stimulatory expression, B cell expansion and
differentiation, modulation of immunoglobulin production and synergy with IL-12, to
enhance IFN vy production and augmentation of NK and CTL responses. Thus, type 1 IFN
contributes to both innate and adaptive immunity.*!42 Clinical trials have been conducted
with type 1 IFN for ulcerative colitis and Crohn's disease. An open study with IFN-a
obtained a remission rate of 82% in patients with refractory ulcerative colitis after six
months of treatment.*3 Furthermore, a study in patients with Crohn's disease and
concomitant herpes virus infection has shown that IFN-a can induce an antiviral reaction
that was associated with reduced intestinal inflammation.** A clinical study by Nikolaus et
al,*> demonstrated that treatment with IFN- in ulcerative colitis patients had achieved
clinical response and remission in 50% and 30% of patients respectively. These clinical
studies support the role of type 1 IFNs in the regulation of mucosal immunity.
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Abbreviations

CD Crohn's Disease

pDC plasmacytoid dendritic cell

CpG cytosine-phosphate-guanosine

IBD inflammatory bowel disease

DSS dextran sulphate sodium

RAG recombination activating gene

IDO indoleamine dioxygenase

SAM Significance Analysis of Microarrays
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BLEEDING SCORE

REDUCTION 14 COLON LENGTH [CH8) €3

Figure 1.
GM-CSF treatment reduces severity of DSS colitis. Acute colitis was induced in Balb/c

mice by administration of 5% DSS in drinking water for 7d. Experimental groups contained
5 mice and results are representative of 3 individual experiments. (A) Acute DSS colitis led
to significant weight loss compared to controls by day 7. However, GM-CSF treatment
(DSS+GM-CSF) significantly attenuated this weight loss. Administration of mAb 440c
(DSS+GM-CSF+mAb 440c) reversed the therapeutic effect of GM-CSF. (B) At necroscopy,
bleeding scores were determined using a Seracult kit. DSS colitis led to gastrointestinal
bleeding, which was significantly reduced by GM-CSF treatment (DSS+GM-CSF).
However, administration of mAb 440c (DSS+GM-CSF+mAb 440c¢) reversed the effect of
GM-CSF. (C) DSS-induced inflammation leads to shortening of the colon. GM-CSF
treatment (DSS+GM-CSF) significantly attenuated colon shortening. However, mAb 440c
treatment (DSS+GM-CSF+mAb 440c) reversed the therapeutic effect of GM-CSF and led to
a significant decrease in colon length. (D) Distal colon sections stained with H&E show
normal crypt morphology in control mice. (E) DSS colitis led to inflammatory infiltrates and
crypt damage. (F) GM-CSF treatment (DSS+GM-CSF) reduced infiltration of inflammatory
cells and preserved crypt architecture. (G) Administration of mAb 440c (DSS+GM-CSF
+mADb 440c) led to severe colitis with inflammatory infiltrate and crypt damage. All
histological sections were presented in 20x magnification. Data are expressed as the mean +
SEM. Control vs. DSS: ** P < 0.01. DSS vs. DSS+GM-CSF: # P < 0.01. DSS+GM-CSF
v