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The inflammatory bowel diseases, Crohn’s disease and ulcerative colitis, are chronic inflammatory disorders
of the gastrointestinal tract. The causes of these diseases remain unknown; however, prevailing theories sug-
gest that chronic intestinal inflammation results from a dysregulated immune response to ubiquitous bacterial
antigens. While a substantial body of data has been amassed describing the role of the adaptive immune system
in perpetuating and sustaining inflammation, very little is known about the early signals, prior to the devel-
opment of inflammation, that initiate and direct the abnormal immune response. To this end, we characterized
the gene expression profile of A/JCr mice with Helicobacter hepaticus-induced typhlitis at month 1 of infection,
prior to the onset of histologic disease, and month 3 of infection, after chronic inflammation is fully estab-
lished. Analysis of the gene expression in ceca of H. hepaticus infected mice revealed 25 up-regulated and 3
down-regulated genes in the month-1 postinoculation group and 31 up-regulated and 2 down-regulated genes
in the month-3 postinoculation group. Among these was a subset of immune-related genes, including inter-
feron-inducible protein 10, monokine induced by gamma interferon, macrophage-induced protein 1 alpha, and
serum amyloid Al. Semiquantitative real-time reverse transcriptase PCR confirmed the increased expression
levels of these genes, as well as elevated expression of gamma interferon. To our knowledge, this is the first
report profiling cecal gene expression in H. hepaticus-infected A/JCr mice. The findings of altered gene ex-
pression prior to the development of any features of pathology and the ensuing chronic disease course make

this an attractive model for studying early host response to microbe-induced inflammatory bowel disease.

The inflammatory bowel diseases (IBD) Crohn’s disease
(CD) and ulcerative colitis (UC) are recognized as important
causes of gastrointestinal disease with combined prevalence
rates of 175 to 400 cases per 100,000 persons in North America
(2, 31, 54). CD is characterized by chronic relapsing inflam-
mation of the gastrointestinal tract that may affect any region
of the intestine from the oropharynx to the perianal area.
Inflammation is commonly transmural and is sometimes ac-
companied by granuloma formation. In contrast to CD, UC
lesions are confined to the colon and inflammation, associated
with ulceration and hemorrhage in severe disease, is limited to
the mucosa (48). While the clinical and histopathological pre-
sentations of these disorders are distinctive, it is theorized that
they are triggered by similar pathogenic mechanisms. Present
theories suggest that the IBDs are multifactorial and that de-
velopment of persistent intestinal inflammation results from
a dysregulated immune response generated, at least in part,
against normally harmless microbial antigens (13, 29, 43).
Once triggered, the ensuing immune response is channeled
down a determinative pathway where inflammation is either
associated with elevated interleukin-12 (IL-12), gamma inter-
feron (IFN-v), or tumor necrosis factor alpha (TNF-a), as in
CD (32, 44), or with excessive production of IL-5, as in UC
(18). Much of our present understanding about the immune
signals that drive this inflammation is derived from the study of
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chronically inflamed tissues and from animal models of IBD at
the time of disease onset (56). While these studies have pro-
vided incontrovertible evidence that a dysregulated immune
response and abnormal cytokine production pattern are piv-
otal to the development of IBD, very little is known about the
antecedent signals, i.e., those that occur prior to the develop-
ment of inflammation.

The prolonged preinflammatory period and the ensuing
chronic inflammatory changes in the context of an intact im-
mune system make Helicobacter hepaticus infection in A/JCr
mice an attractive model for studying gene dysregulation dur-
ing the early and late stages of microbe-induced IBD. H. he-
paticus is a gram-negative, microaerophilic, urease-positive,
spiral rod that has been associated with intestinal disease in
A/JCr mice (16). H. hepaticus infection in these mice is typi-
cally subclinical, and enteritis develops only after months of
infection (15, 16, 61). Furthermore, inflammation is character-
ized by predominantly mononuclear cell infiltrates in the lam-
ina propria, hyperplasia of mucosa-associated lymphoid tissue
with follicle formation, and mild mucosal epithelial hyperplasia
(15, 61).

In this work, we hypothesize that cecal gene dysregulation
associated with H. hepaticus infection occurs prior to develop-
ment of any pathological features of typhlitis and is augmented
during the inflammatory phase of disease. To begin addressing
this hypothesis, we focused on three specific aims. We first
identified the time points that correlate to early and late stages
of disease: prior to the onset of pathological lesions and after
typhlitis is fully established. Second, we surveyed the gene
expression profile in ceca of H. hepaticus-infected A/JCr mice
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in early and late disease. Third, we selected a subset of genes
from the cDNA array data and used real-time reverse tran-
scriptase PCR (RT-PCR) to quantify their expression. This
study demonstrated that H. hepaticus infection in A/JCr mice is
clinically and histologically silent during the 1st month of in-
fection; by month 3, intestinal inflammation is clearly estab-
lished. Analysis of the cDNA array gene expression profiles
revealed 25 up-regulated and 3 down-regulated genes in the
month-1 postinfection group and 31 up-regulated and 2 down-
regulated genes in the month-3 postinfection group. Among
these was a subset of immune-related genes, including CXC
chemokine IFN-inducible protein of 10 kDa (IP-10), mono-
kine induced by IFN-y (MIG), the CC chemokine macrophage
inflammatory protein la (MIP-la), and serum amyloid Al
(SAA1). Semiquantitative real-time RT-PCR confirmed the
increased expression levels of these genes as well as elevated
expression of IFN-y.

MATERIALS AND METHODS

Bacteria and cultivation. A Helicobacter isolate (strain MU-94) was obtained
from an endemically infected mouse colony by using a previously described
culture technique (15, 30). The isolate was identified as H. hepaticus by ultra-
structural morphology, biochemical characteristics, and sequence analysis of the
16S rRNA gene (49). For inoculation, H. hepaticus cultures were grown in
brucella broth (Becton Dickinson, Franklin Lakes, N.J.) supplemented with 5%
fetal calf serum (Sigma-Aldrich Co., St. Louis, Mo.). Cultures were agitated with
a stir bar in a 250-ml Erlenmeyer flask and were incubated for 24 h at 37°C in a
microaerobic environment with 90% N,-5% H,-5% CO,.

Animals and sample collection. Three-week-old female A/JCr mice were ob-
tained from the Frederick Cancer Research and Development Center (FCRDC,
Frederick, Md.). Mice tested negative for Helicobacter infection by a generic
PCR assay that amplifies a 374-bp region of the 16S rRNA gene from all known
murine Helicobacter spp. (49). Mice were separated into four groups (two ex-
perimental and two control) of 10 mice each. Experimental mice were gavaged
with 10% H. hepaticus organisms suspended in brucella broth, and control mice
were sham inoculated with sterile brucella broth. Helicobacter infection was
confirmed by fecal PCR assay at 2 weeks postinoculation and when mice were
euthanatized for sample collection. At months 1 and 3 postinoculation, groups of
infected and control mice were euthanatized by an inhaled overdose of CO,. The
cecum was collected and was equally divided into two longitudinal sections. One
cecal section was snap-frozen and stored at —80°C for gene expression analysis,
and the remaining cecal strip was placed in 10% neutral buffered formalin for
histologic evaluation.

Histopathology and intestinal lesion scoring. Formalin-fixed ceca from
H. hepaticus-infected and control mice were embedded in paraffin, cut in 5-wm-
thick sections, and processed for staining with hematoxylin and eosin. To objec-
tively assess the severity of intestinal disease in H. hepaticus-infected mice, we
adapted the scoring system described by Mohammadi and coworkers for analysis
of chronic gastritis in H. felis-infected mice (34). Briefly, lesions were scored for
intensity of inflammation (0 = none, 1 = mild, 2 = moderate, and 3 = severe),
longitudinal extent (1 = one or two small foci, 2 = patchy, and 3 = diffuse), and
vertical extent of inflammation (1 = basal mucosal inflammation, 2 = full-
thickness mucosal inflammation, and 3 = transmural inflammation). In addition,
lesions were scored for hyperplasia by using the following criteria: hyperplasia is
defined as the presence of basophilic staining “crypt” epithelial cells in at least
the lower two-thirds of the gland or at least doubling of the height of the mucosal
epithelium. Focal hyperplasia was given a score of 1, and diffuse hyperplasia was
given a score of 2. The scores for intensity of inflammation, longitudinal and
vertical extents of inflammation, and hyperplasia were added together to give a
total score for each animal. Because the minimum inflammation score using this
system is 3 (mild, focal, and basal), inflammation and hyperplasia were not on
comparable scales. To rectify this bias, lesion scores of >2 were adjusted by
subtracting 2 from the total score to give a total adjusted score. The total
adjusted score was used to compare lesions in H. hepaticus-infected and sham-
infected control mice.

RNA extraction from cecal tissue. Frozen ceca were thawed in a solution of
phenol and guanidine isothiocyanite (TRIzol reagent; Invitrogen, Carlsbad,
Calif.). The ceca were homogenized by using a polypropylene pestle that was
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driven by a Pellet Pestle Motor (Kimble/Kontes, Vineland, N.J.). Total RNA was
isolated according to the manufacturer’s protocol (TRIzol reagent; Invitrogen),
and the extracted RNA was dissolved in 100 pl of water treated with diethyl
pyrocarbonate (Sigma-Aldrich Co.). Because contamination by genomic DNA is
potentially problematic when working with cDNA arrays, the extracted RNA
sample was DNase digested (RNase-Free DNase Set; Qiagen, Valencia, Calif.)
and was repurified by using a silica-gel membrane column (RNeasy; Qiagen).
The quantity and quality of RNA were assessed by measuring the absorbance at
260 nm and the relative intensity of 28S and 18S rRNA bands on a 1.5% agarose
denaturing gel (NorthernMax; Ambion, Austin, Tex.) stained with ethidium
bromide, respectively.

Complex probe preparation and hybridization to cDNA expression arrays.
The Atlas Mouse 1.2I1 ¢cDNA expression array (Clontech, Palo Alto, Calif.),
which interrogates expression of 1,176 genes, was used to profile gene expression
of cecal tissue from H. hepaticus-infected mice at months 1 and 3 of infection.
This panel includes genes that play key roles in many different biological pro-
cesses, including cytokines, growth factors, transcription factors, cell cycle regu-
lators, and nine housekeeping genes. The gene expression profile for each time
point was compiled from the statistical analysis of 18 (nine uninfected controls;
nine H. hepaticus-infected animals) biological replicates.

Complex probe preparation. The cDNA complex probes were prepared by
using the Array-Advantage AA cDNA labeling and hybridization kit (Ambion).
Briefly, 3?P-radiolabeled cDNA probes were prepared by reverse transcribing 10
ng of total RNA with 400 U of Moloney murine leukemia virus RT and 1X
gene-specific primers (Atlas Mouse 1.2IT cDNA expression array; Clontech) in
the presence of 30 pCi of [*>P]JdATP (Perkin-Elmer Life Sciences, Boston,
Mass.) and 1X deoxyneucleoside triphosphate (ANTP) mix (Strip-EZ dNTP;
Ambion). Unincorporated [**P]dATP was removed by filtration through Nuc-
Away Spin Columns (Ambion). Incorporation of [3?P]JdATP into cDNA was
measured in a scintillation counter, and typical activity was estimated as 1X 10°
to 5 X 10° cpm.

Hybridization. The probe sets were hybridized to Atlas Mouse 1.2I1 cDNA
expression arrays (Clontech) according to the Array-Advantage AA (Ambion)
instructions. The Atlas Mouse 1.2II cDNA expression arrays were prehybridized
for 1 h at 50°C in 10 ml of ULTRATrray hybridization buffer (Ambion). Heat-
denatured herring sperm DNA was added to the hybridization buffer at the end
of the prehybridization period, and the array membrane was incubated for an
additional 5 min. Heat-denatured complex probe cDNA (1 X 10° to 5 x 10°
cpm) was then added to the hybridization buffer and was incubated at 52°C for
16 h. The membranes were washed twice at 52°C for 30 min with low-stringency
buffer containing 2X SSC (1X SSC is 0.15 M NacCl plus 0.015 M sodium citrate)
and 1% sodium dodecyl sulfate and then twice at 52°C for 30 min with high-
stringency buffer containing 0.5X SSC and 1% sodium dodecyl sulfate. The Atlas
Arrays were exposed to a phosphor screen (Bio-Rad Laboratories, Hercules,
Calif.) for 24 and 72 h and were imaged with the Personal Molecular Imager FX
System (Bio-Rad). Gene signal intensities in ceca of H. hepaticus-infected and
sham-infected mice were measured and tabulated for each address on the array
by using AtlasImage software (Clontech).

Confirmation of differentially expressed genes. Semiquantitative real-time
RT-PCR was used to measure the transcriptional activation of five proinflam-
matory genes, i.e., SAA1, IP-10, MIG, MIP-1a, and IFN-y. These genes were
chosen from among the differentially expressed genes discovered in the cDNA
expression array analysis studies and were based on published reports that
demonstrate their association with chronic human inflammatory diseases and
animal models of IBD (1, 3, 10, 14, 17, 20, 50, 52, 60).

Reverse transcription. Five micrograms of total RNA was reverse transcribed
with Moloney murine leukemia virus RT and oligo(dT) primers according to the
manufacturer’s protocol (Superscript; Invitrogen). The cDNA was diluted with
Tris (10 mM, pH 8.5) to a final concentration of 20 ng/ul.

Primer seq es and plasmids. The primer sequences for IFN-y (40), MIG
(46), IP-10 (9), and hypoxanthine-guanine phosphoribosyltransferase (HPRT)
(40) have been previously reported in the literature. The primer sequences for
MIP-1a and SAA1 were designed from published mRNA sequences by using
OMIGA software (Accelrys Inc., San Diego, Calif.). Sequences for all primer
pairs are shown in Table 1. Quantification was done by comparing the fluores-
cence of experimental samples to that of plasmid standards containing known
concentrations of the cloned amplified product. Standards were generated from
linearized plasmids containing cloned amplicons of selected primer sets by using
the Zero Blunt Topo PCR-cloning kit (Invitrogen).

Real-time RT-PCR. Selected differentially expressed genes were quantified by
using real-time RT-PCR (LightCycler; Roche Diagnostic). PCRs and melting
curves were performed in a 20-pl volume in glass capillaries that contained a 0.5
1M concentration of each primer, 3 mM MgCl,, QuantiTect SYBR Green PCR
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TABLE 1. Sense and antisense primer pairs used for PCR amplification

Gene name Sense (5'-3") Antisense (5'-3") Fragment size (bp)
HPRT (40) GITA ATG ATC AGT CAA CGG GGG AC CCA GCA AGC TTG CAA CCT TAA CCA 165
IP-10 (9) CCT ATC CTG CCC ACG TGT TGA G CAT CCT GCA GGA GGA GTA GCA G 301
MIG (46) GGG CAA GIG TCC CTT TCC TTC GGG CTC TAG GCT GAC CCA AAT 198
IFN-v (40) TGG AGG AAC TGG CAA AAG GAT GGT TTG GGA CAA TCT CTT CCC CAC 336
MIP-1a GCT CAA CAT CAT GAA GGT CTC C TGC CGG TTT CTC TTA GIC AGG 222
SAA1 TCA CGA GCC TTT CCA AGG TGG TCA GCA ATG GIG TCC 219

Master Mix containing dNTP mix, HotStart Tag DNA polymerase, reaction
buffer, and SYBR green I (Qiagen), and cDNA. To quantify the number of
copies of specific cDNA, a standard curve was created by using known concen-
trations (10" to 10° copies) of the pCR-Blunt II-TOPO (Invitrogen) plasmid
containing the amplicon of interest. The PCRs were incubated at 95°C for 15 min
to activate the polymerase. Forty cycles consisting of a 15-s denaturing at 94°C;
20-s annealing at 55°C (MIP-1a), 57°C (MIG), 59°C (SAAL1) or 60°C (IP-10 and
IFN-vy); and 30-s extension at 72°C were used to amplify the genes of interest.
The ramp rate was 3°C/s for annealing and 20°C/s for all other steps. Fluores-
cence was monitored at the end of each extension phase. Following amplifica-
tion, melting curves were generated to verify PCR product identity. HPRT levels
were used to normalize H. hepaticus-infected and sham-infected samples for
comparison.

Statistical analysis. (i) Lesion scoring. Cecal tissue sections from uninfected
control (n = 10) and H. hepaticus-infected (n = 10) mice, at months 1 and 3 of
infection, were evaluated by a comparative pathologist who assigned scores
without prior knowledge of the mouse infection status. A median lesion score for
each group of animals was determined, and these scores were used for statistical

comparisons. Because these data are ordinal data, they were statistically com-
pared by using the nonparametric one-way analysis of variance (ANOVA) on
ranks (Kruskal-Wallis). The statistical software package, SigmaStat (SPSS, Inc.,
Chicago, Ill.), was used for these statistical analyses.

(ii) cDNA expression arrays. The gene expression profiles, at months 1 and 3
of infection, were compiled from the statistical analysis of 18 (nine uninfected
controls and nine H. hepaticus-infected mice) biological replicates. Gene signal
intensities were normalized by comparing the mean global signal intensity of an
individual array to the mean global signal intensity of all arrays. Normalized gene
expression levels in H. hepaticus-infected mice were compared to those of con-
trols and were analyzed for statistical significance by using Significance Analysis
of Microarray (SAM) software (59).

(iii) Confirmation of differentially expressed genes. Semiquantitative RT-PCR
was used to measure SAAI1, IP-10, MIG, MIP-1a, and IFN-y mRNA levels in
cecal tissue of uninfected control (n = 10) and H. hepaticus-infected (n = 10)
mice at months 1 and 3 of infection. The significance of differences between
mean expression levels of these selected genes was determined by using a one-
way ANOVA (Student-Newman-Keuls).

FIG. 1. Photomicrograph of cecal sections from H. hepaticus-infected (B and D) and -naive control (A and C) mice at months 1 (A and B) and
3 (C and D) postinoculation. (A, B, and D) No histologic lesions were identified in cecal sections from naive control and month-1 postinfection
groups. (C) Histologic lesions in the month-3 postinfection group were characterized by moderate mononuclear cell infiltrates and mild mucosal

hyperplasia. Hematoxylin and eosin stain; bar = 60 pm.
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RESULTS

Mice and infection status. Helicobacter infection was con-
firmed by fecal PCR assay at 2 weeks postinoculation and when
mice were euthanatized for sample collection. All of the sham-
inoculated control mice remained PCR negative for Helicobac-
ter sp. throughout the study. Helicobacter DNA was detected in
the feces of inoculated mice within 2 weeks of infection, and
mice remained colonized for the duration of the study.

Histologic examination of ceca and cecal lesion scores. Ce-
cal lesions were scored in uninfected controls (n = 10) and
H. hepaticus-infected (n = 10) mice at months 1 and 3 of in-
fection. Mild focal inflammation was observed in the ceca of
two mice in each control group and three mice in the month-1
infection group (Fig. 1A to C). The difference between the
median cecal lesion score of control and month-1 infection
groups was not statistically significant (Fig. 2A and B). In
contrast, cecal lesions in the 3-month infection group were
characterized by patchy-to-diffuse mononuclear cell infiltrates
in the lamina propria with mild-to-moderate mucosal epithelial
hyperplasia (Fig. 1D). Furthermore, the median cecal lesion
score was significantly elevated (P < 0.05) compared to that of
the age-matched control and month-1 infection groups (Fig.
2A and B).

cDNA array gene expression profile. The Atlas Mouse 1.211
cDNA expression array (Clontech) used in this study contains
1,176, 200- to 600-bp, cDNA fragments that have been ampli-
fied from a region of the mRNA that lacks repetitive or highly
homologous sequences. These cDNA fragments represent a
diverse set of genes with a variety of functions, including cell
surface antigens, transcription factors, cell cycle proteins,
cell adhesion receptors/proteins, immune system proteins,
extracellular transport and carrier proteins, oncogenes, tu-
mor suppressors, stress response proteins, membrane chan-
nel and transporter proteins, extracellular matrix proteins,
trafficking/targeting proteins, apoptosis-associated proteins,
RNA processing, cell signaling, and extracellular communica-
tion proteins, to name a few. This array format, with a broad
representation of genes, was chosen to enhance the likelihood
of identifying genes that are known to play a role in IBD as
well as discovering new genes that are not a part of our present
understanding of the disease. The cDNA array data presented
in this study were derived from the analysis of whole cecal
tissue rather than from uniform cell sets. While it may be ar-
gued that some cell-specific signals may be diluted or complete-
ly lost by analyzing whole tissue, profiling gene expression in
complex heterogeneous cecal tissue has allowed us to identify
dysregulated genes in the context of an intact immune system.

Gene expression was measured in the ceca of 18 (nine
uninfected control and nine H. hepaticus-infected) mice at
months 1 and 3 of infection. Gene signal intensities were nor-
malized by comparing the mean global signal intensity of an
individual array to the mean global signal intensity of all arrays.
Normalized gene expression levels were analyzed for statis-
tical significance by using SAM software by Chu, Tibshirani,
Tusher, and Narasimhan at Stanford University (7, 55, 59).
This method of statistical analysis was chosen because it offers
a better balance between the total number of hypotheses re-
jected and the probability of making a type I error than do
more conservative multiple-hypothesis tests like Bonferroni’s
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FIG. 2. The ceca were scored for intensity, longitudinal extent, and
vertical extent of inflammation as well as hyperplasia at months 1 (A)
and 3 (B) postinfection. (A) Median cecal lesion scores of naive con-
trol and H. hepaticus-infected mice at month 1 postinfection were not
statistically different. (B) Median cecal lesion scores of H. hepaticus-
infected mice at month 3 postinfection were significantly increased
compared to those of their age-matched cohorts. *, P < 0.05; Kruskal-
Wallis, one-way ANOVA on ranks.

or Westfall and Young’s. The SAM algorithm calculates a
score (d) for each gene based on the changes in gene expres-
sion relative to the standard deviation of repeated measures. A
random data set was constructed by permutations of the data
and was compared to the actual data set to determine the
percentage of genes identified as significant by chance and to
determine which genes had significantly altered expression.
The cutoff for significance was determined by a tuning param-
eter (A), set by the user, to optimize the number of significant
genes while maintaining a conservative false-discovery rate
(FDR). Tables 2 and 3 show genes with significantly altered
expression at months 1 and 3 postinfection, respectively. Anal-
ysis of the gene expressions profile in the cecum of H. hepati-
cus-infected mice at 1 month postinfection, with an FDR of
6.49%, demonstrated 25 up-regulated and 3 down-regulated
genes. In the 3-month postinfection group, with an FDR of
6.45%, 31 up-regulated and 2 down-regulated genes were dis-
covered. These genes have a wide range of functions, including
acute-phase response proteins (SAAL), cell adhesion recep-
tors/proteins (integrin beta-1 binding protein), intracellular ki-
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TABLE 2. Differentially expressed genes at month 1 of infection®
Gene name Ge]:s_dnk Function S(C;)f,e ((ilh?(;;g; (”Z »
Up-regulated genes
SAA1 M11131 Acute-phase response 6.82 1.64 3.78
CD38 antigen L11332 Synthesis/hydrolysis of cyclic ADP-ribose 6.56 1.78 3.78
MHCH-II Ia-associated invariant chain X05430 Antigen presentation 5.98 1.97 3.78
Cytochrome P450 I1J6 U62295 Electron transport 5.54 1.35 3.78
Integrin beta 1-binding protein 1 AJ001373 Cell adhesion 5.42 1.38 3.78
IFN-dependent positive-acting transcription factor 3 gamma U51992 Transcription factor 5.21 1.67 3.78
IP-10 M86829 Lymphocyte activation/inflammatory 5.20 1.50 3.78
Mitogen-activated protein kinase kinase 102526 Signal transduction 5.15 1.33 3.78
IL-6 signal transducer (gp130) X62646 Signal transduction 5.02 1.66 3.78
MIP-1a M23447 Chemotaxis/cell activation 4.92 1.63 3.78
Proteasome subunit beta type 4 U65636 Protein catabolism 491 1.36 3.78
Lymphocyte antigen 57 U65636 B-cell receptor signaling 4.89 1.40 3.78
IFN-y-inducible protein 47 kDa Mo63630 Gene regulation/protein trafficking 4.72 2.11 3.78
MIG M34815 Lymphocyte activation/inflammatory 4.62 3.45 3.78
Neurotrophic factor family receptor alpha 3 ABO008833 Tyrosine kinase transmembrane receptor 4.48 2.96 3.78
Protein tyrosine phosphatase receptor type C M14342 T-cell activation 4.08 1.57 3.78
Drebrin-like U58884 Actin binding 3.92 1.28 3.78
Stefin A3 M92419 Proteinase inhibitor 3.42 1.16 3.78
Arachidonate 15-lipoxygenase 134570 Leukotriene biosynthesis 3.32 1.49 3.78
Solute carrier family 7 member 5 ABO017189 Amino acid transport 3.25 1.48 3.78
Basic keratin complex 2 gene 8 X12789 Cytoskeleton organization 3.21 1.15 3.78
CD3 antigen gamma polypeptide Y00635 T-cell receptor signaling 3.16 1.61 6.49
Caveolin; 22-kDa caveolar protein U07645 Scaffolding protein 3.01 1.63 6.49
DNA methyltransferase 3A AF068625 DNA methylation 2.99 1.30 6.49
Opioid receptor sigma 1 AF004927 Ergosterol biosynthesis 2.84 1.30 6.49
Down-regulated genes
Eukaryotic translation initiation factor 4 gamma 2 U76112 Regulation of translation 5.10 0.74 3.78
Antioxidant protein 2 AF004670 Redox regulation 4.78 0.76 3.78
Meprin 1 alpha M74897 Metalloprotease 4.36 0.73 3.78

“d, change in gene expression relative to the standard deviation of repeated measures.
b g, the probability that a gene appearing to be differentially expressed is not actually differentially expressed.

¢ The median false significant number is 1.82; the median FDR is 6.49.

nase network members (mitogen-activated protein kinase ki-
nase 1), intracellular signal transducers (IL-6 signal transducer
gp130 and IFN-y-inducible protein 47 kDa), proteosomal pro-
teins (proteosome subunit beta type 4), cell surface antigens
(CD38 antigen and CD3 antigen), and transcription factors
(IFN-dependent positive-acting transcription factor 3 gamma).
From these data, we identified a subset of immune-related
genes that were up-regulated early in the immune response
and have been associated with chronic human inflammatory
diseases. These include CXC chemokines IP-10, MIG, and
MIP-1a.

Confirmation of select genes by real-time RT-PCR. Semi-
quantitative RT-PCR was used to measure IP-10, MIG, MIP-
la, and SAA1 mRNA levels in ceca of mice chronically in-
fected with H. hepaticus. We selected this subset of genes from
the cDNA array data based on our present understanding of
the ontogeny of mucosal inflammation and on the likelihood
that these genes are involved in initiating and perpetuating the
immune response. Curiously, our cDNA array studies did not
detect expression of IFN-y, an important inflammatory medi-
ator that is known to be dysregulated in human and animal
models of IBD (1, 8, 26, 27, 39, 42). Accordingly, a semiquan-
titative RT-PCR assay was developed to measure expression of
this gene. H. hepaticus-infected mice (n = 10/group) showed
statistically significant (P < 0.05) elevations in MIP-1a, MIG,
IP-10, and IFN-y gene expression at months 1 and 3 postin-
fection (Fig. 3A to C and E to F) when compared to sham-
inoculated controls (n = 10/group). The level of SAAI was

significantly (P < 0.05) elevated at month 1 but not month 3
postinfection, compared with the level in age-matched controls
(Fig. 3D); furthermore, expression of SAA1 at month 1 was
significantly higher (P < 0.05) than at month 3 of infection.

DISCUSSION

In this study, we characterized gene expression in the cecum
of A/JCr mice with H. hepaticus-induced typhlitis as it pro-
gressed from early to late disease. Understanding the dysregu-
lated host immune response ensuing from H. hepaticus infec-
tion is an important step toward unraveling the complex
immune circuitry that leads to chronic, progressive, mucosal
inflammation. By studying the molecular details of this inter-
action in the context of the heterogeneous and changing cell
population that makes up the intestinal mucosa, we can iden-
tify host genes that are critical to development of IBD. Gene
expression profiling is an attractive approach to aid in identi-
fying those genes that are involved in disease pathogenesis,
because it makes possible the interrogation of thousands of
genes simultaneously, including those genes not intuitively
thought to be altered. Our array studies showed that H. he-
paticus infection in female A/JCr mice induced significant
changes in the expression levels of ~2.5% of the 1,176 genes
analyzed. Some of these genes have previously been described
in human and animal models of IBD. These genes include
SAA1 (17, 41), major histocompatibility complex class II
(MHC-II) Ia-associated invariant chain (25, 35), CXC chemo-
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TABLE 3. Differentially expressed genes at month 3 of infection®

GenBank

Score  Change q

Gene name no. Function @ (n fold) (%)
Up-regulated genes
Metallothionein I activator S63758 DNA-dependent RNA polymerase 7.60 1.95 2.76
Karyopherin (importin) beta 1 D45836 Nuclear protein import 6.79 1.18 2.76
Alpha-2-macroglobulin M93264 Proteinase inhibitor 5.59 1.76 2.76
SAA3 X03479 Acute phase response 5.36 1.63 2.76
SRY box containing gene 7 AB023419  Transcription factor 5.29 1.84 2.76
SAA1L M11131 Acute phase response 5.24 1.46 2.76
Tumor necrosis factor superfamily member 11 AF019048  Augmentation of dendritic cell stimulation of T cells  5.07 1.50 2.76
IFN-vy-inducible protein 47 kDa M63630 Gene regulation/protein trafficking 4.95 1.83 2.76
Peptidoglycan recognition protein AF076482  Binding of peptidoglycan/innate immunity 4.49 1.34 2.76
MHC-II ITa-associated invariant chain X05430 Antigen presentation 4.41 2.78 2.76
Coagulation factor II (thrombin) receptor-like 1 748043 Trypsin receptor 4.34 1.22 2.76
Insulin-like growth factor binding protein 4 precursor ~ X81582 Cell growth 4.23 1.39 2.76
Caveolin; 22-kDa caveolar protein U07645 Scaffolding protein 4.16 1.88 2.76
Fibroblast growth factor 9 D38258 Cell growth/tissue repair 4.15 1.76 2.76
Macrophage migration inhibitory factor 723048 Macrophage regulation 4.15 1.47 2.76
Muscarinic acetylcholine receptor Mm3 S74908 Cholinergic receptor 4.12 1.43 2.76
Solute carrier family 34 member 1 133878 Phosphate transportation 4.08 1.67 2.76
Coagulation factor VIII L05573 Blood coagulation factor 4.04 1.38 2.76
CD38 antigen L11332 Synthesis/hydrolysis of cyclic ADP-ribose 4.04 2.41 2.76
Solute carrier family 8 member 1 U70033 Calcium transport 4.03 1.55 2.76
Complement component 1 q subcomponent beta M22531 Complement activation, classical pathway 3.96 2.40 2.76
polypeptide
Calbindin-D9K AF028071  Calcium binding 3.90 3.74 2.76
Coagulation factor XIII beta subunit D10071 Blood coagulation factor 3.85 1.34 2.76
Myelin-associated glycoprotein M31811 Cell adhesion 3.84 1.29 2.76
Nonmuscle myosin light chain 3 U04443 Cytoskeleton organization 3.80 1.40 2.76
MIP-1a M23447 Chemotaxis/cell activation 3.61 2.27 4.84
Thyroid-stimulating hormone receptor U02601 Control of thyroid cell metabolism 3.59 1.47 4.84
Growth differentiation factor 5 U08337 Bone growth 3.33 1.24 4.84
Apolipoprotein H D10056 Heparin binding 3.32 1.39 4.84
MIG M34815 Lymphocyte activation/inflammatory 3.19 1.74 6.45
Low-affinity immunoglobulin G Fc receptor 1I beta M16367 Antibody-dependent cellular cytotoxicity 3.12 1.77 6.45
Down-regulated genes

Alcohol dehydrogenase 1 complex M11307 Alcohol dehydrogenase, zinc dependent 6.45 0.65 2.76
Mitochondrial aldehyde dehydrogenase 2 U07235 Aldehyde dehydrogenase (NAD™) 5.90 0.47 2.76

“d, change in gene expression relative to the standard deviation of repeated measures.
b g, the probability that a gene that appears to be differentially expressed is not actually differentially expressed.

¢ The median false significant number is 2.32; the median FDR is 6.45.

kines IP-10 and MIG (14, 52), IL-6 signal transducer gp130
(21), and macrophage migration inhibitory factor (6, 36, 37,
42). We also identified a subset of genes that are associated
with the immune system but have not been specifically associ-
ated with IBD. This subset includes TNF superfamily member
11, known to augment dendritic cell stimulation of T cells by
induction of IL-6, IL-1, 1L-12, and IL-15 from dendritic cells
(22); IFN-vy-inducible protein 47 kDa, which plays a role in
IFN-y-mediated clearance of protozoa and bacterial infection
by regulating protein expression and trafficking (5, 57, 58); and
MIP-1a, a CC class chemokine that has been shown to up-
regulate cell-mediated immune response by preferentially re-
cruiting Th1 lymphocytes to sites of inflammation and by pro-
moting the development of IFN-y-producing T cells by an
IL-12-independent pathway (23, 24).

A number of studies have clearly established the critical role
of the adaptive immune system in IBD. However, data from
the majority of these studies are derived from tissue with
chronic inflammation. Thus, there is very little known about
the interface between the innate and adaptive immune re-
sponses and the identity of the early response genes and about
how these genes are triggered and how the early response
genes drive the immune response toward a Thl or Th2 dom-

inant cytokine profile. The pathological changes in the cecum
of H. hepaticus-infected female A/JCr mice are delayed until
after the 1st month of infection. This preinflammatory period
is opportune for the study of early gene dysregulation associ-
ated with initiation of typhlitis. Despite the lack of histologic
lesions at month 1 of infection, our cDNA array studies iden-
tified 25 up-regulated and 3 down-regulated genes. Further-
more, many of the genes altered at month 1 of infection are
also dysregulated at the height of pathology. Of the genes
discovered in the cDNA array studies, the CXC chemokines
IP-10 and MIG, CC chemokine MIP-1a, and SAA1 are
thought to play an important role in recruiting inflammatory
cells and thereby shaping the ensuing immune response. By
using real-time RT-PCR, we validated the cDNA array find-
ings and quantified the expression level for these selected
genes. Our real-time RT-PCR studies showed that the CXC
chemokines MIG and IP-10 and the CC chemokine MIP-1a
were up-regulated at months 1 and 3 postinfection. SAA1 was
up-regulated at month 1 but not month 3 postinfection.
Human IBD can generally be divided into two major groups,
CD and UC, based upon the clinical and pathological presen-
tation. Studies in patients with CD demonstrate that mucosal
inflammation is associated with a Th1 cytokine profile, where-
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FIG. 3. The mean number of MIP-1a (A), MIG (B), IP-10 (C), SAA1 (D), and IFN-y (E) mRNA molecules relative to the number of HPRT
mRNA molecules in the ceca of naive control and H. hepaticus-infected A/JCr mice at months 1 and 3 postinoculation (PI). Data represent mean
plus or minus standard error of the mean of 10 mice per group. Letters (a and b) represent statistically significant (P < 0.05) difference according

to Student-Newman-Keuls, one-way ANOVA.

as, although the data are controversial, UC is thought to have
a Th2 predominance (12, 18, 45, 51, 53). Accordingly, most
animal models of mucosal inflammation are classified as Thl
or Th2 phenotypes, based on the nature of T-cell-mediated

inflammation. While the mucosal cytokine profile of H. hepati-
cus-infected A/JCr mice has not been clearly defined, studies
of the systemic immune response of A/JCr mice (61) and the
mucosal immune response of IL-10 knockout mice (28) to
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H. hepaticus infection, along with the gene expression data
presented herein, suggest that the dysregulated mucosal im-
mune response to H. hepaticus infection is characteristic of a
Th1-like phenotype. Our real-time RT-PCR data demonstrate
that IFN-vy, a hallmark cytokine for the Thl paradigm, is up-
regulated by month 1 and that enhanced expression continues
to month 3 of infection. IFN-y specifically induces the tran-
scription of a number of genes, including IFN-y-inducible pro-
tein 47 kDa (19), IFN-dependent positive-acting transcription
factor 3 gamma (33), MHC-II Ia-associated invariant chain (4),
and most notably the CXC chemokines IP-10 and MIG iden-
tified in our array studies. Whereas IP-10 can be induced in
response to other proinflammatory signals, including IFN-f,
IFN-a lipopolysaccharide, TNF-«, IL-1, IL-6, IL-12, and envi-
ronmental antigens, independent of IFN-y, the synthesis of
MIG is induced exclusively by IFN-y (11). Support for the role
of these chemokines in the pathogenesis of IBD comes from
studies that use animal models with a Thl-mediated immune
response similar to that seen in CD. MIG is up-regulated in
chronically inflamed colons of IL-10~'~ mice, and reversal of
colitis with anti-IL-12 monoclonal antibody is associated with
inhibition of expression (52). Moreover, IP-10 and MIG mRNA
levels are increased in recombinase-activated gene-2 knockout
mice (Rag-2~/") reconstituted with CD4"CD45RB"e", In
contrast, these chemokines are not elevated in Rag-2"/~ mice
reconstituted with a combination of CD4*CD45RB"2" and
CD4*CD45RB'"" or in mice treated with IL-10 or anti-IL-12
monoclonal antibody. Curiously, Uguccioni et al. observed el-
evated expression of IP-10 in biopsy specimens from patients
with UC (60). The significance of this finding is unknown, but
its ubiquitous expression may be reflective of the fact that
IP-10 is induced by a variety of signals, including IL-1 and IL-6,
known to be up-regulated in patients with UC as well those
with CD (38, 47).

In summary, this report demonstrates that H. hepaticus in-
fection in A/JCr mice is associated with significant alterations
in gene expression. Moreover, gene dysregulation begins prior
to the development of any features of pathology and persists
during the chronic stage of IBD. Consistent with findings from
previously reported Helicobacter studies, our expression data
showing increased IFN-vy, IP-10, and MIG mRNA levels sug-
gest that the mucosal immune response to H. hepaticus infec-
tion is consistent with a Th1 phenotype.
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