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Abstract
Enteric infections with attaching/effacing lesion-inducing bacterial pathogens are a worldwide health
problem. A murine infection model with one such pathogen, Citrobacter rodentium, was used to
elucidate the importance of the pleiotropic immune regulator, IL-6, in the pathogenesis of infection.
IL-6 was strongly induced in colonic epithelial cells and macrophages upon C. rodentium infection
and was required for effective host defense, because mice lacking IL-6 failed to control bacterial
numbers 2–3 wk after infection and exhibited increased mortality. IL-6 was not needed for mounting
effective T and B cell responses to the pathogens, nor was it important for induction of IFN-γ or
TNF-α, cytokines involved in host defense against the bacteria, or the antibacterial effector, NO.
Instead, IL-6 played a key role in mucosal protection, since its absence was associated with marked
infection-induced apoptosis in the colonic epithelium and subsequent ulcerations. Cell culture studies
confirmed that IL-6 protected colon epithelial cells directly against inducible apoptosis, which was
accompanied by increased expression of an array of genes encoding anti-apoptotic proteins, including
Bcl-xL, Mcl-1, cIAP-2, and Bcl-3. Ulcerations appeared to be pathogenetically important, because
bacteria localized preferentially to those regions, and chemically induced colonic ulcerations
promoted bacterial colonization. Furthermore, blood components likely present in ulcer exudates,
particularly alanine, asparagine, and glycine, promoted bacterial growth. Thus, IL-6 is an important
regulator of host defense against C. rodentium by protecting the mucosa against ulcerations which
can act as a microbial niche for the bacteria.

Diarrheal disease caused by enteropathogenic Escherichia coli (EPEC)3 and
enterohemorrhagic E. coli is a significant worldwide health problem (1). Insights into the
pathogenesis of these infections are of great importance for improving prevention and treatment
strategies, yet availability of reliable small animal models is limited. The murine bacterial
pathogen, Citrobacter rodentium, shares functional and structural features with human EPEC
strains, most important of which is the ability to attach intimately to the apical surface of the
intestinal epithelium and induce localized microvillus destruction, a characteristic feature
known as attaching/effacing lesion (2). The gene coding for the outer membrane protein
responsible for intimate attachment, intimin, is functionally homologous in C. rodentium and
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clinical EPEC strains (3). C. rodentium, like EPEC, colonizes the colonic mucosa but does not
invade deeper layers of the mucosa or spread systemically (4).

C. rodentium infection of mice causes epithelial hyperplasia in the colon and cecum, goblet
cell loss, and mucosal infiltration with macrophages, lymphocytes, and neutrophils (5,6).
Immunocompetent mice eradicate infection after 3–4 weeks and develop immunity against
secondary challenge (7,8). Effective immune defense against C. rodentium requires CD4 T
cells and B cells (8,9). IgG Abs may play a role in controlling infection, whereas secretory IgA
or IgM Abs have limited or no involvement in clearance (8). NO can kill the bacteria in vitro,
and its production through inducible NO synthase (iNOS) has antimicrobial functions in vivo
(10). Moreover, the cytokines IL-12, IFN-γ, TNF-α, and IL-17 are up-regulated in the colon
of infected mice and are necessary for effective immune defense (11–13).

IL-6 was discovered some 20 years ago as a B cell activation and differentiation factor (14)
but was subsequently shown to have other immune activities, as well as functions in
hemopoietic, homeostatic, and neuroendocrine processes (15,16). The cytokine enhances Ig
secretion by activated B cells and causes their terminal differentiation into plasma cells (17).
Mice deficient in IL-6 show reduced IgG2a production and may have attenuated mucosal IgA
responses (18), although other studies have observed normal IgA responses in these mice
(19). IL-6 promotes the acute phase response elicited by infection or tissue damage (18) and
is required for the development of experimentally induced arthritis and colitis in mice (20,
21), indicating that it has proinflammatory functions. In contrast, IL-6 also inhibits the synthesis
of the classical proinflammatory cytokines, TNF-α and IL-1, in monocytes/macrophages (22)
and protects against tissue inflammation in some experimental models (23), which shows that
it can be anti-inflammatory under certain conditions. IL-6 plays a role in systemic immune
defense against the bacterial pathogens, Listeria monocytogenes and Mycobacterium
tuberculosis, and the fungal pathogen, Candida albicans (24–26). Together, these observations
indicate that the specific functions of IL-6 in regulating immune and inflammatory responses
are variable and highly dependent on the pathophysiological context.

The goal of the present studies was to define the role of IL-6 in the pathogenesis of infection
with C. rodentium as a prototypical attaching/effacing lesion-inducing bacterial pathogen. We
show here that IL-6 expression was induced locally in epithelial cells and macrophages in the
colon upon infection and that it was required for effective clearance of the bacteria. Moreover,
IL-6 deficiency caused more severe infection-associated mucosal inflammation and ulceration,
indicating that this cytokine was protective against colitis caused by C. rodentium infection.

Materials and Methods
Mice

All mice were obtained from The Jackson Laboratory and were maintained under specific
pathogen-free conditions. IL-6-deficient mice were originally generated on a mixed C57BL/6
× 129 background (18), and subsequently back-crossed for >10 generations to a C57BL/6J
background. B6129SF2/J and C57BL/6J mice, respectively, were used as controls. Initial
studies showed that the genetic background had no significant impact on the differences in the
inflammatory and immune responses to C. rodentium between wild-type and IL-6-deficient
mice, allowing us to combine the data from these studies. Results from males and females are
reported together, as no significant differences were detected between the genders in the course
or severity of the infections. Mice with SCID were on a C57BL/6J background. Animal studies
were approved by the University of California at San Diego Institutional Animal Care and Use
Committee.
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Bacterial infections
After overnight growth in Luria-Bertani broth at 37°C, bacteria were centrifuged and
resuspended in fresh Luria-Bertani broth at a concentration of 2.5 × 109 CFU/ml. Adult (>10-
wk-old) mice were infected with 200 μl of the bacterial suspension (5 × 108 bacteria) by oral
gavage. Bacterial numbers in fecal and organ homogenates were determined as described
before (8). Fecal pellets were collected over a 2- to 3-h period, weighed, and homogenized in
5 ml of saline. Spleens were homogenized in 2 ml of sterile saline. Serial dilutions of the
homogenates were plated onto Mac-Conkey’s agar, and the number of CFU was determined
after overnight incubation at 37°C. The detection limit of the assay was 103 CFU/g feces and
101 CFU per spleen. The identity of representative colonies was verified by PCR analysis
(8).

Colitis induction with dextran sulfate sodium (DSS)
Mice were given 3% DSS (35–50 kDa; MP Biomedicals) in the drinking water for 5 days, with
daily monitoring of body weight. For subsequent infections, mice were returned to normal
drinking water for an additional 5 days. Mice not treated with DSS were used as controls. Mice
were infected with 5 × 108 C. rodentium by oral gavage, and CFU numbers in the stool were
determined at different times afterward. In parallel, representative mice were taken for
histological analysis of the colon.

Histological analysis
Organs were removed and fixed overnight in Bouin’s solution at room temperature. Colons
were opened longitudinally and processed as Swiss rolls before fixation. Fixed tissues were
embedded in paraffin, and 5-μm sections were prepared and stained with H&E. Crypt depths
were determined microscopically with a calibrated eyepiece reticle. Multiple sites were
measured throughout each organ, and the 2 highest values obtained from different sites at least
10 crypts apart were used to calculate the maximal crypt depth for each sample. The extent of
epithelial ulceration was determined by image analysis of digital photomicrographs of the
entire colon. Colon infiltration with inflammatory cells was scored for mucosa (0, normal; 1,
mild infiltration involving <10% of mucosal thickness; 2, moderate infiltration involving 10–
50% of mucosal thickness; 3, severe infiltration involving >50% of mucosa), submucosa (0,
normal; 1, mild to moderate infiltration; 2, severe infiltration), and muscularis and serosa (0,
normal; 1, significant infiltration). Scores of the two most affected segments of the entire colon
were averaged, resulting in a total range of 0–6 for in each animal. All histological scoring was
performed in a blinded manner with regard to genotype and treatment.

For immunohistological studies, tissues were fixed in a zinc-formalin solution, and paraffin
sections were prepared, deparaffinized, and incubated with 0.3% H2O2 for 20 min at room
temperature to inactivate endogenous peroxidase. Sections were blocked with PBS containing
2% IgG-free BSA and 2% serum of the same species as the secondary Ab and incubated
overnight at 4°C in the same buffer containing 1 μg/ml goat anti-mouse IL-6 Ab (R&D
Systems), a 1/1,000 dilution of rabbit anti-C. rodentium (a gift from B. Vallance (British
Columbia Children’s Hospital, Vancouver, Canada); Ref. 10), or 1 μg/ml monoclonal rat anti-
mouse F4/80 Ag (BD Pharmingen) or, as respective controls, normal goat, rabbit, or rat IgG.
Sections were washed twice for 10 min each with 0.3 M NaCl, 50 mM Tris (pH 7.6), 0.1%
Tween 20 and further incubated for 1 h at room temperature with 3 μg/ml biotin-labeled donkey
anti-goat IgG, 1 μg/ml HRP-labeled donkey anti-rabbit IgG, or HRP-labeled goat anti-rat IgG.
If needed, sections were washed and incubated for 30 min at room temperature with HRP-
labeled streptavidin. Sections were developed with 3,3′-diaminobenzidine and H2O2, and
counterstained with Gill’s hematoxylin.
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Apoptotic cells in the colon were detected by the TUNEL technique. Briefly, paraffin sections
of the colon were prepared and stained by reacting DNA ends with FITC-labeled dCTP using
terminal transferase (In Situ Cell Death Detection Kit; Roche Applied Science) according to
the manufacturer’s instructions. After TUNEL, sections were stained with rabbit anti-C.
rodentium (10), washed, incubated with 3 μg/ml Cy3-labeled goat anti-rabbit IgG (Jackson
ImmunoResearch) for 30 min at room temperature, and mounted with VECTASHIELD
Mounting Media containing 4′,6′-diamidino-2-phenylindole (Vector Laboratories).

Myeloperoxidase analysis
Myeloperoxidase activity was determined by enzymatic assay. Colon segments were weighed
and homogenized for 30 s on ice in an extraction buffer of 50 mM phosphate buffer (pH 6.0)
and 0.5% hexadecyltrimethylammonium bromide. The resulting solution was centrifuged at
18,000 × g for 30 min at 4°C. Supernatants (10 μl) and 190 μl of a freshly prepared solution
of 5 mM o-dianisidine dihydrochloride and 0.0005% H2O2 in extraction buffer were added to
a microtiter plate, and color development was determined after 2–3 min at 450 nm in a
microplate reader. Purified HRP of known enzymatic activity (Calbiochem) was used as a
standard. Specific myeloperoxidase activity was normalized against tissue weight.

Cell culture
T84 human colon cancer cells were seeded into 12-well plates in 50% DMEM, 50% Ham’s
F12 medium supplemented with 5% newborn calf serum. Upon reaching confluence, fresh
medium was added, and cells were treated for 24 h with 100 ng/ml human IL-6 or were left
untreated as controls. Apoptosis was induced by stimulation with 100 ng/ml anti-Fas Abs (clone
CH-11; MBL International) for 18 h, after which apoptosis was assayed by ELISA for
cytoplasmic nucleosome release (Cell Death Detection ELISA; Roche).

Real-time PCR analysis
Total RNA was extracted using Trizol reagent (Invitrogen). Reverse transcription and real-
time PCR amplification, using the SYBR Green PCR Master Mix kit (Applied Biosystems).
The primers, annealing temperatures, and expected PCR product sizes were as follows: mouse
IL-6, 5′-ACAACCACGGCCTTCCCTAC-3′ (sense),5′-ACAATCAGAATTGCCA
TTGCAC-3′ (antisense), 58°C, 168 bp; mouse iNOS, 5′-CCCAGAGTTC CAGCTTCTGG-3′
(sense), 5′-CCAAGCCCCTCACCATTATCT-3′ (antisense), 60°C, 51 bp; mouse IFN-γ, 5′-
TGAACGCTACACACTGCA TCTTGG-3′ (sense), 5′-
CGACTCCTTTTCCGCTTCCTGAG-3′ (anti-sense), 60°C, 460 bp; mouse TNF-α, 5′-
ATGAGCACAGAAAGCATGA TC-3′ (sense), 5′-TACAGGCTTGTCACTCGAATT-3′
(antisense), 60°C, 276 bp; mouse GAPDH, 5′-ATCAACGACCCCTTCATTGACC-3′ (sense),
5′-CCAGTAGACTCCACGACATACTCAGC-3′ (antisense), 59°C, 209 bp; human Bcl-2, 5′-
TGGTGGAGGAGCTCTTCAGGGA-3′ (sense), 5′-
GGTTCAGGTACTCAGTCATCCACA-3′ (antisense), 60°C, 150 bp; human Bcl-xL, 5′
AAGGGACTGAATCGGAGATGGAGA-3′ (sense), 5′-
AGCTGGGATGTCAGGTCACTGAA-3′ (antisense), 60°C, 220 bp; human Mcl-1, 5′-CTG
GTA ATA ACA CCA GTA CGG ACG-3′ (sense), 5′-TGCCCATTGGCTTTGTGTCCTT-3′
(antisense), 60°C, 152 bp; human cIAP-2, 5′-CATGGGTTCAACATGCCAAGTGGT-3′
(sense), 5′-TCCACGGCAGCATTAATCACAGGA-3′ (antisense), 60°C, 238 bp; human
survivin, 5′-TTTCTCAAGGACCACCGCATCTCT-3′ (sense), 5′-
CTTGAAGCAGAAGAAACACTGGGC-3′ (antisense), 60°C, 150 bp; human Bcl-3, 5′-
CAGTGAACACCGAGTGCCAAGAAA-3′ (sense), 5′-GG
AGTACATTTGCGCGTTCACGTT-3′ (antisense), 60°C, 179 bp. Amplification of the
expected single products was confirmed on 1% agarose gels stained with ethidium bromide.
Relative changes in target mRNA levels were calculated as 2ΔCt, where ΔCt = (Ct target control −

Dann et al. Page 4

J Immunol. Author manuscript; available in PMC 2009 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ct GAPDH control) − (Ct target stimulated − Ct GAPDH stimulated) and Ct designates the cycle number
at which specific fluorescence crossed the detection threshold.

Epithelial cell isolation
Colons were removed, cut open longitudinally, and washed with cold PBS. For mucus removal,
the tissue was incubated for 10 min at room temperature in 1 mM DTT in PBS. The tissue was
rinsed, cut into 0.5-cm pieces, and incubated for 20 min at 37°C with gentle shaking in
prewarmed HBSS (Ca+ and Mg+ free) containing 5 mM EDTA, 5% FCS, 15 mM HEPES (pH
7.3), and 0.5 mM DTT. The supernatant was collected and the remaining tissue was washed
three times with PBS. The supernatant and washes were pooled together and passaged through
a 100-μm pore size nylon mesh strainer. The collected epithelial cells were centrifuged at 300
× g for 10 min at 4°C, and the pellet was resuspended in Trizol reagent.

Analysis of colonic cytokine and NO production
For the analysis of cytokine and NO production in explant cultures, the colon was cut into 2-
× 2-mm2 pieces, which were placed into a 12-well plate in 500 μl of RPMI 1640 with 100 μg/
ml gentamicin and 50 μg/ml each streptomycin and penicillin and incubated for 6 h at 37°C.
Supernatants were centrifuged to remove debris and were stored at − 80°C. The remaining
tissue pieces were subsequently dried and weighed to allow normalization of cytokine
secretion. Cytokine levels in the supernatants were assayed by ELISA (R&D Systems). Levels
of the stable NO breakdown product, nitrite, were determined with the Griess reaction.

Determination of Ab titers
Ab titers against C. rodentium were determined by ELISA (8). Briefly, 50 μl/well of a C.
rodentium suspension (2 × 109 cells/ml in water) were added to 96-well polystyrene plates,
air-dried overnight at room temperature, and fixed for 5 min at room temperature with 0.15%
glutaraldehyde in 0.15 M phosphate buffer (pH 7.0). Unreacted aldehyde groups were blocked
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. Serum samples were
added, and plates were incubated for 2 h at room temperature, followed by 1 h of incubation
at room temperature with peroxidase-conjugated goat Abs against mouse IgG, IgG1, IgG2a,
or IgM. Bound peroxidase was visualized with tetramethylbenzidine-H2O2 in acetate buffer,
and reactions were stopped with sulfuric acid and read at 450 nm.

Bacterial growth studies
Blood from normal mice was obtained by cardiac puncture. Serum and blood cells were
separated by centrifugation at 1000 × g for 10 min at room temperature. C. rodentium was
grown overnight in Luria-Bertani broth, washed in PBS, and suspended 105/ml in 1% DMEM
in PBS in the absence or presence of whole blood, blood cell lysate, or serum. Final
concentrations were adjusted to 25 mg/ml total protein, as determined by Bradford assay with
BSA as a standard. To define serum factors important in promoting bacterial growth, fresh
serum was first depleted of critical nutrients by growing C. rodentium in 100% serum
overnight. Depleted and fresh sera were diluted to 30% in PBS and supplemented with specific
amino acids at different concentrations, as expressed by a percentage (1–100%) of their
physiological levels in normal serum. Bacteria were then added at 104–105/ml, cultures were
grown at 37°C for different times, and CFUs were determined as described above.

Data analysis
Colony counts were log10 transformed, and means and SEs of the mean were calculated from
the log values. Samples without detectable C. rodentium colonies were assigned a log10 value
equivalent to one-half of the detection limit of the CFU assay. Differences between groups of
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mice were evaluated by Mann-Whitney rank sum test or Student’s t test, as appropriate.
Survival data were analyzed by Kaplan-Meier survival statistics. Differences with a p value of
<0.05 were considered significant.

Results
Increased colonic IL-6 expression after C. rodentium infection

To investigate the role of IL-6 in mucosal host defense against C. rodentium, we first examined
the expression of the cytokine during the course of infection. Oral inoculation of normal mice
with C. rodentium leads to maximal colonic and cecal colonization within 1 wk, followed by
bacterial clearance within 3–4 wk (Ref. 8; see Fig. 3). Analysis of colonic IL-6 mRNA levels
by real-time PCR revealed increased expression at 1 wk, peak levels by 2 wk with a ~100-fold
increase, and a decrease to baseline by 3–4 wk (Fig. 1A). Enhanced IL-6 mRNA expression
was not observed in the small intestine, mesenteric lymph nodes, liver, or spleen of infected
mice (Fig. 1B), indicating that the IL-6 response was localized to the site of infection in the
colon. Increased mRNA levels were paralleled by greater IL-6 secretion in colonic explant
cultures 2 wk after infection (Fig. 1C). Addition of the protein synthesis inhibitor,
cycloheximide, abolished IL-6 production in the cultures (Fig. 1C), indicating that the cytokine
was actively produced and secreted under these conditions rather than merely present in the
tissue at elevated levels upon explantation.

We next used an immunohistological approach to determine the cellular source of IL-6 after
infection. Colon sections stained with an Ab against IL-6 showed increased levels of the
cytokine in the epithelium and in mononuclear cells in the lamina propria at 2 wk, whereas
noninfected controls exhibited only low levels of expression (Fig. 2A). Staining of adjacent
sections with an Ab directed against the macrophage marker F4/80 indicated that many of the
IL-6-positive cells in the lamina propria were macrophages (Fig. 2B). To confirm the staining
results with an independent method, real-time PCR analysis was performed on isolated
epithelial cells. Infection induced a marked (9-fold) increase in epithelial IL-6 mRNA
expression when compared with uninfected controls. Thus, IL-6 is produced at increased levels
after C. rodentium infection by at least two different cell types in the colon, epithelial cells,
and macrophages.

IL-6 is required for effective host defense against C. rodentium
The strong colonic IL-6 response to C. rodentium infection suggested a potential role of this
cytokine in host defense against the bacteria. To define the physiological importance of IL-6
in this process, we conducted oral challenge studies in mice with a targeted mutation in the
IL-6 gene (18) and their wild-type controls. Very few (<5%) control mice died during the 6-
wk course of the infection, while infection-related mortality reached 35% in IL-6-deficient
mice by 3 wk (Fig. 3A). Analysis of the bacterial burden revealed that both groups of mice had
similar infectious loads after 1 wk, as indicated by comparable bacterial numbers in fecal
homogenates (Fig. 3B), a measure reflective of colonic and cecal bacterial colonization (7,8).
Control mice cleared the infection rapidly thereafter, with few or no detectable fecal bacteria
after 3–4 wk (Fig. 3B). In contrast, IL-6-deficient mice showed a marked and highly
reproducible defect in bacterial clearance, with 100- to >1,000-fold increased fecal bacterial
numbers compared with wild-type mice after 2–3 wk (Fig. 3B). In parallel, bacterial
colonization of the spleen was 50- to 100-fold higher in IL-6-deficient relative to wild-type
mice at 1–2 wk (Fig. 3C). Despite the important function of IL-6 in host defense, the cytokine
was ultimately not necessary for eradication, because bacterial numbers were below detectable
levels after 6 wk in IL-6-deficient mice (Fig. 3B). These results show that IL-6 plays an essential
role in the early phase of developing an effective host defense against C. rodentium.
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IL-6 deficiency exacerbates mucosal inflammation and damage caused by C. rodentium
infection and chemical irritants

Infection with C. rodentium causes mucosal inflammation in the colon (8). Because IL-6 can
promote intestinal inflammation (21), we asked whether IL-6 deficiency had any impact on
the severity of the infection-associated colitis. Wild-type mice exhibited marked epithelial
hyperplasia and modest infiltration with mononuclear and neutrophils into mucosa and
submucosa at 2–3 wk (Fig. 4). Epithelial erosions and ulcerations were only rarely observed
in these mice (Fig. 4C). In comparison, IL-6-deficient mice exhibited a similar degree of
epithelial hyperplasia (Fig. 4, A and B) but had extensive epithelial ulcerations and marked
mucosal infiltration with inflammatory cells at 2–3 wk (Fig. 4, A, C, and D), which was
accompanied by increased levels of the neutrophil marker myeloperoxidase in colon
homogenates at 2 wk (Fig. 4E). Hyperplasia and inflammatory infiltration were transient in
both strains of mice, with resolution coinciding with bacterial clearance (Figs. 3B and 4, B and
D). Thus, the absence of IL-6 enhanced, rather than abrogated, the mucosal inflammatory
response to C. rodentium.

To examine the mechanisms responsible for increased mucosal damage in infected IL-6-
deficient mice, we tested the possibilities that either increased bacterial load or greater general
host susceptibility to inflammatory challenges were important. C. rodentium infection of SCID
mice, which are devoid of T and B cells and have very high bacterial numbers upon C.
rodentium infection (log10 CFU/g feces at 2 wk: 9.8 ± 0.2 in SCID mice, n = 7, compared with
8.9 ± 0.1 in IL-6-deficient mice, n = 18), did not experience mucosal ulceration after 2 wk (Fig.
5A), suggesting that a greater bacterial load alone was not responsible for increased mucosal
damage in IL-6-deficient mice. In contrast, challenge of IL-6-deficient mice with a chemical
irritant, the colitis-inducing agent DSS (27), caused greater mucosal inflammation and
ulceration compared with controls, which was paralleled by enhanced body weight loss as a
clinical marker of overall disease severity (Fig. 5, B–D). Taken together, these results indicate
that IL-6 deficiency renders the host more susceptible to mucosal damage caused by different
agents, both infectious and noninfectious ones.

IL-6 protects colon epithelial cells from apoptosis
Because IL-6-deficient mice exhibited greater infection-induced mucosal ulceration, we
explored potential mechanisms that might account for IL-6-dependent mucosal protection.
Formation of frank epithelial ulcerations can be preceded by focal apoptosis of epithelial cells
in the colon (28). We therefore evaluated the occurrence of apoptosis after C. rodentium
infection in IL-6-deficient and wild-type mice by the TUNEL technique. Uninfected mice
showed little apoptosis and no difference between the groups (Fig. 6A). In contrast, 7–10 days
after infection, a time at which bacterial loads are comparable between the groups (Fig. 3B),
IL-6-deficient mice displayed markedly more apoptosis in localized regions of colonic surface
epithelium, as well as scattered throughout the crypt regions (Fig. 6A). Furthermore, apoptosis
of surface epithelial cells was readily apparent by H&E staining in IL-6-deficient mice by 10
days after infection, with detachment and nuclear condensation of numerous epithelial cells
(Fig. 6A).

To determine whether IL-6 can directly protect intestinal epithelial cells against apoptosis, we
used the T84 human colon epithelial cell culture model (29). Ab-mediated cross-linking of the
Fas death receptor increased apoptosis of the cells, which was significantly reversed by IL-6
stimulation (Fig. 6B). Protection against apoptosis was accompanied by IL-6-induced up-
regulation of several genes encoding proteins with antiapoptotic functions, including the Bcl
family members Bcl-xL and Mcl-1 (but not Bcl-2), the IAP family member cIAP-2 (but not
survivin), and the NF-κB family member, Bcl-3 (Fig. 6C). These data suggest that IL-6 can
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directly protect the colonic epithelium against microbe-induced apoptosis through the
induction of antiapoptotic proteins.

IL-6 is dispensable for the induction of a specific Ab response to C. rodentium
We next turned our attention to the mechanisms that govern IL-6-dependent bacterial
clearance. B cells play a central role in clearance of C. rodentium, a function that may be
mediated, at least in part, by antibacterial IgG or IgM Abs (8). Furthermore, IL-6 is a growth
and differentiation factor for B cells (17), so its deficiency could affect the development of an
effective Ab response to C. rodentium. To evaluate this possibility, we determined antibacterial
Ab titers in the serum of normal and IL-6-deficient mice during the course of infection. In both
groups of mice, antibacterial IgM and IgG Abs were first observed at 1 wk and reached maximal
levels 2–3 wk after infection (Fig. 7A). IL-6-deficient mice had comparable IgM titers
throughout the infection, but moderately higher IgG titers. The latter was also reflected in
higher titers of antibacterial IgG1 and IgG2a in IL-6-deficient mice, as shown by further IgG
subclass analysis (data not shown). IgG3 and IgA titers were not determined because our prior
studies had shown that these isotypes play no role in bacterial clearance (8). Thus, IL-6 was
not required for mounting a specific Ab response to C. rodentium, indicating that specific Abs
do not mediate the protective effects of IL-6 in antibacterial host defense. These data also
suggest that the interactions among T cells, B cells, and dendritic cells needed for the
development of a specific Ab response were not impaired in the absence of IL-6 (30,31).

Infection-associated production of NO and critical immune regulators is not IL-6 dependent
In addition to Abs, other effector molecules have been shown or proposed to play a role in
controlling C. rodentium infection. In particular, NO kills C. rodentium in vitro, and its
production through inducible NO synthase (iNOS) contributes to antibacterial host defense
(10). We therefore assayed iNOS expression and NO production after infection of normal and
IL-6-deficient mice. Levels of iNOS mRNA were increased in the colon within 1 wk after C.
rodentium infection and reached maximal levels by 2 wk in both groups, with slightly, but not
significantly, higher expression in IL-6-deficient mice throughout the infection (Fig. 7B). In
parallel, NO production in colonic explant cultures was modestly higher in C. rodentium-
infected IL-6-deficient mice than in infected wild-type mice (Fig. 7B). These data demonstrate
that colonic NO production is not compromised in IL-6-deficient mice after C. rodentium
infection and therefore is not likely to account for the actions of IL-6 in host defense against
the bacteria.

Several immunoregulatory cytokines, including IFN-γ and TNF-α, are required for effective
immune defense against C. rodentium (11,12). To evaluate whether the function of IL-6 might
be mediated by these cytokines, we determined their expression levels during the course of
infection. Real-time PCR analysis of mRNA levels in total colon RNA revealed increased
expression of IFN-γ and TNF-α in IL-6-deficient and wild-type mice within 1 week after
infection and maximal levels by 2 wk, but no evidence for attenuated expression in the absence
of IL-6 (data not shown). Consistent with this, IL-6-deficient mice showed no defect in TNF-
α secretion in colonic explant cultures 2 wk after infection (4.3 ± 1.9 pg/mg tissue in IL-6-
deficient mice vs 3.8 ± 0.9 pg/mg in controls, whereas uninfected mice had <1 pg/mg in both
groups). We could not detect IFN-γ production in any of the groups under these conditions.
These data demonstrate that IL-6 is not required for increased colonic IFN-γ or TNF-α
expression after infection and suggest that these cytokines are not likely to mediate the function
of IL-6 in mucosal defense against C. rodentium.

Colonic ulcerations form a microbial niche for C. rodentium
Because the targeted analysis of immune mediators did not reveal any apparent mechanisms
of IL-6-dependent immune defense against C. rodentium, we examined the interaction of the
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bacteria with the host morphologically to gain potential clues as to the mucosal defense defects
caused by IL-6 deficiency. Immunohistological staining revealed greater C. rodentium
colonization in the colon of IL-6-deficient than in wild-type mice at 2 wk (Fig. 8A), which was
consistent with the fecal bacterial counts (Fig. 3B). Importantly, whereas control mice exhibited
only surface colonization, bacteria were found deep in the colonic mucosa of IL-6-deficient
mice, particularly at the edges of and within ulcerated regions (Fig. 8A). By comparison, SCID
mice showed heavy surface colonization but little bacterial penetration into the mucosa (Fig.
8B). These findings suggested that colonic ulcers may provide a microbial niche for bacterial
colonization.

To test this possibility, we adopted a two-step protocol in which we first induced colonic
ulceration in normal mice by DSS administration for 5 days in the drinking water followed by
5 days of regular drinking water, and we subsequently challenged the mice with C.
rodentium and examined the time course of bacterial colonization. Ulcerated mice were
colonized more effectively with the bacteria than nonulcerated controls and had significantly
higher bacterial numbers for the first week after infection (Fig. 9A). Furthermore, bacteria were
found to localize preferentially to ulcerated regions in DSS-treated mice, whereas colonization
was limited to the colon surface in nonulcerated controls (Fig. 9B). Once ulcers had healed by
2–3 wk after infection, bacterial numbers were not significantly different between DSS-treated
and control mice (data not shown). Thus, mucosal ulcerations can provide a colonization niche
for C. rodentium in the colon.

Serum factors promote C. rodentium growth
To determine potential mechanisms by which mucosal ulceration promotes bacterial
colonization, we reasoned that factors present in the blood or extracellular mucosal space,
which probably exude into the lumen in the absence of an effective epithelial barrier, might
affect bacterial growth. For these studies, bacteria were grown under limiting nutrient
conditions, a situation that might be expected to prevail in the colonic lumen due to intense
bacterial competition (32), in the absence or presence of blood or its components. Addition of
whole mouse blood significantly enhanced the growth of C. rodentium in log phase, and
increased bacterial density in stationary phase (data not shown). Crude blood fractionation
revealed that the growth-promoting effect was mainly mediated by serum components, whereas
cellular elements (i.e., RBC) had a more modest impact on bacterial growth (Fig. 10A).

Further characterization of the growth-promoting serum factors revealed that they were heat
stable, because heat inactivation did not diminish bacterial growth and had a low molecular
mass, because substantial activity was retained after passage through a filter with a 3-kDa
molecular mass cut-off. Because amino acids are likely present in ulcer exudates, have a low
molecular mass, are heat stable, and have been shown to enhance bacterial growth in other
systems, experiments were undertaken to determine whether they might account for the ability
of serum to promote C. rodentium growth. Supplementation of growth medium containing
depleted mouse serum (generated by prior overnight growth of the bacteria in the serum) with
a mixture of essential (for human cells) amino acids had little effect on bacterial growth,
whereas addition of a mixture of nonessential amino acids stimulated bacterial growth in a
concentration-dependent manner (Fig. 10B). Further testing of nonessential amino acids
demonstrated that alanine, asparagine, aspartic acid, and glycine improved bacterial growth
significantly when added individually at physiological serum concentrations (Fig. 10C).
Combinations of these amino acids promoted growth even more strongly, approaching the
levels achieved by addition of fresh, nondepleted serum, particularly when alanine, asparagine,
and glycine were used together. Thus, several nonessential amino acids in serum can promote
C. rodentium growth and can account for much of the growth-promoting activity in fresh serum.
Such components are likely to exude from the ulcerated mucosa into the lumen in IL-6-deficient
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mice, a notion consistent with the observation that these mice have impaired intestinal epithelial
barrier integrity under inflammatory conditions (33).

Discussion
IL-6 is a pleiotropic cytokine whose physiological functions of which remain incompletely
understood, because its contributions to inflammation and immune defense in different organs
appear to depend on the specific physiological conditions (15,16). Our studies demonstrate
that IL-6 plays an important role in intestinal immune defense against the attaching/effacing
lesion-inducing bacterial pathogen, C. rodentium. A protective immunological function of IL-6
has also been reported for two other enteric pathogens, Yersinia enterocolitica and Giardia
lamblia (34–36), although these pathogens differ from C. rodentium in critical aspects of their
interactions with the host. Y. enterocolitica are invasive bacteria that heavily colonize Peyer’s
patches and mesenteric lymph nodes upon oral inoculation (37), whereas C. rodentium is only
minimally invasive with limited colonization of the mesenteric lymph nodes (38). G.
lamblia are noninvasive, lumen-dwelling parasites of the small intestine (39), whereas C.
rodentium resides in cecum and colon in intimate contact with the epithelium (5,40). Despite
these differences, our data together with the prior reports (34,35) indicate that IL-6 is a crucial
immune mediator of immune defense against a range of different enteric pathogens. The
protective role of IL-6 in gastrointestinal immunity, however, is by no means universal, because
IL-6 is not involved in immune defense against the enteric viral pathogen rotavirus (41), or the
gastric bacterial pathogen Helicobacter felis (19). Thus, the importance of IL-6 in host defense
in the gastrointestinal tract is likely to depend on the specific nature of the host-pathogen
interaction, and the resulting differential requirements for effective defense mechanisms.

We found that IL-6 deficiency had no impact on the bacterial burden in the first week after C.
rodentium infection, suggesting that innate immune defenses operating early against the
bacteria, such as antimicrobial peptides (42), are not IL-6-dependent. Instead, the cytokine had
a critical function 2–3 wk after infection, a time period that marks the beginning of the adaptive
immune response, suggesting that IL-6 might contribute to the development of specific
antibacterial immunity. For example, IL-6 can regulate Ag-specific B cell responses (17), and
anti-bacterial IgG has protective functions against C. rodentium (8). IL-6 is also required for
the development of Th17 cells (43), for which the signature cytokine, IL-17, plays a role in
clearance of C. rodentium (13). However, our data provide little support for an important
function of IL-6 in regulating adaptive immunity against the bacteria, as the production of
antibacterial IgG or IgM Abs was not delayed or diminished in IL-6-deficient mice. These
results also suggest that IL-6 had no role in facilitating the interactions among T cells, B cells,
and dendritic cells required for the development of a specific Ab response (30,31). Furthermore,
IL-6 was not necessary for expression of two key cytokines, IFN-γ and TNF-α, which regulate
T cell growth and differentiation and the recruitment and activation of inflammatory cells,
respectively, and which are involved in adaptive host defense against C. rodentium (11,12).
Finally, IL-6 can synergize with other stimuli to induce the production of NO (44), an
antimicrobial molecule that has been shown to contribute to host defense against C.
rodentium (10). However, NO production was modestly enhanced rather than attenuated in
IL-6-deficient mice after infection, which indicates that NO was not an IL-6-dependent
immune defense mechanism in this context.

Our findings suggest an alternative mechanism of IL-6 mediated intestinal host defense, which
is not dependent on the development of adaptive immunity. We pose that IL-6 operates
primarily by protecting the mucosal surface against infection-induced epithelial ulceration. In
its absence, mucosal ulcerations develop and can serve as a microbial niche for the infecting
bacteria. Consistent with this concept, patients with inflammatory bowel disease appear to
exhibit differences in the overall microbial composition and in specific bacterial species in
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ileum and colon compared with healthy controls (45,46). The underlying mechanisms by which
mucosal inflammation and ulcerations can alter the local intestinal microbiota and promote
bacterial growth are likely to be manifold but probably include, as our data suggest, exudation
of serum components. In particular, the amino acids alanine, asparagine, aspartic acid, and
glycine played a major role in promoting bacterial growth under limiting nutrient conditions,
which are likely to be present in the colonic lumen. Other mechanisms, such as attenuation of
critical host defense functions or local surface abnormalities, could also be involved.
Irrespective of the relative contributions of these mechanisms, our data suggest the concept
that an intact epithelial barrier in the intestinal tract is important not only for preventing
systemic access of luminal microbes (47), as evidenced by increased splenic bacterial numbers
in IL-6-deficient mice with extensive colon ulceration, but also for curtailing the luminal
presence of systemically available nutrients that can promote growth of subsets of luminal
microbes.

IL-6 was most prominently expressed by epithelial cells and macrophages in the colon of C.
rodentium-infected mice, whereas expression was not increased in other sites, including the
small intestine, mesenteric lymph nodes, liver, and spleen, which are minimally colonized with
bacteria in normal, immunocompetent mice. This limitation of the IL-6 response to the
immediate area of infection suggests that IL-6 is induced in response to direct bacteria-host
cell interaction or by bacterial factors active in close vicinity to their release. Infection of
cultured colon epithelial cells with human EPEC strains, which produce attaching/effacing
lesions and occupy an ecological niche similar to that of C. rodentium, activates the
transcription factor, NF-κB (48), which is a key regulator of IL-6 gene transcription. A similar
direct epithelial response to C. rodentium infection may also occur in the colon, although the
delay in maximal IL-6 expression (wk 2) relative to maximal bacterial colonization in the colon
(wk 1) would suggest that it is not a major mechanism of peak IL-6 induction. In addition,
elevated IL-6 production in crypt epithelial cells, as well as mucosal macrophages, both of
which are only minimally exposed to bacteria, also argues against an induction mechanism
involving direct bacterial contact. Instead, the latter findings suggest that diffusible bacterial
or host factors are responsible for most of the colonic IL-6 response. For example, bacterial
products activate IL-6 expression in cultured macrophages through TLR2 and TLR4 (49), and
TLR2 plays a role in activating IL-6 expression after C. rodentium infection (50).

IL-6 deficiency exacerbated the infection-associated epithelial ulceration and mucosal
inflammation in the colon, which indicates that the cytokine limited the severity of colitis and
hence had overall mucosa-protective functions under these conditions. Similarly, IL-6
attenuated acute mucosal damage upon challenge with the nonspecific irritant DSS, a finding
consistent with a prior report in this model (51). In contrast, other studies have shown that IL-6
had proinflammatory functions in severe forms of DSS-induced colitis (52). However, these
studies used very high doses of DSS, which might explain the difference in the role of IL-6
relative to our results. Another recent report (33), in which mice were treated with a low DSS
dose, found that IL-6 deficiency impairs barrier integrity, which is consistent with our
conclusion that IL-6 can be protective in acute infection-associated colitis. Several mechanisms
may account for the protective functions of IL-6, including induction of critical cytoskeletal
proteins (33), and, as suggested by our data, protection against apoptosis. Epithelial apoptosis
is a critical early event that can lead to mucosal ulceration and inflammation, particularly in
the absence of sufficient antiapoptotic counterregulation (28). Similar to the observations in
colon epithelial cells, IL-6 was shown to inhibit apoptosis in lung epithelial cells (53),
underlining the general importance of IL-6-dependent epithelial protection in different mucosal
organs. The protection is likely to be mediated, at least in part, by the IL-6-induced up-
regulation of an array of target genes encoding anti-apoptotic proteins, including Bcl-xL, Mcl-1,
cIAP-2, and Bcl-3 (54), although future studies will have to reveal the relative importance of
these gene products in this context.
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The mucosa-protective function of IL-6 contrasts with its proinflammatory role in murine
models of T cell-dependent colitis, in which IL-6-deficient mice exhibited reduced mucosal
inflammation (21). In light of these findings, we conclude that in the context of infectious
colitis, the contribution of IL-6 to protecting the mucosa against microbially induced damage
apparently outweighed the potential proinflammatory functions of IL-6. Alternatively, the
relative importance of anti- and proinflammatory activities of IL-6 may depend on the
underlying pathogenetic mechanisms, which are likely to differ between infection-associated
colitis and other forms of experimentally induced colitis (21). In any case, our results caution
that antagonism of IL-6 as a therapeutic modality, as recently proposed for chronic intestinal
inflammatory conditions (51,55), may exacerbate colitis caused by enteric pathogens and
increase susceptibility to infections with such pathogens.
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FIGURE 1.
Increased colonic IL-6 expression after C. rodentium infection. Wild-type (C57BL/6J) mice
were infected orally with 5 × 108 C. rodentium, and organs were removed at the indicated times
(A) or after 2 wk (B and C). Uninfected mice were used as controls (wk 0). Total RNA was
extracted and analyzed for mRNA expression of IL-6 (●) or GAPDH (▼) by qualitative (A,
top) or real-time PCR (A, bottom; and B). As a PCR negative control, RNA was omitted from
the reactions (no template control; NTC). Levels of mRNA are expressed relative to those of
uninfected controls. Colon fragments were cultured for 6 h with or without cycloheximide
(CHX), and IL-6 levels in the supernatants were determined by ELISA (C). Data represent the
mean ± SEM of three or more mice.
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FIGURE 2.
Immunohistological analysis of colonic IL-6 expression. Wild-type mice 2 wk after oral C.
rodentium infection and uninfected control mice were analyzed by indirect immunoperoxidase
staining for expression of IL-6 (A and B) and the macrophage marker, F4/80 (B). As staining
controls, sections were incubated with an isotype-matched control Ab (control IgG). Arrows
in B depict cells that costain for IL-6 and F4/80.
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FIGURE 3.
C. rodentium infection of IL-6-deficient mice. IL-6-deficient (○, – – – –; n = 21) and wild-type
mice (●, —; n = 14) were infected orally with C. rodentium and observed for survival for up
to 6 wk (A). IL-6-deficient mice showed significantly lower survival than controls (p < 0.01
by Kaplan-Meier survival statistics). Bacterial numbers in fecal and spleen homogenates were
determined weekly (B and C). Data are mean ± SEM of at least eight mice for each data point
(B and C). *, p < 0.05.
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FIGURE 4.
Histological analysis of infection-associated colitis in IL-6-deficient mice. IL-6-deficient mice
(IL-6−/−, ○) and wild-type controls (IL-6+/+, ●) were infected orally with C. rodentium or left
uninfected as controls (wk 0). The colon was removed at the indicated times, paraffin sections
were prepared, stained with H&E, and assessed for damage and inflammatory cell infiltration.
A, Representative colon areas, showing similar hyperplasia but greater epithelial ulceration
and mucosal infiltration with inflammatory cells after infection in IL-6-deficient mice
compared with wild-type controls. Crypt depths (B) and epithelial ulceration (C) were
determined morphometrically, and infiltration of mucosa and submucosa with inflammatory
cells was scored semiquantitatively (D). Colon homogenates were analyzed for neutrophil
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infiltration by enzymatic assay for myeloperoxidase (MPO) activity (E). Uninfected mice had
no detectable myeloperoxidase activity in the colon (<0.01 U/g tissue). Data are mean ± SEM
of three or more mice (B, D, and E) or are results from individual mice (C). *, p < 0.05.

Dann et al. Page 20

J Immunol. Author manuscript; available in PMC 2009 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5.
Increased susceptibility of IL-6-deficient mice to chemically induced colitis. A, Adult SCID
mice were infected orally with C. rodentium or left uninfected as a control. After 2 wk, paraffin
sections of the colon were prepared and stained with H&E. Arrows indicate a bacterial layer
on the mucosal surface in infected mice, most likely consisting of C. rodentium (Fig. 8).
Mucosal ulcerations were not observed after infection. B–D, IL-6-deficient mice (IL-6−/−, ○)
and wild-type controls (IL-6+/+, ●) were given 3% DSS in the drinking water for 5 days. Body
weights were determined at the indicated times (B), and colon histology was evaluated on
H&E-stained paraffin sections on day 5. Total colonic ulceration was determined
morphometrically (C). Representative sections are shown in D, with ulcerated areas indicated
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by arrows. Results are mean ± SEM (B) or are values from individual mice (C). Bars, 50 and
100 μm, respectively, in A and D. *, p < 0.05 compared with wild-type mice.
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FIGURE 6.
IL-6-dependent protection of colon epithelial cells against apoptosis. A, IL-6-deficient mice
(IL-6−/−) and wild-type controls (IL-6+/+) were infected orally with C. rodentium or left
uninfected as controls (day 0). The colon was removed at the indicated times, paraffin sections
were prepared, double-stained for apoptotic cells by the TUNEL technique (green) and for C.
rodentium by specific Abs (red), and counterstained with 4′,6′-diamidino-2-phenylindole (A,
top). Inset, crypt region of an IL-6-deficient mouse at higher magnification. ....., Epithelial
surface; *, crypt lumen. Parallel sections were stained with H&E (A, bottom). Arrows, apoptotic
cells. B, T84 colon epithelial cells were incubated with or without IL-6 for 24 h and treated
with anti-Fas Abs (clone CH-11) for an additional 18 h. Apoptosis was assayed with a
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nucleosome release ELISA. Values are mean ± SD (n = 3) and are expressed relative to
unstimulated controls. *, p < 0.05 compared with cells not treated with IL-6. C, T84 cells were
stimulated with 100 ng/ml IL-6 for 8 or 24 h or were left unstimulated (0 h), and mRNA levels
for the indicated genes were determined by real-time RT-PCR. Values are mean ± SD (n = 3)
and are expressed relative to unstimulated controls.
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FIGURE 7.
IL-6 deficiency does not compromise development of antibacterial Abs or NO production.
A, Serum samples were collected from IL-6-deficient (○) and wild-type mice (●) 4 wk (top)
or 1–4 wk (bottom) after C. rodentium infection. Uninfected mice were used as controls. Anti-
C. rodentium titers of IgM (left) and IgG (right) were determined by ELISA. Results are shown
as mean ± SEM of the data from six or more mice per group. *, p < 0.05 compared with wild-
type mice. B, The colon of IL-6-deficient (○, IL-6−/−) and wild-type mice (●, IL-6+/+) were
collected at the indicated times after C. rodentium infection. Total RNA was extracted and
analyzed by real-time PCR for iNOS mRNA expression. Data were normalized against
GAPDH mRNA expression and are shown as fold change relative to the mRNA levels in
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uninfected mice. In parallel, colon fragments were cultured for 6 h, and levels of the stable NO
breakdown product, nitrite (NO2

−), were assayed in the supernatants by the Griess reaction
and normalized against dry weight of the tissue fragments. All data are mean ± SEM of four
or more mice per group.
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FIGURE 8.
Bacterial localization in the colon of IL-6-deficient mice. Colon segments from IL-6-deficient
(IL-6−/−, A) and wild-type mice (IL-6+/+, A) or SCID mice (B) were collected 2 wk after C.
rodentium infection, and paraffin sections were stained by an indirect immunoperoxidase
method with Abs against C. rodentium or with control IgG Abs. No specific staining was
observed in uninfected mice in any of the groups.
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FIGURE 9.
Colonic ulceration promotes C. rodentium colonization. Adult C57BL/6J mice were given 3%
DSS in the drinking water for 5 days, followed by 5 days of regular drinking water (○, +DSS)
or were left untreated as a control (●, − DSS). Body weights showed maximal loss 7 days after
the beginning of DSS administration with 20 ± 3% (mean ± SEM) of the initial weight and
recovered thereafter. Mice were subsequently infected with C. rodentium. A, Bacterial numbers
in the feces were determined by CFU assay at the indicated times. Results are mean ± SEM of
10 or more mice per group. *, p < 0.05 compared with non-DSS treated mice at the same time
point. (B) The colon was collected 3 days after infection, and paraffin sections were prepared
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and stained by an indirect immunoperoxidase method with Abs against C. rodentium or with
control IgG Abs.
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FIGURE 10.
Serum components promote C. rodentium growth. A, C. rodentium (105/ml) were cultured in
1% DMEM in PBS in the absence or presence of whole blood or the indicated blood
components at 37°C for 24 h, after which bacterial numbers were determined by CFU assay.
Results are mean ± SEM (n = 4); *, p < 0.05 compared with cultures without additions. B, C.
rodentium (104/ml) was cultured with different amounts of a mixture of nonessential amino
acids in PBS containing 30% depleted (○) or nondepleted (●) mouse serum, or with essential
amino acids (AA) in depleted serum (△). C, C. rodentium (104/ml) was cultured in the presence
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of the indicated individual or combinations of nonessential amino acids at physiological serum
levels.
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