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Abstract

Enteropathogenic Escherichia coli (EPEC) is a major cause of diarrheal disease in young children,
yet symptoms and duration are highly variable for unknown reasons. Citrobacter rodentium, a
murine model pathogen that shares important functional features with EPEC, colonizes mice in
colon and cecum and causes inflammation, but typically little or no diarrhea. We conducted
genome-wide microarray studies to define mechanisms of host defense and disease in C.
rodentium infection. A significant fraction of the genes most highly induced in the colon by
infection encoded CXC chemokines, particularly CXCL1/2/5 and CXCL9/10, which are ligands
for the chemokine receptors CXCR2 and CXCR3, respectively. CD11b* dendritic cells were the
major producers of CXCL1, CXCL5, and CXCL9, while CXCL2 was mainly induced in
macrophages. Infection of gene-targeted mice revealed that CXCR3 had a significant but modest
role in defense against C. rodentium, whereas CXCR2 had a major and indispensable function.
CXCR2 was required for normal mucosal influx of neutrophils, which act as direct antibacterial
effectors. Moreover, CXCR2 loss led to severe diarrhea and failure to express critical components
of normal ion and fluid transport, including ATPase B,-subunit, CFTR, and DRA. The
antidiarrheal functions were unique to CXCRZ2, since other immune defects leading to increased
bacterial load and inflammation did not cause diarrhea. Thus, CXCR2-dependent processes,
particularly mucosal neutrophil influx, not only contribute to host defense against C. rodentium,
but provide protection against infection-associated diarrhea.

Enteropathogenic Escherichia coli (EPEC)3 is an important cause of diarrheal disease and
mortality worldwide, especially among infants and young children in the developing world
(1). EPEC is distinguished from other diarrheagenic £. coliby its ability to form attaching/
effacing (A/E) lesions characterized by intimate attachment to the epithelium and localized
microvillus loss, combined with a lack of classical enterotoxins. The infection is
accompanied by watery diarrhea, fever, vomiting, and abdominal pain, and it can lead to
significant mortality. The mechanisms governing infection-associated diarrhea are not well
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understood, but they appear to be multifactorial (2). A decrease in the absorptive surface
epithelium, disruption of tight junctions and epithelial barrier function, and release of
secretagogues by inflammatory cells have been proposed to mediate diarrhea, although the
relative importance of these and possibly other mechanisms remains unknown (2-4).

Progress in elucidating the pathogenesis of EPEC infection has been hampered by the dearth
of suitable animal models. Instead, model pathogens with characteristics similar to EPEC
have been employed widely, including rabbit EPEC and Citrobacter rodentium in mice. C.
rodentium causes A/E lesions and expresses key virulence genes, including intimin, espA,
espB, and tir, that are functionally exchangeable with the corresponding genes in EPEC.
Infection of adult mice with C. rodentium leads to self-limiting epithelial hyperplasia and
mucosal inflammation (5-8). Effective host defense against the pathogen requires CD4* T
cells, B cells, mast cells, and neutrophils (9-11). IgG Abs contribute to bacterial clearance,
whereas secretory IgA or IgM plays a limited role in host defense (12, 13). Several
immunoregulatory cytokines, including IFN-y, TNF-a, IL-6, IL-12, IL-17, and 1L-22,
control innate or adaptive immune responses against the bacteria, since mice lacking the
respective cytokines have a reduced ability to clear infection (14-19). However, the
histologically apparent complexity of the host response that accompanies infection (5, 7)
suggests that numerous other gene products are likely to be involved in orchestrating
mucosal defense against the bacteria.

Expression analysis of large numbers of genes by microarrays has reached a technical
maturity that now allows routine application to many biological systems. To date, such
expression studies have mostly been conducted in cell culture models, as they allow tight
control over experimental conditions. However, a number of in vivo applications have
demonstrated the utility of microarrays in defining previously elusive biological processes in
complex physiological settings (20-22). Based on such prior successes, we set out to
examine the global gene expression profile associated with host defense against the model
pathogen, C. rodentium. Our expression studies and the mechanistic pursuit of the findings
unexpectedly revealed a novel role of CXC chemokines and neutrophils in controlling not
only bacterial load but also the diarrheal response to infection, thus providing new insights
into the importance of host components in determining diarrhea after infection with an A/E
lesion-forming enteric pathogen.

Materials and Methods

Mice and infection protocol

All wild-type and gene-targeted mice of either gender were obtained from The Jackson
Laboratory and were at least 8 wk old for experiments. For infections, C. rodentium (a gift
from Dr. B. Vallance, British Columbia Children’s Hospital, Vancouver, Canada) was
grown overnight in Luria-Bertani broth at 37°C, harvested by centrifugation, and
resuspended in fresh broth at 2.5 x 109/ml. Mice were infected by oral gavage with 200 I
(5 x 108 bacteria) of the suspension. To determine bacterial numbers in the stool, fecal
pellets were collected from individual mice, weighed, and homogenized in 5 ml of PBS. For
enumerating bacteria in spleen and liver, each organ was homogenized in 2 ml of PBS.
Serial dilutions of the homogenates were plated onto MacConkey agar, and the number of
CFU was determined after overnight incubation at 37°C. The detection limit of the CFU
assay was 103 CFU/g feces and <101 CFU per liver or spleen. The identity of representative
colonies was verified by PCR analysis of the C. rodentium espB gene as described (12). All
animal studies were reviewed and approved by the University of California, San Diego
Institutional Animal Care and Use Committee.

J Immunol. Author manuscript; available in PMC 2012 August 16.
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Histological analysis

Organs were removed and fixed in 10% phosphate-buffered formalin (Fisher Scientific) for
24 h. Colons were opened longitudinally, cleaned, and processed as “Swiss rolls” before
fixation. Fixed tissues were embedded in paraffin, and 5-um sections were prepared and
stained with H&E. For immunohistological studies, tissues were frozen in OCT compound
(Sakura Finetek), cut on a cryomicrotome, air-dried, fixed in acetone, and incubated with
0.3% H,0, for 20 min at room temperature to inactivate endogenous peroxidase. After
blocking with PBS containing 2% rabbit serum (Abcam), sections were incubated overnight
at 4°C in the same buffer containing 1 xg/ml rabbit anti-mouse myeloperoxidase (MPO;
Abcam), a 1/1000 dilution of rabbit anti- C. rodentium (from B. Vallance) (12), or 1 pg/ml
normal rabbit 1gG (Jackson ImmunoResearch Laboratories) as a control. Sections were
washed, stained for 30 min at room temperature with 2 xg/ml HRP-conjugated goat anti-
rabbit 19G (Vector Laboratories, Burlingame, CA), developed with 3,3"-diaminobenzidine/
H,0, (Vector Laboratories), and counterstained with Gill’s hematoxylin (Fisher Scientific).
Alternatively, sections were stained with 3 xg/ml Cy3-conjugated goat anti-rabbit 19G
(R&D Systems) and mounted in media containing 4,6 -diamidino-2-phenylindole (Vector
Laboratories).

Microarray and real-time PCR analysis

RNA was isolated from whole colon tissue using TRIzol reagent (Invitrogen). RNA quality
was assessed with an Agilent Technologies bioanalyzer. Total RNA was processed and
hybridized to CodeLink Mouse Whole Genome Bioarrays (carrying 34,790 unique probes;
GE Healthcare). Biotin-labeled first-strand cDNA from 2.5 to 5 ug of total RNA was used
to hybridize arrays in 6x standard saline citrate phosphate/EDTA/30% formamide at 25°C
for 18 h. Hybridized slides were washed and stained with streptavidin-Alexa 647 conjugate
(Invitrogen/Molecular Probes). The processed slides were scanned at 10 zm resolution with
an Axon 4000B Scanner (Molecular Devices). Positive and negative bacterial control genes
were spotted on the CodeL.ink arrays, and specific bacterial MRNA was used to spike the
cDNA synthesis reaction. Background correction was performed by the CodeLink software.
For each array, RNA was pooled from four to six mice. Filtering was conducted by deleting
probes that had low or ambiguous values. Numbers were normalized by dividing raw
intensity values by medians for each chip. The complete microarray data sets are available
on the National Center for Biotechnology Information Gene Expression Omnibus
(www.nchi.nlm.nih.gov/geo) under accession no. GSE16847.

For PCR analysis, RNA was treated with Turbo DNase-free (Ambion) to remove
contaminating DNA. Reverse transcription was performed using the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems) and real-time PCR amplification using the
Mesa Green 2x SYBR mix (Eurogentec). Amplification of the expected single products was
confirmed on 1% agarose gels stained with ethidium bromide. Primers and PCR product
sizes are listed in supplemental Table 1.4 Relative changes in target mRNA levels were
calculated by the 2AAC method, with GAPDH as the reference standard.

Isolation of epithelial and lamina propria cells

The colon was opened, incubated for 10 min at room temperature in PBS with 5% FCS and
1 mM DTT to remove mucus, and cut into 5-mm pieces. Tissue pieces were incubated in
HBSS (without Ca and Mg) with 5 mM EDTA, 5% FCS, 10 mM HEPES (pH 7.3), and 1
mM DTT for 2 x 20 min at 37°C with constant shaking. Detached epithelial cells were
passed through a nylon mesh strainer (100-xm pore size; Fisher Scientific) and collected by

4The online version of this article contains supplemental material.
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centrifugation. The remaining tissue pieces were washed and incubated twice at 37°C for 30
min in RPMI 1640 medium containing 1 mg/ml collagenase D (Roche Applied Science) and
100 pg/ml DNase | (Worthington Biochemical). After each incubation, mixtures were
vortexed for 30 s, and suspensions were passed through a 40-um cell strainer. Cells from
both digestions were combined and collected by centrifugation.

Flow cytometry

Cell suspensions were stained with optimal concentrations of fluorochrome-conjugated Abs
against mouse CD11b, CD11c, CD45, Gr-1 (all from eBioscience), and/or CXCR2 (R&D
Systems) for 30 min on ice. Cells were washed and fixed with 2% paraformaldehyde in PBS
before analysis on a BD Biosciences FACSCalibur flow cytometer. Cell sorting of stained
but unfixed cells was performed on a MoFlo high-speed cell sorter (Beckman Coulter).
Macrophages were identified as CD45*CD11b*CD11c™ cells. Dendritic cells were identified
as CD45*CD11c* cells and further subdivided into CD11b* and CD11b™ subsets. All other
leukocytes were identified as CD45*CD11b~CD11c™ cells.

Immunoblotting

Tissues were lysed for 30 min on ice in a buffer containing 150 mM NaCl, 5 mM KClI, 10
mM HEPES, 0.5 mM EDTA, 0.2 mM EGTA, 1 mM sodium fluoride, 1 mM vanadate,
0.05% Nonidet P-40, 1 mM DTT, and a protease inhibitor cocktail (Roche Applied Science).
After centrifugation to remove debris, equal protein amounts (20 wg) were boiled for 10 min
in loading buffer (50 mM Tris (pH 6.8), 100 MM DTT, 2% SDS, 40% glycerol, and 0.2%
bromophenol blue) and size-separated by electrophoresis on a 10% Tris-glycine
polyacrylamide gel (Bio-Rad Laboratories). Proteins were electrotransferred to a
polyvinylidene difluoride membrane, which was blocked and stained overnight at 4°C with
rabbit anti-mouse DRA/SLC26A3 (Santa Cruz Biotechnology) in a buffer of 10 mM Tris
(pH 7.6), 5% BSA, and 0.05% Tween 20, followed by incubation with HRP-conjugated goat
anti-rabbit 1gG and detection by ECL (GE Healthcare).

Neutrophil killing assay

A suspension of bone marrow cells, obtained from the femurs of C57BL/6 mice, was
layered on top of two Histopaque layers (densities of 1.083 and 1.119 g/ml) (Sigma-Aldrich)
and centrifuged at 1200 rpm for 30 min. Cells at the interface between the two Histopaque
layers were collected and washed in HBSS. Neutrophil purity was >90% as determined by
Giemsa staining. Cells (5 x 107/ml) were pretreated for 1 h with mouse TNF-a and/or IFN-
¥ (50 ng/ml each) (both from PeproTech), and C. rodentium was added at a multiplicity of
infection of 1:1 in 100 ul of RPMI 1640 medium. After incubation at 37°C for up to 6 h
with light agitation, cultures were diluted 1/10 in water to lyse the neutrophils, and serial
dilutions were plated onto MacConkey agar.

Analysis of colonic cytokine production

Colon pieces (1 x 1 mm) were placed into 12-well plates in 500 pl of RPMI 1640 medium
containing 50 pg/ml each streptomycin and penicillin (both from Sigma-Aldrich) and
incubated for 6 h at 37°C. Supernatants were centrifuged and frozen at —80°C. In some
experiments, colon tissues were homogenized in PBS with 0.1% Tween 20 and a cocktail of
protease and phosphatase inbibitors (Roche Applied Science), centrifuged to remove debris,
and supernatants were frozen at —80°C. Cytokine levels were determined by ELISA (R&D
Systems) and were normalized to tissue weight.

J Immunol. Author manuscript; available in PMC 2012 August 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spehlmann et al.

ELISA

Page 5

Blood was collected by tail vein bleeding, diluted 1/10 into PBS containing 2 mM EDTA,
centrifuged, and stored at —80°C until use. C. rodentium, grown overnight in Luria-Bertani
broth, were washed extensively in PBS, and 108 bacteria were added in 50 I per well of a
96-well polystyrene plate. After overnight air drying, bacteria were fixed for 5 min at room
temperature with 0.15% glutaraldehyde in 0.15 M phosphate buffer (pH 7.0), followed by
blocking with 0.15 M glycine in 15 mM phosphate buffer (pH 7.0), and plates were
incubated overnight at 4°C with PBS containing 5% nonfat dry milk and 0.5% Tween 20.
After incubation with serum samples for 2 h, HRP-conjugated goat Abs against mouse 1gG
or IgM (SouthernBiotech) were applied to the plates for 1 h at room temperature. Bound
peroxidase was visualized with tetramethylbenzidine-H,0, in acetate buffer, and reactions
were stopped with sulfuric acid and read at 450 nm.

MPO analysis

Colon pieces were snap-frozen in liquid nitrogen and stored at —80°C. Tissues were
homogenized in hexadecyltrimethylammonium bromide buffer (Sigma-Aldrich), cleared by
centrifugation, and the supernatant was added to a solution containing o-dianisidine (Sigma-
Aldrich) and H,O,. Absorbance of the colorimetric reaction was measured at 600 nm.
Purified MPO of known activity was used as a standard. MPO activity is expressed in units
per gram of wet tissue.

Fecal water and ion transport studies

For fecal water analysis, stool was collected for 1 h from individual mice, weighed, dried for
24 h at 95°C, and weighed again. Percentage of fecal water was calculated by dividing the
difference of dry and total weight by the total weight. For electrophysiological studies, a 3-
cm segment of mid-distal colon was stripped of the muscle layer and cut into smaller
sections that were then mounted on Ussing chamber inserts (Warner Instruments) with a
window area of 0.07 cm?. Tissues were bathed in a modified oxygenated Ringer’s solution
(140 mM Na*, 5.2 mM K*, 1.2 mM Ca*, 0.8 mM Mg*, 120 mM CI~, 25 mM HCO3", 2.4
mM H,PO4~, 0.4 mM HPO42~, and 10 mM glucose) at 37°C. The tissues were short-
circuited by an automated voltage clamp, and the current (lsc) required to obtain zero
potential difference across the tissues was monitored as an indication of net active ion
transport. To determine transepithelial resistance, a defined voltage peak was transiently
applied across the tissue, the resulting current was measured, and resistance was calculated
by Ohm’s law.

Statistical analysis

Data are expressed as means = SEM. Differences were analyzed by #test, with p values of
<0.05 considered significant. CFU counts were logyq transformed, and means and SEs of the
mean were calculated from the log values. Samples without detectable C. rodentium
colonies were assigned a logyg value equivalent to half of the detection limit of the CFU
assay. Differences between CFU counts were evaluated by Mann-Whitney rank-sum test,
with pvalues of <0.05 considered statistically significant. Results from males and females
were combined, as no significant differences were detected between the genders in bacterial
colonization or mucosal responses after infection.

J Immunol. Author manuscript; available in PMC 2012 August 16.
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Results

Global gene expression analysis of the colonic response to C. rodentium reveals
prominent induction of chemokines

To broaden the understanding of the pathogenesis of enteric infections with A/E lesion-
forming bacteria, we used a murine infection model with the prototypic pathogen, C.
rodentium (8), and conducted a microarray analysis as an unbiased approach to obtain a
genome-wide gene expression profile of the colonic response to infection. Intragastric
administration of C. rodentiumto normal C57BL/6 mice leads to peak infection levels by 1
wk, and bacterial clearance after 2-3 wk (12) (see Figs. 3A and 4A below). Accordingly, we
extracted total RNA from the colon of infected mice at different times after infection (1-3
wk) and related expression levels to a parallel cohort of uninfected mice. The microarray
studies revealed a wide spectrum of expression changes, whose exact characteristics were
dependent on the selection criteria applied for determining significant and meaningful
changes. To select suitable criteria, we first evaluated the reliability of the microarray data
by assessing mRNA levels at different times after infection for 20 representative genes with
real-time PCR as an independent, sensitive, and highly specific approach. Comparison of
microarray and real-time PCR data showed a strong positive correlation, with greater
changes in expression showing better reproducibility than lesser changes (Fig. 1.4). Based
on this observation, we subsequently focused on genes whose expression levels were >4-
fold altered at any point after infection.

The microarrays employed in our studies carried 34,790 probes covering the entire murine
genome. Of these, 577 probes (1.7%), representing the same number of unique genes,
revealed a >4-fold increase (326 genes) or decrease (251 genes) in expression at any time
after C. rodentium infection (Fig. 15, supplemental Table 11, and data not shown). Most
changes were observed at weeks 1 and 2, while relatively fewer changes were seen after 3
wk. Increases dominated over decreases by ratios ranging from 2.2:1 after 1 wk to 1.5:1
after 3 wk. Furthermore, increased expression of most of the genes was confined to a limited
period after infection, with only few genes showing significant increases throughout the 3-
wk period and practically no genes exhibiting a biphasic expression pattern (Fig. 18 and
supplemental Table I1). Taken together, these results suggest that the initial host response to
infection is characterized by induction of an array of “early response” genes, while the later
clearance and healing phase is dominated by induction of a different set of genes.

Because we sought to elucidate the events important in the initiation of host defense against
the bacteria, we focused on those genes for which the microarrays had revealed the earliest
and greatest relative increase in expression (Table I and supplemental Table I1). Of the top
20 genes in this category, 4 were CXC chemokines. Most of the other highly induced genes
encode products with diverse functions, ranging from acute phase reactants (leucinerich a,-
glycoprotein 1 and serum amyloid A3) and calcium-binding proteins with diverse
intracellular and extracellular functions (S100A8 and S100A9) (23) to ion pumps (Na*/K*
ATPase, y-subunit) and lectins with antimicrobial activity (Reg3a, Reg3g, and Reg3y)
(24).

Since chemokines were highly overrepresented among the most highly induced genes (i.e.,
they made up 20% of the top 20 genes, but only represent ~0.15% of all predicted murine
genes) and since they are critical chemoattractants and activators of leukocyte subsets, we
focused our further analysis on the entire group of chemokines represented on the
microarrays. A distinct chemokine expression pattern was observed, with the highest early
induction (>10-fold on week 1) observed for CXCL1, CXCL2, CXCLS5, and CXCL9 (Table
1), and modest early induction for CXCL3 (5.7-fold), CXCL10 (7.6-fold), and CXCL11
(4.8-fold). Limited or no early induction (<4-fold) was observed for the other CXC

J Immunol. Author manuscript; available in PMC 2012 August 16.
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chemokines or for most CC chemokines, with the partial exception of CCL7 (6.2-fold) and
CCL19 (4.4-fold). These data show that rapid induction of a distinct subset of CXC
chemokines is a prominent feature of the colonic host response to C. rodentium.

Increased colonic CXCL expression after C. rodentium infection

To further investigate chemokine functions in host defense against C. rodentium, we focused
on the two most highly induced groups of CXC chemokines, CXCL1/2/5 and CXCL9/10/11.
These chemokines are cognate ligands for only two CXC chemokine receptors, CXCR2 and
CXCRS, respectively, suggesting that the ligand interactions with these two receptors may
be important in antibacterial host defense. Time course studies revealed a rapid induction of
at least five of the six chemokines in the colon within 3 days after infection and maximal
expression by 7-14 days (Fig. 2A). Marked, albeit lower, increases were also observed in
jejunum, mesenteric lymph nodes, liver, and spleen, indicating that the chemokine responses
were not limited to the site of infection (Fig. 2B). Furthermore, protein production followed
MRNA changes, as demonstrated by ELISA in supernatants of short-term colon explant
cultures for CXCL5 and CXCL9 as representatives of each chemokine group (Fig. 2C).

We next examined the cellular source of the chemokines after infection. Epithelial cells and
subsets of lamina propria cells were isolated and analyzed by real-time PCR for chemokine
expression. CXCL1, CXCLS5, and CXCL9 were most highly induced in CD11b* dendritic
cells, while CXCL2 was mainly induced in macrophages (Fig. 20). CXCL5 was also
modestly induced in epithelial cells and macrophages, and CXCLJ9 in epithelial cells. In
contrast, CD11b~ dendritic cells or any other CD45* leukocytes were not a significant
source of the four chemokines after infection (Fig. 20). Thus, CD11b* dendritic cells and
macrophages were the major chemokine responders to C. rodentium.

CXCR3in host defense against C. rodentium

As a next step toward elucidating the role of specific CXC chemokines in defense against C.
rodentium, we determined the impact of the loss of ligand/receptor interactions on the
pathogenesis of infection. For this, we employed mice with targeted deletions of the CXC
chemokine receptors, CXCR2 and CXCR3, as several of their respective cognate ligands
were induced after infection. Mice lacking CXCR3 are fertile and healthy under standard
husbandry conditions (25). Upon oral C. rodentium challenge, CXCR3-deficient mice had
significantly increased fecal CFU at 14 and 17 days after infection (Fig. 34), times that
represent the middle to late bacterial clearance phase. No significant differences in bacterial
load were observed at 7 days or 21 days (Fig. 3A4), indicating that CXCR3 was dispensable
in the early innate control and ultimate eradication of the bacteria. Furthermore, CXCR3-
deficient mice had significantly higher bacterial numbers in liver and spleen at 2 wk, but
surprisingly also after 1 wk, at which time fecal CFU did not differ between knockout and
wild-type mice (Fig. 3A).

Histological analysis of the colon revealed that CXCR3-deficient mice had modestly
increased submucosal and mucosal infiltration with inflammatory cells, and greater
epithelial ulceration after 2 wk (Fig. 358), which was accompanied by elevated levels of the
neutrophil marker MPO in colon homogenates (Fig. 3C). Moreover, the liver showed
disseminated foci of necrotic tissue in CXCR3-deficient but not wild-type mice after
infection (Fig. 3D). These and the CFU data suggest that CXCR3-dependent processes not
only help to control bacterial clearance in the colon, but have additional functions in
containing systemic infection and tissue damage.

Analysis of Ab titers against C. rodentium demonstrated that CXCR3 deficiency
significantly delayed induction of specific IgG Abs, whereas specific IgM production was
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not affected (Fig. 3£). Delayed antibacterial IgG responses may partly explain the delayed
bacterial clearance in the absence of CXCR3, since 1gG contributes to immune defense
against the bacteria (12, 13). Taken together, these studies show that CXCR3 has a
significant but limited role in host defense against C. rodentium.

Loss of CXCR2 severely compromises C. rodentium clearance but not development of
specific Ab responses

Upon realization that CXCR3 was of limited importance in antibacterial defense, we turned
to CXCR2, the other chemokine receptor whose cognate ligands were strongly and rapidly
induced after infection. Mice lacking CXCR2 are fertile and generally healthy, although
they display disturbances in constitutive neutrophil trafficking (26). After oral C. rodentium
infection, CXCR2-deficient mice had bacterial numbers comparable to wild-type controls
after 1 wk, but subsequently displayed a marked defect in controlling and eradicating the
infection. They continued to have detectable fecal CFU counts for at least 4 wk, whereas
wild-type mice had cleared the bacteria by 3 wk (Fig. 4A4). In parallel, increased bacterial
numbers were found in liver and spleen of CXCR2-deficient mice (Fig. 4A).

Histologically, CXCR2-deficient mice exhibited increased signs of colonic inflammation
and ulceration after 2 wk, while infection-associated epithelial hyperplasia normally found
in wild-type mice was attenuated in the knockout mice (Fig. 4B8). No pathological changes
were observed in the liver of either CXCR2-deficient or wild-type mice (Fig. 40),
suggesting that CXCR2, unlike CXCR3, had no unique role in preventing infection-
associated liver damage. Immunohistological staining demonstrated that CXCR2-deficient
mice had greater bacterial colonization of the colon surface and deeper infiltration of C.
rodentium into colonic crypts (Fig. 4D). In some crypts of knockout mice, bacteria were
found throughout the entire crypt including the base, whereas bacterial colonization was
always limited to the colon surface in wild-type mice (Fig. 4D).

In contrast to CXCR3 knockout mice, CXCR2-deficient mice were not impaired in their
ability to mount specific Ab responses against the bacteria, since they had elevated (rather
than decreased) levels of antibacterial IgM and 1gG relative to wild-type mice after 2 wk and
no significant differences after 3 wk (Fig. 4E). Taken together, these results indicate that
CXCR2 plays an important and indispensable role in mucosal defense against C. rodentium.

CXCR2 deficiency abolishes infection-associated influx of neutrophils as critical effector

cells

Given the key role of CXCR2 in host defense against C. rodentium, we began to explore the
mechanism by which the receptor mediates its physiologic functions. Flow cytometric
analysis showed that the number of CXCR2* cells in the colon increased by ~9-fold 1 wk
after infection of wild-type mice (Fig. 5A). The vast majority (95%) of these cells were
positive for the neutrophil marker Gr-1. Conversely, a large proportion (84%) of Gr-1* cells
were also CXCR2* (Fig. 5A4). Consistent with the flow cytometrically detected influx of
neutrophils, levels of the neutrophil-specific marker MPO increased 8-fold in the colon of
infected mice (Fig. 55).

In contrast to wild-type mice, neutrophil numbers did not increase in the colon of infected
CXCR2-deficient mice, as determined by flow cytometry for Gr-1* cells and MPO assay
(Fig. 58). Immunohistological staining confirmed that CXCR2-deficient mice were severely
impaired in colonic neutrophil influx, whereas wild-type mice exhibited marked mucosal
infiltration in the sub-epithelial surface and pericryptal regions (Fig. 5C). These data
demonstrate that CXCR2 is critical for neutrophil influx into the colon in response to C.
rodentium infection.

J Immunol. Author manuscript; available in PMC 2012 August 16.
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Because CXCR2 deficiency led to a loss of normal mucosal neutrophil recruitment, we
asked whether these cells can act as direct effectors against the bacteria. Neutrophils were
isolated from the bone marrow and tested for their ability to kill C. rodentium. Resting
neutrophils could not kill the bacteria over a 6-h incubation period (Fig. 50). However,
stimulation with TNF-a induced significant killing capacity in the neutrophils, which was
further enhanced by costimulation with IFN-y (Fig. 50). Both cytokines are known to be
important in host defense against C. rodentium (14, 15). These results indicate that activated
neutrophils kill C. rodentium, which can explain their role in antibacterial defense (11).

Critical role of CXCR2 in protection against infection-associated diarrhea

In addition to impaired bacterial clearance, we observed that infection of CXCR2-deficient
mice, but not wild-type controls, was accompanied by marked diarrhea. Thus, analysis of
fecal water content showed that diarrhea began within 7 days after infection and persisted
for 2-3 wk, whereas no evidence of increased fecal water content was observed in wild-type
mice at any time after infection (Fig. 6.4). The underlying mechanisms of diarrhea were
local in nature, since electrophysiological studies of explanted colonic mucosa in Ussing
chambers demonstrated reversal of the normally positive baseline g in wild-type mice to a
negative baseline Iy in infected CXCR2-deficient mice (Fig. 658). These results are
consistent with a loss of normal sodium and/or chloride uptake mechanisms in the colon,
which can contribute to diarrhea by removing the driving force for passive water absorption
from the lumen. In contrast, trans-mucosal resistance was not significantly different between
knockout or wild-type mice before or after infection (data not shown), indicating that the
epithelium was not differentially compromised by infection.

To define the molecular basis of the apparent defects in ion transport in CXCR2-deficient
mice, we analyzed the expression of key ion transporters in the colon. Wild-type mice
showed marked increases in mMRNA expression for ATPase (8,-subunit), CFTR, and DRA,
and modest increases for NHE3 and PAT1 upon infection (Fig. 6C). In contrast, CXCR2-
deficient mice were severely impaired in the induction of these ion transporters.
Immunoblots confirmed that DRA was strongly induced in wild-type mice, but only weakly
in their CXCR2-deficient littermates in response to infection (Fig. 60). Expression levels of
the epithelium-specific product villin were not different between the groups (data not
shown), indicating that differential loss of epithelial cells was not responsible for the
observed differences in ion transporter expression. Because deficiency of DRA and NHE3
can cause diarrhea due to a failure to absorb chloride or sodium ions from the lumen,
respectively (27, 28), these data strongly suggest that the failure to normally induce
expression of these ion transporters is responsible for the infection-induced diarrhea in the
absence of CXCR2.

Neutrophil influx rather than bacterial load determines diarrhea phenotype

The electrophysiological alterations were not simply related to the increased bacterial load
in CXCR2-deficient compared with wild-type mice, since infection of mice lacking RAG1,
IL-6, or CXCR3 also led to high bacterial colonization after 2 wk (Figs. 34 and 7A), but
these mice showed no signs of diarrhea after infection (Fig. 75). In stark contrast to
CXCR2-deficient mice, the three groups of knockout mice without diarrhea had increased
neutrophil numbers and/or MPO levels in the colon after C. rodentium infection (Figs. 3C
and 7C) (16), suggesting that neutrophils can protect against infection-associated diarrhea
beyond their antimicrobial function and regardless of the underlying immune defect in the
different mice. Furthermore, mucosal neutrophil influx in RAG1-deficient mice was
associated with increased colonic mMRNA expression for CXCL1, CXCL2, and CXCL5 and
increased protein production of at least one of these chemokines, CXCL5 (Fig. 70). These
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data highlight that local chemokine induction and the accompanying CXCR2-dependent
neutrophil influx represent innate responses to infection.

Discussion

Infections with EPEC are a major worldwide cause of diarrheal disease in children, yet the
pathophysiologic mechanisms of disease and host defense are not well understood. Much is
known about the interactions between the bacteria and host cells, particularly regarding their
ability to adhere to epithelial cells (29), but these bacteria do not produce classical
enterotoxins, suggesting that a complex cross-talk between bacteria and host cells, and the
ensuing host responses, are important for determining the disease manifestations. The
analysis of such responses often proceeds by testing individual host factors and processes in
hypothesis-driven approaches. Important progress has been made with these approaches,
particularly when combined with the commonly used murine infection model with the A/E
lesion-forming pathogen C. rodentium. For example, the cytokines IFN-y, TNF-a, and IL-6
were shown to have indispensable and distinct roles in host defense against C. rodentium
(14-16). However, these studies were limited to a single host factor, precluding evaluation
of their relative overall importance and interdependence with other host factors and
processes. As an alternative, discovery-driven approaches are becoming increasingly
prominent in obtaining a broader genomic view of the host response to infection. Our data
and those in other infection models (20, 22) demonstrate that such genomic approaches can
yield unbiased information about dominant features of the host response to infection. For
example, analysis of susceptible and resistant strains of mice yielded key differences in the
colonic expression of ion transporters after C. rodentium infection (20). We found here that
a specific array of chemokines were among the most strongly induced genes in response to
C. rodentium infection. Although chemokines are often early response genes in bacterial
infections, the particular set of chemokines induced by C. rodentium could not have been
easily predicted. Furthermore, gene-targeted mice for the common receptors of these
chemokines had marked phenotypes in regard to bacterial clearance and mucosal responses,
which validates the physiological importance of the genes identified by genome-wide
expression studies and thereby the value of the genomics approach.

Of the four most strongly induced chemokines, three (CXCL1/5/9) were activated
predominantly in CD11b* dendritic cells, while one (CXCL2) was increased mostly in
macrophages. These data suggest that specific cell types have distinct chemokine expression
profiles (30, 31), despite the fact that many chemokine genes share important regulatory
elements, particularly binding sites for NF-xB, in their promoter regions (32). Intestinal
epithelial cells were not major producers of the prominent chemokines after C. rodentium
infection, which contrasts with the prominent CXCLS5 production by the cells in chemically
induced colitis (33). These cells were previously shown to respond to EPEC infection with
NF-xB activation and chemokine expression (34), although the relative induction was
modest compared with infection with invasive enteric pathogens such as Sa/monella (35).
Moreover, C. rodentium infection activates NF-xB in the colonic epithelium in mice (36).
However, our studies revealed only modest epithelial chemokine induction after C.
rodentium infection, casting doubts on the relative importance of epithelial NF-xB in
controlling the host chemokine response under these conditions. In addition to local
intestinal responses, we observed significant chemokine induction in systemic sites of spleen
and liver. These organs were colonized with C. rodentium at low levels, which may be
sufficient to explain the chemokine induction at those sites, although increased intestinal
uptake, systemic circulation, and host recognition of bacterial products (e.g., LPS) could
also contribute.
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The chemokines CXCL9, CXCL10, and, to a lesser extent, CXCL11 were markedly
increased after C. rodentium infection and played a role in host defense against the bacteria,
since loss of their common receptor, CXCR3, delayed bacterial eradication and
compromised the normal development of antibacterial 1gG. These results indicate that
CXCR3 and its cognate ligands have a physiological function in mucosal defense against at
least one bacterial pathogen of the intestinal tract. Such function was previously recognized
mostly in immune defense against respiratory and skin pathogens. For example, CXCR3
deficiency delayed eradication of Bordetella bronchiseptica from the lungs (37) and
compromised clearance of Leishmania majorin the skin (38). CXCR3 is prominently
expressed on activated T cells, particularly Th1 cells, and helps to orchestrate Th1-
dependent immune responses (39). This function may explain the role of CXCR3 in
controlling C. rodentium, since the Th1 signature cytokine IFN-, and thus presumably Thl
cells, is required for effective defense against C. rodentium (14). IFN- y stimulates the
bacterial killing capacity of phagocytic cells (40), which we also observed for neutrophil
killing of C. rodentium. Additionally, Th1 cells can provide help to B cells in the generation
of specific 1gG responses, and CXCR3 on B cells may further promote such responses (41).
Accordingly, we observed a diminished early production of antibacterial 19gG, but not IgM,
in the absence of CXCR3, which is likely to be significant since IgG contributes to clearance
of C. rodentium (12, 13). Beyond its role in mucosal defense, CXCR3 was disproportionally
important for preventing systemic bacterial spread to liver and spleen, and in protecting
against necrotic liver damage. Such spread may occur secondarily to increased mucosal
damage and epithelial barrier loss, although none was apparent histologically and deficiency
in at least one of the key CXCR3 ligands, CXCL10, is associated with enhanced rather than
diminished epithelial barrier function in the colon (42). Instead, CXCR3 may exert a unique
immunological function in the liver or spleen. For example, the receptor is required for
effective recruitment of effector T cells to the liver and is found on most T cells in different
inflammatory conditions of the liver (43). If hepatic T cell-dependent defenses fail to
develop normally in the absence of CXCR3, it may lead to enhanced bacterial proliferation
and hepatic necrosis. Despite the importance of CXCR3 in controlling C. rodentium in
intestine and liver, it was ultimately not required for eradication, emphasizing that
redundancy of immune mechanisms in general, and chemokines in particular, is central to
the development of robust host defenses against pathogenic microbes (32).

The chemokines CXCL1, CXCL2, and CXCL5 were among the most highly induced genes
in the C. rodentium infection model. All three are cognate ligands for CXCR2, and
deficiency of the receptor compromised bacterial clearance, indicating that these
chemokines constitute a critical component of the intestinal defense against the bacteria.
Similarly, CXCR2 was previously shown to be indispensable in immune defense against
pathogenic bacteria in other tissues, including Pseudomonas aeruginosa and Nocardia
asteroides in the lungs (44, 45), and uropathogenic £. coli in the urinary tract (46). The
protective functions of CXCR2 are by no means universal, since the receptor is not required
for clearance of influenza virus in the lungs (47), and is in fact detrimental in models of
septic peritonitis (48). CXCR?2 is strongly expressed on neutrophils, and its cognate ligands
are potent neutrophil chemoattractants. Consistent with this, we found that most Gr-1* cells
that invaded the mucosa in response to C. rodentium were positive for CXCR2. Conversely,
practically all CXCR2* cells were Gr-1* neutrophils. Importantly, loss of CXCR2 abrogated
neutrophil influx into the colon mucosa, indicating that the receptor and its cognate ligands
were critical for orchestrating this process. Neutrophil attraction to sites of infection and
damage mediated by CXCR2 and its ligands is dependent on the tissue context and
stimulation conditions (49, 50). Irrespective of the means of chemoattraction, neutrophils
typically exert their defense functions by direct microbial killing of obligate extracellular
microbes or facultative intracellular microbes during transient passage between host cells
(51). C. rodentiumand EPEC reside predominantly outside host cells in the intestinal lumen
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and at the epithelial surface, although they can invade host cells and low numbers are found
deeper in the mucosa and in systemic sites. Infiltrating neutrophils were localized around the
crypts throughout the colonic mucosa and were able to kill C. rodentium when activated,
suggesting that they contribute to antibacterial defense by forming an active defense barrier
against bacterial spread across the crypts (11), similar to their function in protecting against
systemic spread of orally ingested Sal/monella (52, 53). Moreover, lack of CXCR2 and the
accompanying mucosal neutrophil influx led to heavy and deep bacterial colonization of the
crypts, suggesting that neutrophils are critical for preventing the build-up of bacterial
repertoires in the crypts. Such microbial colonies in the crypts are presumably protected
against removal in the luminal bulk flow, which could allow them to serve as seed sites for
continued luminal infection. We note that neutrophils are necessary for mucosal defense
against C. rodentium (11), but they are not sufficient since mice lacking T and B cells or
IL-6 have high mucosal neutrophil numbers but exhibit bacterial clearance defects (10, 12,
16).

Watery diarrhea and the accompanying dehydration are hallmarks of EPEC-induced disease
in humans. Diarrhea can occur within hours of infection, suggesting that bacterial factors
drive these early events (54). Disruption of epithelial tight junctions, increased paracellular
permeability, dysregulation of critical ion transporters, and loss of microvilli have been
reported to occur rapidly in response to translocation of EPEC effector proteins into host
cells (2-4, 55). However, diarrhea can be variable and persist over extended periods up to
weeks, suggesting that host factors are likely to be decisive in later stages of the human
disease. Infection is accompanied by influx of inflammatory cells that can release
secretagogues, and it leads to mucosal up-regulation of receptors whose activation causes
fluid secretion (56). The importance of host factors in determining infection-induced disease
is clearly demonstrated by the finding that the genetic background of certain strains of mice
can render them susceptible to massive diarrhea and dehydration-related mortality (57).
Differential disease susceptibility in these mice is accompanied by altered expression of key
solute transporters, particularly DRA and aquaporin 8 (20), although the underlying
mechanisms are not understood. Our data show that CXCR2-dependent processes are
critical determinants of infection-induced diarrhea, providing strong support for the role of
host factors in controlling disease outcome upon infection with an A/E lesion-forming
pathogen. These murine findings suggest that similar principles may also underlie the
variable disease manifestations in human EPEC infections. Mechanistically, CXCR2 was
required in the mice for induction of key elements of ion transport pathways, including
DRA, PAT1, and ATP142, which may be interpreted as a compensatory induction of fluid
uptake processes in the colon to counteract any inflammation-associated increase in
secretagogue activities. Loss of DRA causes a chloride-losing chronic diarrhea in patients
and gene-targeted mice (27), suggesting that the failure to induce DRA normally in CXCR2-
deficient mice is probably important in the diarrhea observed in these mice. Although our
studies were not designed to examine the mechanisms by which CXCR2 mediates solute
transporter induction, one could speculate that neutrophils have a key function, as these were
the main CXCR2-expressing cells after infection. Their absence in CXCR2-deficient mice
was accompanied by diarrhea, while their presence in several other models with high
bacterial colonization levels was consistently associated with protection against diarrhea.
These observations suggest that neutrophils have a role in preventing infection-associated
diarrhea that goes beyond their function in antibacterial defense. Such protective neutrophil
functions have also been demonstrated in different models of acute colitis (58). Thus,
neutrophils must be viewed as multifunctional cells that contribute to intestinal
inflammation and diarrhea under some conditions (59), but also protect against microbial
growth and entry, and the accompanying diarrheal manifestations in other circumstances.
Exploiting these protective functions may suggest an avenue for managing chronic diarrheal
diseases in humans caused by EPEC and other A/E lesion-causing pathogens.
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FIGURE 1.

Microarray analysis of colonic gene expression after C. rodentium infection. Wild-type
(C57BL/6J) mice were infected orally with 5 x 108 C. rodentium, or left uninfected. Total
colon RNA was extracted after 1, 2, and 3 wk and subjected to microarray analysis. In
parallel, mRNA levels of representative genes were assayed by real-time PCR. mMRNA
levels are expressed as ratio of the levels in infected over uninfected mice. A, Correlation of
microarray data and real-time PCR results. Each datum point represents one gene at one
time point. B, Venn diagram of all genes with a >4-fold increase in expression at any time
after infection.
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Chemokine expression in response to C. rodentium infection. C57BL/6J mice were infected
with C. rodentium or left uninfected (week 0), and mMRNA expression was analyzed by real-
time PCR for the indicated chemokines in the colon (A) or the indicated organs (B).
Expression levels are shown relative to uninfected controls. Data are means = SEM (n= 4).
C, Explants of whole colon tissue were cultured for 6 h, and levels of CXCL5 and CXCL9
in the supernatants were examined by ELISA. Data are means £ SEM (n=4). D, The
indicated cell types were isolated from the colon of infected (2 wk) and uninfected mice by
differential detachment (epithelial cells) or FACS (leukocyte subsets) and examined for
CXC chemokine expression by real-time PCR. Data are shown as ratio of mMRNA levels in
cells from infected over uninfected mice. *, p< 0.05 by ftest compared with the levels in

uninfected mice.

J Immunol. Author manuscript; available in PMC 2012 August 16.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Spehlmann et al.

Page 19

Cxcr3** Cxcr3”
2]
[0]
O
QL
D
=)
S o |
= ]
8) ()
3 =
0 1 2 3 4
Weeks after infection
*
S5 . % Liver
N v
X
[]
(9]
=

Log,, CFU/organ

c A D E IgM IgG
3 3
g0 3 g
3 S B
2 )
> 9
5’ 05 *;(gg 1|
o ) 32
= & IS
0 9 =
< 0 1 1 1 1 1
Cxcr3\x+k-/é 0 1 2 3 40 1 2 3 4
e Weeks after infection
FIGURE 3.

C. rodentium infection of CXCR3-deficient mice. Cxcr3™/~ (O) and wild-type mice (@)
were orally infected with C. rodentium. A, Bacterial numbers in stool, liver, and spleen were
determined by CFU assay. Data are means = SEM (7= 20). *, p<0.05 by rank sum test
compared with wild-type mice at the same time. B, Paraffin sections of the colon were
prepared and stained with H&E. Photographs were taken with a x20 lens and processed
equally for inclusion in the figure. C, MPO activity in the colon of infected mice (2 wk) was
determined by enzymatic assay, and was normalized against tissue weight. MPO activity in
both groups of uninfected mice was <0.01 U/g. D, H&E-stained paraffin sections of the liver
show that Cxcr3~ mice, but not wild-type mice, had distinct necrotic areas (arrows). £,
Serum was collected at the indicated times after infection, and IgM and 1gG Abs against C.
rodentium were determined by ELISA with whole bacteria as Ag. Data are means + SEM (n
> 6 mice/group). In Cand £, *, p< 0.05 by ftest compared with wild-type mice.
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FIGURE 4.

Importance of CXCR?2 in host defense against C. rodentium. Cxcr2”'~ mice (O) and wild-
type mice (@) were infected with C. rodentium. A, Bacterial numbers in stool, liver, and
spleen were determined by CFU assay. Data are means = SEM (7= 16). *, p< 0.05 by rank
sum test compared with wild-type mice at the same time. Band C, H&E-stained paraffin
sections of colon and liver. D, Paraffin sections of the colon were prepared and stained by
indirect immunofluorescence with Abs against C. rodentium (dark gray) and counterstained
with a nuclear stain (light gray). Photographs in B—D were taken with a x20 lens and
processed equally for each panel. £ Serum was collected and tested by ELISA for IgM and
1gG Abs against C. rodentium using whole bacteria as Ag. Data are means £ SEM (7= 10/
group). *, p< 0.05 by ¢test compared with wild-type mice.
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FIGURE 5.

Neutrophil involvement in host defense against C. rodentium. A, C57BL/6 mice were
infected with C. rodentium or left uninfected (week 0). Lamina propria cells were isolated
from the colon and examined by flow cytometry for CXCR2 and Gr-1 expression. Numbers
in the quadrants indicate the percentage of each cell population relative to total lamina
propria cells. B, Time course analysis of Gr-1* cells (/eft panel) and MPO activity (right
panel) in the colon of wild-type (@) and Cxcr2”'~ mice (O). Data are means + SEM (n= 4/
group). *, p<0.05 by ftest compared with wild-type mice. C, Frozen sections of the colon
were prepared and stained by an indirect immunoperoxidase technique with an Ab against
MPO (dark gray), and counterstained with hematoxylin (light gray). Enlargements of the
mid-crypt regions are shown in the insets. Images were taken with a x20x lens and
processed equally for either the low- or high-magnification panels. D, Neutrophils were
prepared from the bone marrow of wild-type mice and were preincubated for 1 h with TNF-
a, IFN-y, or TNF-a plus IFN-y, or left unstimulated. C. rodentium was added at a
multiplicity of infection of 1:1, and total bacterial numbers in the cultures after hypotonic
cell lysis were determined by CFU assay at the indicated times. Data are means + SEM (n=
3/group) of a representative experiment (*, p < 0.05 by #test relative to untreated
neutrophils). Two additional experiments yielded similar results.
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FIGURE 6.

Severe diarrhea in C. rodentium-infected Cxcr2™~ mice. Cxcr2™~ mice (open symbols and
bars) and wild-type mice (closed symbols and bars) were infected with C. rodentium. A,
Fecal water content was determined at the indicated times after infection. Data are means +
SEM (n=6/group). *, p< 0.05 by ftest relative to wild-type mice. B, Electrophysiological
analysis of net ion transport (baseline short-circuit current, ls) in Ussing chamber-mounted,
muscle-stripped colon segments from infected and uninfected (week 0) mice. Data are
means + SEM (n= 6/group). *, p< 0.05 by ftest. C, Expression levels of the indicated ion
transporters and pumps in the colon of infected (week 2) and uninfected mice were
determined by real-time PCR and are shown as ratios of infected over uninfected mice. Data
are means £ SEM (7= 3/group). *, p< 0.05 by ttest. O, Immunoblot analysis of DRA and
GAPDH in infected and uninfected (week 0) mice. For each lane, colon extracts from four to
six mice were pooled before analysis.
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FIGURE 7.

Infection-induced diarrhea is unique to Cxcr2”/~ mice and not related to bacterial load.
C57BL/6J (WT) and the indicated gene-targeted mice were infected with C. rodentium. A,
Bacterial numbers in the stool were determined by CFU assay at weeks 1 and 2. B, Fecal
water analysis in infected and uninfected (week 0) mice. For A and B, data are means +
SEM (n =6/group); *, p< 0.05 by rank sum test compared with week 1 (A) or by ¢test
relative to week 0 (B) of the same genotype. C, MPO activity was determined in colon
extracts of wild-type and RagZ~/~ mice at different times after infection (/eft panel), and
neutrophils were detected by immunostaining of frozen colon sections for MPO in infected
and uninfected (week 0) RagZ™'~ mice (right panel). Images were taken with a x20 lens and
processed equally for the panel. D, Levels of mRNA in the colon of RagZ™~ mice were
determined by real-time PCR, and protein levels in tissue extracts were measured by ELISA,
at the indicated times after infection. Results are means + SEM in Cand D (n= 3/group). *,
p<0.05 by ttest relative to uninfected mice of the same genotype.
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Table |

Induction of colonic gene expression after C. rodentium infection?

No. Fold Change Accession No. Gene Protein

1 183 NM_009114 5100a9 $100 calcium-binding protein A9 (calgranulin B)
2 136 NM_013650 S5100a8 S100 calcium-binding protein A8 (calgranulin A)
3 80 NM_029796 Lrgl Leucine-rich a,-glycoprotein 1

4 35 NM_009141 Cxcl5 Chemokine (C-X-C motif) ligand 5 (L1X)

5 35 NM_011315 Saa3 Serum amyloid A3

6 28 NM_008392 Irg1 Immunoresponsive gene 1

7 22 NM_009140 Cxcl2 Chemokine (C-X-C motif) ligand 2 (MIP-2)

8 21 NM_011259 Reg3a Regenerating islet-derived 3a

9 18 NM_008361 111b IL-18

10 17 NM_011260 Reg3g Regenerating islet-derived 3y

11 17 NM_010819 Clec4d C-type lectin domain family 4, member d

12 17 NM_013415 Atplb2 Na*/K*-ATPase SB,-subunit

13 16 NM_001033199 A/747448 Calcium-activated chloride channel

14 15 NM_001146073  Hexdc Hexosaminidase (glycosyl hydrolase family 20)
15 14 NM_008176 Cxcl1 Chemokine (C-X-C motif) ligand 1 (KC)

16 13 NM_011036 Reg3b Regenerating islet-derived 38

17 12 NM_009896 Socs1 Suppressor of cytokine signaling 1

18 12 NM_008599 Cxcl9 Chemokine (C-X-C motif) ligand 9 (MIG)

19 11 NM_008489 Lbp LPS-binding protein

20 11  NM_175449 Fam26f Hypothetical protein LOC215900

Page 24

a o . . . . -
Total RNA was extracted from the colon of C. rodentium-infected (week 1) and uninfected C57BL/6J mice and subjected to microarray analysis.
Levels of mMRNA are expressed as ratio of infected over uninfected tissues (fold change) and are sorted in decreasing order of induction for the top

20 genes.
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