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Citrobacter rodentium, a natural mouse pathogen, belongs to the family of extracellular enteric pathogens that
includes enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic E. coli (EHEC). C. rodentium shares
many virulence factors with EPEC and EHEC and relies on attaching-and-effacing lesion formation for colonization
and infection of the gut. In vivo, C. rodentium infection is characterized by increased epithelial cell proliferation,
mucosal thickening, and a TH1-type immune response, but with protective immunity believed to be mediated by
serum immunoglobulin G (IgG). In this work, we characterize the immune response and pathology of mice lacking
the p50 subunit of the transcription factor nuclear factor kappa B (NF-kB) during C. rodentium infection. We show
that p50~/~ mice are unable to clear C. rodentium infection. Furthermore, these animals show a reduced influx of
immune cells into infected colonic tissue and greater levels of mucosal hyperplasia and the cytokines tumor necrosis
factor alpha and gamma interferon. Surprisingly, despite being unable to eliminate infection, p50~'~ mice showed
markedly higher levels of anti-Citrobacter 1gG and IgM, suggesting that antibody alone is not responsible for bacterial
clearance. These data also demonstrate that non-NF-kB-dependent defenses are insufficient to control C. rodentium

infection, and hence, the NF-kB p50 subunit is critical for defense against this noninvasive pathogen.

Enteropathogenic Escherichia coli (EPEC) and enterohem-
orrhagic E. coli (EHEC) are highly adapted enteropathogens
that successfully colonize the host’s gastrointestinal tract via
the formation of attaching-and-effacing (A/E) lesions (13).
EPEC is a major cause of infantile diarrhea in the developing
world, whereas EHEC is a food-borne pathogen in developed
countries responsible for bloody diarrhea and hemolytic ure-
mic syndrome due to the action of Shiga toxin (13). EPEC and
EHEC exhibit narrow host specificity, and mice are by
and large resistant to infection (21). The lack of a simple
small-animal model to simulate an in vivo situation makes it
difficult to study EPEC and EHEC pathogenesis. In contrast,
Citrobacter rodentium is a natural mouse pathogen that shares
many virulence factors with EPEC and EHEC and relies on
AJE lesion formation for colonization and infection of the
murine gastrointestinal mucosa (22). As a result, C. rodentium
has become a popular surrogate model for in vivo studies,
providing the ability to manipulate both the pathogen (7) and
the host (27), and interesting insights have been gained into
the in vivo roles of many gene products that are common to C.
rodentium, EPEC, and EHEC. In particular, the translocated
type III secretion system effector proteins map, espF, and tir
have recently been implicated in diarrhea using the C. roden-
tium mouse model (8, 18, 28).

C. rodentium shows a remarkable ability to colonize the
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murine colon, with over 10° bacteria present during the peak of
infection. However, by day 21 post-oral challenge, C. roden-
tium is cleared from the gastrointestinal tracts of normal mice
(31). Studies have shown that both innate and adaptive im-
mune responses are required for immunity (5, 6, 15, 19, 27),
with CD4 T-cell-dependent antibody responses believed to be
central to clearance (5). Infection of mice with C. rodentium
elicits a mucosal TH1 immune response (12) very similar to
mouse models of inflammatory bowel disease. Nuclear factor
kappa B (NF-kB) is of critical importance in the activation and
regulation of the immune response (16). It is ubiquitously
expressed in most cell types and regulates a variety of genes
responsible for immune function and inflammation (23, 26).
NF-kB is considered crucial in maintaining intestinal inflam-
mation during host defense (23), and a high level of activation
is thought to be a causative factor in the development of colitis
and chronic inflammatory bowel disease (20, 24). Thus, NF-xB
has become a potential therapeutic target in the control of
chronic intestinal inflammation.

NF-kB is a transcription factor composed of homodimers
and heterodimers of Rel proteins, of which there are five
members in mammalian cells (NF-kB1 [p50], NF-kB2 [p52],
RelA [p65], c-Rel, and RelB) (16). While NF-«B is most com-
monly a heterodimer composed of p50 and p65 subunits, the
various hetero- and homodimers of NF-«B have different tis-
sue expression patterns, binding specificities, and interactions,
indicating discrete functions in the immune response (17).
NF-«B dimers are held in the cytoplasm in an inactive state by
inhibitory proteins known as IxkBs. NF-«kB activation entails the
signal-induced phosphorylation and degradation of IkB mole-
cules, which in turn releases NF-kB to translocate into the
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FIG. 1. Mice lacking the p50 subunit of NF-kB show prolonged shedding of bacteria in stools, suggesting a reduced ability to clear C. rodentium
infection. In vivo colonization and clearance dynamics were monitored in p50"/* control (closed circles) and p50~/~ (open circles) mice during
C. rodentium infection by measuring bacterial viable counts recovered from stool. Mice lacking p50 shed significantly (P < 0.05) more bacteria than
control mice from day 10 p.i. onward. The error bars indicate standard deviations.

nucleus and bind to the response elements of target promoters
(16). Recently, Wang and colleagues demonstrated that
NF-kB activity increased dramatically 12 days postinfection
(p-i.) of Swiss-Webster mice with C. rodentium (30). Further-
more, they showed that NF-«kB activation during C. rodentium
infection predominantly involved p50/p65 heterodimer forma-
tion, but also p50/p50 homodimers.

Mice with targeted deletions of the immune system have
proved extremely informative in relating particular arms of the
immune response to immunity and pathology. Knockout of the
p65 subunit of NF-kB is embryonic lethal in mice (3). In
contrast, knockout of pS0 has no effect on the growth of mice,
and animals show few developmental abnormalities in the im-
mune system. However, they do show deficiencies in immune
response and are prone to infection (26).

Since C. rodentium infection results in upregulation of p65/
p50 and p50/p50 NF-«B dimers (30), we have characterized the
infection dynamics, immune response, and immune pathology
of transgenic mice in which the p50 subunit of NF-kB has been
knocked out (p50~/7) during infection with C. rodentium.
These studies were facilitated by the use of a bioluminescent
derivative of C. rodentium (31) whose colonization and trans-
mission dynamics can be followed, through its light emission, in
a living mouse host (32).

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strain used in this study
was the bioluminescent C. rodentium derivative ICC180 (nalidixic acid and kana-
mycin resistant) (31). Bacteria were grown with shaking in Luria-Bertani (LB)
medium at 37°C with antibiotics (kanamycin [100 wg ml~'] or nalidixic acid [50
pg mi 1)),

Mice. Female 6- to 8-week-old p50~/~ (B6;129P-Nfkb1™'54!/] [002849]) and
p50*/* control (B6;129PF/J [100903]) mice were purchased from Jackson Lab-

oratories (Bar Harbor, ME) and came from specific-pathogen-free stocks. All
animals were housed in individually HEPA-filtered cages with sterile bedding
and free access to sterilized food and water. Experiments were performed in
accordance with the Animal Scientific Procedures Act (1986) and were approved
by the local ethical review committee. Independent experiments were performed
twice using four to six mice per group.

Oral infection of mice. Mice were orally inoculated using a gavage needle with
200 wl of overnight LB-grown bacterial suspension in phosphate-buffered saline
(PBS) (~5 % 10° CFU) The number of viable bacteria used as an inoculum was
determined by retrospective plating onto LB agar containing antibiotics. Stool
samples were recovered aseptically at various time points after inoculation, and
the number of viable bacteria per gram of stool was determined after homoge-
nization at 0.1 g ml~" in PBS and plating onto LB agar containing antibiotics. At
selected time points p.i., blood was collected by cardiac puncture, and mice were
sacrificed by cervical dislocation. Pieces of distal colon were collected and snap-
frozen in liquid nitrogen before storage at —70°C prior to analysis.

In vivo bioluminescence imaging. Prior to being imaged, the abdominal region
of each mouse was depilated to minimize any potential signal impedance by
melanin within pigmented skin and fur. The bioluminescence (photons s ™! cm ™2
st~ ') from living infected animals was measured after gaseous anesthesia with
isoflurane using the IVIS50 camera system (Xenogen). The sample shelf was set
to position D (field of view, 15 cm). A photograph (reference image) was taken
under low illumination prior to quantification of the photons emitted from
ICC180 at a binning of 4 over 1 to 10 min using the software program Living
Image (Xenogen) as an overlay on Igor (Wavemetrics, Seattle, WA). For ana-
tomical localization, a pseudocolor image representing light intensity (blue, least
intense, to red, most intense) was generated using the Living Image software and
superimposed over the grayscale reference image. The bioluminescence within
specific regions of individual mice was also quantified using the region-of-interest
tool in the Living Image software program (given as photons s ).

Hematoxylin and eosin staining of frozen colonic sections. Frozen colonic
tissues, embedded in OCT mounting medium (VWR BDH, Lutterworth, United
Kingdom), were sectioned using a cryostat to a thickness of 5 pm. The sections
were mounted on polysine slides (VWR BDH), air dried for 1 h, and then fixed
in acetone for 20 min at room temperature before being dried for a minimum of
1 h. The sections were then stained according to standard protocols for hema-
toxylin and eosin staining. The colonic-crypt length (as an indication of hyper-
plasia) was measured using a graticule. Only well-oriented crypts were measured,
and a minimum of 10 measurements were taken for each sample.
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FIG. 2. Mice lacking the p50 subunit of NF-kB show prolonged carriage of C. rodentium in the abdominal region. In vivo colonization and
clearance dynamics were monitored by BLI in p50*/* control mice (left) and p50~/~ mice (right) during C. rodentium infection. The images were
acquired using an IVIS50 system and are displayed as pseudocolor images of peak bioluminescence, with variations in color representing the light
intensity at a given location. Red represents the most intense light emission, while blue corresponds to the weakest signal. The color bar indicates
relative signal intensity. The mice were imaged at various time points p.i., with an integration time of 1 min. Three representative p50™'* control

animals and three representative p50~/~ animals are shown.

Immunohistochemistry. Cryostat sections of murine colon were rehydrated in
Tris-buffered saline (TBS) for 5 min and then incubated with antibodies against
CD3, CD4, CD8, F4/80, CD11c, NK1.1, or CD45R (Serotec, Oxford, United
Kingdom) at a 1:10 to 1:100 dilution for 1 h. The sections were gently washed
three times with TBS before the addition of biotinylated anti-rat or anti-hamster
immunoglobulin G (IgG) (Serotec), as appropriate, at a dilution of 1:200 with
4% (vol/vol) normal murine serum for blocking (Sera Laboratories International,
Horsted Keynes, United Kingdom) for 30 min. After the washing, a 1:200
dilution of 0.1% avidin-peroxidase (Sigma-Aldrich) was added for 30 min before
further washing and the addition of diaminobenzadine substrate (Sigma-Aldrich)
for 5 to 10 min. The reaction was stopped with excess TBS, and the sections were
counterstained with hematoxylin and mounted as described above. A control
slide using no primary antibody was also used to show endogenous peroxidase-
containing cells. Stained cell populations were counted in five randomly selected

fields per section, and the data were expressed as the number of T cells per 250
um? of lamina propria.

ELISA. Proteins were extracted from approximately 15 mg of snap-frozen
colonic tissue by homogenization in PBS plus protease inhibitor cocktail, soni-
cated three times in 10-s bursts, and then incubated in 1% Igepal lysis buffer for
20 min on ice with occasional vortexing. Supernatants were analyzed for cytokine
levels using a Meso Scale Discovery (Gaithersburg, MA, USA) mouse proin-
flammatory 7-plex enzyme-linked immunosorbent assay (ELISA) kit (K11012B)
and an SI6000 electrochemiluminescence plate reader, according to the manu-
facturer’s instructions.

Determination of C. rodentium-specific antibody responses. An 18-h culture of
C. rodentium was resuspended in PBS plus 1% bacterial protease inhibitor
(Sigma-Aldrich Ltd., Dorset, United Kingdom) to an optical density at 600 nm
(ODgqp) of 1.0 and then heat killed at 60°C for 1 h. A 1:50 PBS dilution of this
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FIG. 3. Mice lacking the p50 subunit of NF-«kB show prolonged carriage of C. rodentium in the abdominal region but clearance of the organism
from the rectum. Shown is quantification of the bioluminescent signal originating from within specific regions of defined size (abdomen [top] and
rectum [bottom]) in p50*/* mice (closed circles) and p50~/~ mice (open circles) during C. rodentium infection. The values were obtained using
the region-of-interest tool in the Living Image software program. The dotted lines represent the levels of background from uninfected animals. The
error bars indicate standard deviations. *, statistically significant (P < 0.05) differences.

culture was added to ELISA plates (BD Biosciences, Oxford, United Kingdom)
at 100 .l per well before incubation at 4°C overnight. The plates were washed
three times with 200 .l per well PBS plus 0.05% Tween and then blocked for 1 h
with 200 wl per well 1% bovine serum albumin in PBS blocking buffer. At
selected time points postinoculation, blood was collected from the mice by
cardiac puncture and centrifuged at 8,000 X g to separate red blood cells from
serum. The C. rodentium-coated ELISA plates were washed as described previ-
ously, and then serum samples diluted 1:100 with PBS were added in duplicate
wells (50 wl per well) and incubated at room temperature for 2 h. The plates were
washed as before and then incubated at room temperature for 2 h with 100 pl per
well 1:2,000 blocking buffer dilutions of rat anti-mouse IgG, IgG2b, IgG3, or IgM
conjugated to alkaline phosphatase (AbD Serotec, Oxford, United Kingdom).
After the plates were washed, antibodies were detected with 100 pl per well
1-mg/ml p-nitrophenylphosphate (Sigma-Aldrich Ltd., Dorset, United Kingdom)
for 5 to 10 min before the reaction was stopped with 25 pl per well 3 N NaOH.

Absorbance was determined using a VersaMax microplate reader with Softmax-
PRO software (Molecular Devices, California) at 405 nm.

Statistics. Nonparametric tests between two groups were carried out using a
two-tailed Mann-Whitney U test statistic with Bonferroni’s correction for mul-
tiple comparisons. A P value of <0.05 was taken as significant in all cases. All
tests were performed using SPSS statistical software (SPSS Inc., Ilinois), and
Bonferroni’s correction was applied manually.

RESULTS

Mice lacking the p50 subunit of NF-kB show a reduced
ability to clear C. rodentium infection. In vivo colonization and
clearance dynamics were monitored in p50*/" control and
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p50~'~ mice during infection with C. rodentium ICC180 by
following viable counts recovered from stools (given as CFU
per gram of stool) (Fig. 1) and using noninvasive biolumines-
cence imaging (BLI) (given as photons s ! cm 2 sr™!) (Fig. 2).
In addition to information regarding localization, it is also
possible to quantify the bioluminescence signal using Living
Image software (Fig. 3) to give a measure of the pathogen
burden in vivo (given as photons s~ '). Both shedding of C.
rodentium in stool and BLI imaging from p50*/* control mice
showed that these animals have an infection profile very similar
to that of C57BL/6J mice reported previously (31, 32). In these
mice, bioluminescence was localized as early as day 1 p.i. to a
single focus within the abdominal region, which we had previ-
ously identified to be the cecal patch (31). Following adapta-
tion within the cecum, both bioluminescence data and viable
counts demonstrated that the challenge bacterial population
colonized the distal colon and increased in number, reaching a
plateau of ca. 6 X 10° CFU g of stool ' at day 8 p.i. (Fig. 1).
At that time, the bioluminescent signal was localized through-
out the abdominal region (corresponding to colonization of the
cecum and colon) and rectum (Fig. 2). The mice began to clear
the infection from day 10 p.i., which corresponded to a de-
crease in bioluminescence, until by day 13 p.i., a low signal was
detectable (ca. 4 X 10° photons s~ ') that required a 10-min
exposure to be visualized (Fig. 2). By day 17 p.i., all wild-type
control mice had cleared the infection, with C. rodentium no
longer detectable in the stool (Fig. 1). Similarly, p50~'~ mice
showed comparable early colonization dynamics, with the chal-
lenge bacterial population increasing in number and reaching
a plateau at near-identical levels at day 8 p.i. (Fig. 1). However,
in contrast to wild-type control animals, p50~/~ mice were
unable to clear the infection on the timescale examined. From
day 10 p.i., levels of C. rodentium in p50~'~ mice were signif-
icantly (P < 0.05) higher than in wild-type controls and, al-
though beginning to fall, remained detectable by both BLI and
viable counts in stool (ca. 10’ CFU g of stool " were still being
shed at day 30 p.i.) (Fig. 1, 2, and 3). Indeed, the numbers of
bacteria shed in stool remained high, although with much more
variation between animals (range, ca. 10* to 10" CFU g of
stool 1), until at least day 42 (data not shown). Interestingly,
while levels of C. rodentium stabilized within the abdominal
region (ca. 10° photons s~ ') between days 13 and 20 p.i., light
levels from within the region of the rectum and distal colon fell
steadily (Fig. 3), suggesting some clearance from the rectum
and/or distal colon. Importantly, there was no evidence of
systemic spread of C. rodentium in p50~/~ mice, with ICC180
undetectable in spleens or mesenteric lymph nodes (data not
shown).

Mice lacking p50 develop significant prolonged colonic mu-
cosal hyperplasia in response to infection with C. rodentium. A
hallmark of C. rodentium infection is the development of co-
lonic hyperplasia (measured by increased crypt length and
weight). Interestingly, uninfected p50~/~ mice had longer
crypt lengths than uninfected p50*/" animals, evidence of
spontaneous typhlocolitis, as previously described (9) (Fig. 4).
However, there was a significant increase in crypt length in the
p50~'~ mice between day 0 and day 6 p.i., indicative of the
rapid generation of a hyperplastic response to C. rodentium
infection. Indeed, at day 6 p.i., hyperplasia was significantly
greater in p5S0~/~ mice than in infected controls and remained
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FIG. 4. Mice lacking p50 develop significant prolonged colonic mu-
cosal hyperplasia in response to infection with C. rodentium. (A) Co-
lonic hyperplasia was assessed during C. rodentium infection of p50*/*
mice (closed circles) and p5S0~/~ mice (open circles) by measuring the
crypt lengths of frozen colonic sections after hematoxylin and eosin
staining. The error bars indicate standard deviations. *, statistically
significant (P < 0.05) differences. (B) Hematoxylin and eosin staining
of frozen colonic sections taken at various time points p.i. for wild-type
control (top) and p50~/~ (bottom) animals.

at a high level to day 20 p.i. (Fig. 4), mirroring the high
bacterial burdens seen in these animals (Fig. 1). In contrast,
control mice developed peak hyperplasia by day 10 p.i., with
crypt length returning to near-normal levels by day 20, once the
infection was resolved (Fig. 4). By day 42 p.i., those p50~/~
mice with very high pathogen burdens (ca. 10’ CFU g of
stool ') still demonstrated considerable levels of hyperplasia
(crypt lengths of >300 wm), indicating a severe infection with
increased damage to the gut epithelium (data not shown).
However, at that time point, the crypt lengths of the p50~/~
mice with lower pathogen burdens (ca. 10° CFU g of stool ')
appeared to be returning to uninfected levels (crypt lengths, ca.
200 wm) (data not shown), suggesting that a critical bacterial
burden is required for maintenance of hyperplasia.

Mice lacking p50 show delayed and reduced immune cell
infiltration into colonic tissue during C. rodentium infection.
Frozen sections of colon were stained with antibodies against
CD3, CD4, CD8, F4/80 (as a marker for macrophages), CD11c
(as a marker for dendritic cells), NK1.1 (as a marker for NK
cells), or CD45R (also known as B220, as a marker for B cells).
Wild-type control mice infected with C. rodentium showed a
characteristic immune cell influx into infected colonic tissue,



VoL. 76, 2008 ROLE OF NF-kB IN CLEARANCE OF C. RODENTIUM INFECTION 4983
40 60 25
*
35 | CD3+ CD4+ CD8+
p50+/+ 50 1 20 L i
p50+/+ *
40 p50+/+
15 B
30
10 B
20
5 4
10
08 0
25 0 5 10 15 20 25 0 5 10 15 20 25

40 40

s bCc |

30 4
p50+/+

Cells per 250 ym?2 mucosa

p50+/+

T
25 0 5

T
10

T T
15 20 25

Days post-infection

FIG. 5. Mice lacking p50 show delayed and reduced immune cell infiltration into colonic tissue during C. rodentium infection. Immune cell
infiltrates were measured during C. rodentium infection of p5S0*/* mice (closed circles) and p5S0~/~ mice (open circles) using frozen sections of
murine colon incubated with antibodies against CD3 (top left), CD4 (top middle), CD8 (top right), CD11c as a marker for dendritic cells [DC]
(bottom left), and F4/80 as a marker for macrophages [M¢] (bottom middle). A control slide using no primary antibody was also used to show
endogenous peroxidase-containing cells (EPC) (most commonly neutrophils) (bottom right). The error bars indicate standard deviations. *,

statistically significant (P < 0.05) differences.

with levels of CD3*, CD4*, CD8", dendritic, and endog-
enously peroxidase-stained cells (most commonly neutrophils)
(given as cells 250 pwm mucosa ) peaking at day 10 p.i. (Fig.
5 and 6). The numbers of macrophages peaked earlier, at day
6 p.i., and remained high throughout (Fig. 5). The numbers of
CD3™, CD4%, and dendritic cells and neutrophils began sub-
siding by day 20 p.i. (Fig. 5) as the bacteria were cleared from
the gut. In contrast, the p50~/~ mice failed to show the rapid
infiltrative response of the p50*'* mice, suggesting that im-
mune cell proliferation or recruitment to infected mucosal
tissues was defective. Instead, p50~/'~ mice showed a gradual
influx of immune cells, with cell counts at the normal peak of
infection (day 10) significantly (P < 0.05) reduced compared to
infected controls despite an increased bacterial burden (Fig. 5
and 6). Tissue harvested from infected pS0~/~ mice at days
36 and 42 p.i. showed a continued gradual influx in CD4* T
cells and only a slight decrease in CD3" and CD8™ cells (data
not shown). Staining for B cells and NK cells revealed no influx
into infected tissue of either p50~/~ or p50™/" mice (data not
shown).

Mice lacking p50 still develop significant cytokine responses
in colonic tissue during C. rodentium infection. Tissues col-
lected at days 0, 6, 10, and 20 p.i. with C. rodentium were
assayed for the anti-inflammatory cytokine interleukin 10 (IL-
10) and the proinflammatory cytokines gamma interferon

(IFN-v), tumor necrosis factor alpha (TNF-a), IL-1B, chemo-
kine (CXC motif) ligand 1 (KC), and IL-6 by ELISA (Fig. 7)
and confirmed by quantification of mRNA transcripts (data
not shown). As expected, levels of IFN-y and TNF-a steadily
increased in infected p50™/* mice, peaking at day 10 p.i. and
decreasing to uninfected levels by day 20 p.i. Similarly, levels of
IFN-y and TNF-a also increased in p5S0~/~ mice. However, by
day 20 p.i., the levels of these cytokines were significantly (P <
0.05) higher than in p50*/* mice, correlating with the lack of
clearance of C. rodentium infection. Measurement of the cyto-
kines IL-1B and IL-6 during the first 10 days p.i. showed that
the levels remained relatively low, with no difference between
p50~/~ and p50™/* mice. In contrast, both IL-18 and IL-6
levels were significantly (P < 0.05) higher in pS0~/~ mice at
day 20 p.i. Levels of KC steadily increased in infected p50™*/*
mice, peaking at day 10 p.i. and decreasing to uninfected levels
by day 20 p.i. In contrast, KC levels in pS0~/~ mice were
significantly (P < 0.05) higher, both in uninfected tissues and
during infection, and remained high throughout. There were
no significant changes in the levels of the anti-inflammatory
cytokine IL-10 during C. rodentium infection for either the
p50~'~ or p50*/* animals.

Mice lacking p50 exhibit no major defects in antibody re-
sponse to C. rodentium. Since antibody responses have been
implicated in the resolution of C. rodentium infection (5), the
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FIG. 6. Mice lacking p50 show reduced immune cell infiltration
into colonic tissue at the peak of C. rodentium infection. Frozen sec-
tions of murine colon show that immune cell infiltrates peaked in
wild-type control mice (left) at day 10 p.i., whereas p50~/~ mice (right)
show delayed immune cell infiltration: CD3* cells (top), CD4 " cells,
CD8" cells, dendritic cells (DC), macrophages (Md), and endogenous
peroxidase-containing cells (neutrophils) (EP+). (Magnification,
%20).

C. rodentium-specific antibody responses of p50~/~ mice were
analyzed by ELISA. Contrary to previously published reports
(26), pS0~/~ mice did not exhibit defects in immunogen-spe-
cific antibody responses, although considerable variation was
seen between individual p5S0~/~ mice (Fig. 8). In addition, we
did not observe defects in isotype switching, with considerable
IgG2b and IgG3 responses by day 20 in p50 '~ mice. Total IgG
and IgG2b responses were significantly delayed, with reduced
amounts at days 6 and 10 relative to controls. However, by day
20, there were no significant differences between all IgG iso-
types. In addition, the IgM response in p5S0~/~ animals was

INFECT. IMMUN.

significantly higher than that of wild-type controls by day 20,
possibly as a result of the large bacterial burden at the gut
mucosal surface. Even with these antibody responses that were
similar to or greater than those of the control, C. rodentium
was still not cleared from the gastrointestinal tract.

DISCUSSION

Whereas the adaptive immune responses to A/E pathogens
have been well investigated, the role of the innate immune
response is less well understood. The transcription factor NF-
kB, most commonly a heterodimer composed of p50 and p65
subunits, is of critical importance in the activation and regu-
lation of the immune response (16). It is ubiquitously ex-
pressed in most cell types and regulates a variety of genes
responsible for immune function and inflammation (23, 26).
While knockout of the p65 subunit of NF-«kB is embryonic
lethal in mice (3), knockout of p50 has no effect on growth, and
p50~/~ animals show few developmental abnormalities in the
immune system (26). The effect of NF-kB knockout on the
infection kinetics of an A/E lesion-forming pathogen is partic-
ularly interesting, since recent evidence has suggested A/E
pathogens may actively inhibit NF-«kB activation, indicating its
importance to the host immune response (14). The present
study was initiated to determine the role of the p50 subunit of
NF-kB in the immune response to C. rodentium.

Despite previous data showing that pS0 knockout results in
B-cell proliferation, antibody production, and antibody iso-
type-switching defects (26, 29), we observed substantial IgG
and IgM responses in pS0~/~ animals infected with C. roden-
tium. These findings are supported by the work of Snapper et
al., who indicated that synergistic signaling can overcome de-
pendence on signaling via pS0 (29). For example, membrane-
bound immunoglobulin signaling in combination with lipopoly-
saccharide signaling can restore p50~/~ B-cell proliferation to
near-normal levels (29).

In our investigation, p50~/~ mice were unable to resolve
infection with C. rodentium within the time frame studied and
showed significantly greater pathology than infected wild-type
controls. Our observation that p50~/~ animals were able to
mount a substantial IgG response and yet were unable to
resolve infection is somewhat surprising, since previous re-
search had indicated that protective immunity was mediated by
IgG (5). In previous work, intravenous administration of serum
IgG and IgM successfully circumvented the severe and often
lethal pathology seen in CD4 /'~ mice and led to clearance of
the bacteria from the gut. In our system, however, a reduction
in CD4 responses coupled with substantial (although delayed)
antibody responses did not lead to clearance, indicating there
is more to protective immunity than IgG alone. In addition,
CD4 /"~ mice showed significant mortality during C. rodentium
infection (6), whereas p50~/~ mice with a profound reduction
in CD4" T-cell recruitment into infected tissues did not.
CD4 "/~ mouse mortality was attributed to polymicrobial sep-
sis, probably as a result of deficiency in IgG responses. In
p50~/~ animals, on the other hand, IgG responses were not
affected, and thus systemic immunity to C. rodentium was not
reduced. Indeed, spleens and mesenteric lymph nodes from
p50~'~ mice were negative for C. rodentium, indicating sys-
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temic immunity was still in place, despite the lack of immune
cell recruitment.

The hypothesis that early circulating antibody might control
the pathogen burden during C. rodentium infection (6) is sup-
ported by our data, since p50~/~ mice showed delayed anti-
body responses and increased bacterial burdens. Mice deficient
in p50 have previously been shown to lack marginal-zone B
cells at peripheral lymphoid sites that in normal mice rapidly
differentiate into antibody-secreting plasma B cells (26). This
may explain the delay in antibody responses observed in this
study and may contribute to the increased pathogen burden
experienced by these animals.

Although there is clear evidence that NF-«B plays a key role
in the expression of proinflammatory cytokines in response to
AJE pathogens (11, 25), compensatory effects by other NF-kB
family members and alternative signaling pathways (such as
transcription factor activator protein [AP-1]) suggest that p50
is not essential in activating these cytokine responses. Indeed,
our results indicate that a lack of p50 does not prevent the
expression of cytokines, including IL-13, IFN-y, TNF-q, IL-6,
and KC. The elevated cytokine secretion by infected p50~/~
mice has been observed for a variety of pathogens (1, 4, 9, 10),
in association with a failure to clear infection, and thus may be
a deliberate attempt by the host to boost immune responses
and resolve infection. Increased cytokine levels may also be a
side effect of the continued and increased pathogen burden in
these animals. Our data showed that the cytokine IL-10 was
unaffected in p50~/~ animals, and thus, the high levels of

cytokines observed in this system are not likely to be due to loss
of inhibition by this anti-inflammatory cytokine. Further stud-
ies are required to identify the possible inhibitory mechanisms
of pS0 and to separate the effects of high bacterial burden from
the effects of the lack of p50.

As reported for infection of p50~/~ mice with the parasite
Leishmania major (2), and despite heightened cytokine levels
at the peak of infection (day 10), we observed a profound
recruitment defect in CD4" T-cell infiltrates into infected
p50~/~ colonic tissue. In addition, we also identified a signif-
icant reduction in CD3" and CD8" T cells, macrophages,
neutrophils, and dendritic cells in infected tissues, indicating
that in this system, mice lacking p50 fail to mobilize the ap-
propriate immune response, leading to a failure to resolve
infection.

Despite the observed low level of CD4™ T cells, we did not
see a reduction in IFN-y in infected tissue. Staining for NK
cells (a second significant producer of IFN-vy) showed no influx
in wild-type or p5S0~/~ infected animals, indicating that these
cells were not the source of IFN-y. The apparent paradox
presented by high levels of IFN-y but small numbers of cells
capable of producing this cytokine can be explained if the few
T cells present in p5S0~/~ infected tissue are being stimulated
to produce large amounts of cytokine, a hypothesis that re-
quires further investigation.

Although p50~/~ animals show no developmental or growth
defects, some evidence suggests they may be prone to sponta-
neous colitis, particularly in the cecum (9). In our experiments,
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young animals were used to minimize this possibly confound-
ing spontaneous colitis, but some evidence of colonic hyper-
plasia was seen at day 0 in p50~/~ animals. However, since a
significant difference in hyperplasia was seen between day 0
and day 10 in infected p50 ™/~ animals, we can be confident
that infectious colitis was occurring over and above any possi-
ble spontaneous background colitis. It is interesting that even
in the absence of an inflammatory infiltrate, p50~'~ mice still
showed a hyperplastic response. Previous research had also
shown hyperplastic responses in the absence of the proinflam-
matory cytokines IFN-y and TNF-« (27), thus indicating that
hyperplasia may be an innate response of enteric epithelial
cells. It would be interesting to investigate this hypothesis fur-
ther.

Recently, Toll-like receptor signaling through the adaptor
molecule MyDS88 has been reported to be essential for survival
and optimal immunity following infection with C. rodentium
(15). MyDS8S8 is one of many adaptor molecules that can acti-
vate the transcription factor NF-kB. Hence, it is possible that
a knockout of MyD88 may reduce the activity of NF-kB, re-
sulting in similar pathological outcomes when MyD88 '~ and
p50~/ animals are infected with C. rodentium.

Infection of MyD88 '~ mice with C. rodentium resulted in
severe colitis, including localized intramural colonic bleeding
and gangrenous mucosal necrosis associated with large colo-
nies of bacteria, and a mortality rate of 100% by day 13 p.i.
(15). Although C. rodentium-infected p50~/~ animals dis-
played a more severe colitis than wild-type controls, they did
not show the same mucosal pathology as MyD88 '~ animals
and did not show an increase in mortality. Interestingly, the
main characteristic of C. rodentium infection, a hyperplastic
response by epithelial cells, was not seen in MyD88~/~ ani-
mals, while p50~/~ mice showed considerable hyperplasia
compared to infected wild-type control animals. This indicates
that hyperplastic responses, indicative of wound repair by ep-
ithelial cells, are MyD88 ™/~ but not NF-kB dependent. A lack
of wound repair may explain the increased mucosal pathology
in MyD88 ™/~ compared to p50~/~ mice.

Similar to our data from p50_/ ~ mice, adaptive immune
responses to infection were observed in MyD88 '~ mice, in-
cluding a protective antibody response (15). In agreement with
our own results, Lebeis et al. found this antibody response
insufficient for clearance (15), suggesting that other arms of the
immune response are important, particularly at mucosal sites.
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This is supported by data showing that reconstituting antibody
responses in MyD88 '~ mice results in eventual clearance, but
with delayed infection kinetics (15).

It was suggested that reduced wound repair or neutrophil
responses might explain the lack of resolution of infection in
Myd88 '~ mice (15). In p5S0~'~ mice, we did not see a reduc-
tion in wound repair (evidenced by the considerable hyperplas-
tic response) but did observe significantly reduced neutrophil
responses despite very high levels of the cytokine KC, a neu-
trophil chemoattractant. This reduction in neutrophils may
explain the lack of resolution seen in p50~/~ animals. In ad-
dition, we suggest that a delay in adaptive immune responses
(both antibody and T-cell responses) seen in infected p50~/~
mice leads to considerable bacterial burdens that are beyond
the capabilities of later responses to control and clear. It is
possible that defects or delays in early innate immune re-
sponses may also contribute to this increase in bacterial bur-
den, since innate immune cells are known to control the col-
onization level and prevent bacteremia by maintaining the
epithelial barrier. Indeed Lebeis et al. observed a delay in
chemokine production early in infection of Myd88~/~ animals,
resulting in a delay in innate immune responses, particularly
neutrophil migration (15). It would be interesting to investi-
gate other early innate immune responses in both MyD88 ™/~
and pS0~/~ animals to assess their impacts on later resolution
of infection.

This work shows for the first time the importance of pS0 in
the immune response to a noninvasive enteric A/E lesion
pathogen. The failure to resolve infection and increased pa-
thology seem to be common features of p50~/~ mice and have
been observed in previous studies of both intracellular and
extracellular pathogens, as well as pathogens that induce both
TH1 and TH2 immune responses (1, 2, 26). The similarity in
outcomes between such varying infections and our results using
a noninvasive enteric pathogen suggest that the p50 subunit of
NF-kB is central to a common process that occurs in the
majority of immune responses. Although p50 is known to be
proinflammatory early in the response to infection, it also has
inhibitory functions that appear to prevent extended inflam-
matory responses and immune-mediated host damage (1, 26).
The loss of these inhibitory functions in p50~'~ mice would
explain the apparent failure to control infection-induced in-
flammation, resulting in the increased pathology observed by
us and others. Indeed the high proinflammatory cytokine and
antibody responses observed in p50~/~ animals would indicate
such a loss of inhibition, although this may also be due, at least
in part, to the prolonged and high pathogen burden seen in
p50~/~ mice infected with C. rodentium.

In conclusion, we have demonstrated that non-p50-depen-
dent defenses are not sufficient to control infection progression
with a noninvasive enteric pathogen, and hence, the p50 sub-
unit of NF-«B is essential for defense against C. rodentium.
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