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Campylobacter jejuni continues to be a leading cause of bacterial enteritis in humans. However, because there
are no readily available animal models to study the pathogenesis of C. jejuni-related diseases, the significance
of potential virulence factors, such as cytolethal distending toxin (CDT), in vivo are poorly understood. Mice
deficient in NF-�B subunits (p50�/� p65�/�) in a C57BL/129 background are particularly susceptible to colitis
induced by another enterohepatic microaerobe, Helicobacter hepaticus, which, like C. jejuni, produces CDT.
Wild-type C. jejuni 81-176 and an isogenic mutant lacking CDT activity (cdtB mutant) were inoculated into
NF-�B-deficient (3X) and C57BL/129 mice. Wild-type C. jejuni colonized 29 and 50% of the C57BL/129 mice at
2 and 4 months postinfection (p.i.), respectively, whereas the C. jejuni cdtB mutant colonized 50% of the
C57BL/129 mice at 2 p.i. but none of the mice at 4 months p.i. Although the C57BL/129 mice developed mild
gastritis and typhlocolitis, they had robust immunoglobulin G (IgG) and Th1-promoted IgG2a humoral
responses to both the wild-type strain and the C. jejuni cdtB mutant. In contrast, 75 to 100% of the 3X mice were
colonized with both the wild type and the C. jejuni cdtB mutant at similar levels at all times examined. Wild-type
C. jejuni caused moderately severe gastritis and proximal duodenitis in 3X mice that were more severe than the
gastrointestinal lesions caused by the C. jejuni cdtB mutant. Persistent colonization of NF-�B-deficient mice
with the wild type and the C. jejuni cdtB mutant was associated with significantly impaired IgG and IgG2a
humoral responses (P < 0.001), which is consistent with an innate or adaptive immune system defect(s). These
results suggest that the mechanism of clearance of C. jejuni is NF-�B dependent and that CDT may have
proinflammatory activity in vivo, as well as a potential role in the ability of C. jejuni to escape immune
surveillance. NF-�B-deficient mice should be a useful model to further study the role of CDT and other aspects
of C. jejuni pathogenesis.

Because of the importance of Campylobacter jejuni as a pri-
mary enteric pathogen in humans, mice have been used in
numerous in vivo experiments involving C. jejuni. However,
with few exceptions, oral dosing of different strains of mice
with a variety of C. jejuni strains has resulted in intestinal
colonization and in some cases bacteremia, but there has been
a lack of consistent development of gastroenteritis in the mod-
els to date (42).

NF-�B is a family of proteins that form homo- or het-
erodimer complexes that regulate transcription of proinflam-
matory genes (6). These NF-kB complexes are members of the
Rel protein family, which includes p50, p65, cRel, Relb, and
p52. Several mouse models lacking NF-�B family members
have been developed. Mice lacking p65 subunits die during
embryogenesis, whereas mice homozygously deficient for p50
(p50�/�) and also heterozygous for p65 (p50�/� p65�/�), re-
ferred to as 3X mice, are viable. Both p50�/� and p50�/�

p65�/� mice developed spontaneous typhlocolitis when they
were maintained as a virus antibody-free colony but were in-

fected with Helicobacter spp. (6). Rederived Helicobacter-free
mice with these genotypes that were subsequently experimen-
tally infected with Helicobacter hepaticus for 6 weeks developed
severe colitis with increased proinflammatory cytokine expres-
sion; this was particularly true for infected 3X mice and, to a
lesser extent, for p50�/� mice. C57BL/129 mice and p65�/�

mice were clinically unaffected. These data indicated that p50
and p65 subunits of NF-�B had an unexpected role in inhib-
iting the development of colitis (6). These observations aug-
mented studies demonstrating that H. hepaticus could induce
lower-bowel inflammation in a variety of immune dysregulated
mice (3, 6, 7, 22).

A bacterial toxin that causes cell cycle arrest in the G2/M
phase with progressive distension and death of Chinese ham-
ster ovary cells, termed cytolethal distending toxin (CDT), was
first described by Johnson and Lior in an enteropathogenic
strain of Escherichia coli (17). Toxins belonging to the same
group were later identified in several other diarrheagenic bac-
teria, including Campylobacter spp. (Campylobacter jejuni,
Campylobacter coli, and Campylobacter fetus) (16, 28), other
pathogenic strains of E. coli (2, 26, 27, 33), Shigella spp. (24),
and a variety of enterohepatic helicobacters, including H. he-
paticus (4, 40). The genes encoding this toxin were identified as
a cluster of three adjacent genes, cdtA, cdtB, and cdtC, which
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produce 28-, 30, and 20-kDa proteins, respectively (27, 33). To
date, there has been only one description of the colonization
efficacy or ability to induce disease in SCID Beige mice with a
wild-type C. jejuni strain and isogenic counterparts lacking
CDT activity (30).

We therefore designed a set of experiments to ascertain
whether a pathogenic strain of C. jejuni (strain 81-176) was also
capable of experimentally producing gastrointestinal disease in
the 3X mouse model (1, 32). Furthermore, because a pilot
experiment indicated that C. jejuni induced gastrointestinal
lesions in 3X mice, we also determined in a subsequent exper-
iment if an isogenic mutant of C. jejuni lacking CDT (cdtB
mutant) could colonize wild-type and 3X mice and whether the
C. jejuni cdtB mutant induced less pathology in the gastroin-
testinal tract than the wild-type C. jejuni strain induced.

MATERIALS AND METHODS

Animals and housing. Specific-pathogen-free (free of antibodies to 11 murine
viruses, endo- and ectoparasites, Citrobacter rodentium, Salmonella spp., and
Helicobacter spp.), 4-week-old, NF-�B-deficient 3X mice and wild-type mice with
the same mixed background (129 � C57BL/6) were obtained from a barrier-
maintained breeding colony at the Massachusetts Institute of Technology. The
mice were maintained in facilities approved by the Association for Assessment
and Accreditation of Laboratory Animal Care and were housed in polycarbonate
microisolator cages and given food and water ad libitum.

Bacterial strains and culture conditions. Wild-type C. jejuni strain 81-176,
previously demonstrated to cause clinical disease in humans and nonhuman
primates, was used (1, 32). An isogenic mutant of this strain lacking the func-
tional B subunit of CDT (cdtB mutant) was also orally inoculated into mice.
Species identification was based on routine biochemical characterization (includ-
ing oxidase, catalase, and urease activity, hippurate, and indoxyacetate hydrolysis
tests and sensitivity to nalidixic acid and cephalothin), and identities were con-
firmed by PCR by using species-specific primers.

The C. jejuni wild-type strain and the C. jejuni cdtB mutant were grown on
blood agar at 37°C under microaerobic conditions. For experimental inoculation,
bacteria were harvested after 48 h of growth and resuspended in Trypticase soy
broth, and the optical density at 660 nm (OD660) was determined. Tenfold
dilutions of the inoculum were plated onto blood agar plates, and the results
showed that an OD660 of 1.0 was equivalent to �108 CFU of C. jejuni.

Construction of C. jejuni 81-176 cdtB mutants. (i) Cloning and insertional
mutagenesis of C. jejuni cdt genes. Two primers (forward primer 5�-ATTTGAA
GATACTGATCCTT-3� and reverse primer 5�-TTGCACAGCTGAAGTTGT-
3�) were derived from the cdtA and cdtC genes of C. jejuni 81-176 (28). A 1.88-kb
DNA fragment was amplified from C. jejuni 81-176 chromosomal DNA with Taq
DNA polymerase as described previously (11). Subsequently, the PCR product
was cloned into pCR 2.1-TOPO by using a TOPO TA cloning kit (Invitrogen,
Carlsbad, Calif.). Clones containing the cdt insert were identified by fluorescent
DNA sequencing with an ABI 310 sequencer (PE Biosystems, Foster City,
Calif.).

A single HincII recognition site, which is present in the C. jejuni cdtB gene and
which encodes the catalytic subunit of the CDT, was used for insertional mu-
tagenesis. Briefly, the plasmid DNA containing the cdt insert was digested with
HincII, and this was followed by ligation with the HincII-digested cat cassette
(chloramphenicol resistance) characterized originally from C. coli (37). After
transformation, recombinants containing the cdtB knockout were selected by
both ampicillin and chloramphenicol resistance on Luria-Bertani agar. The ori-
entation of the cat cassette in cdtB was determined by DNA sequencing.

(ii) Creation of cdtB mutant by natural competence. Isogenic mutants of C.
jejuni 81-176 with defects in catB were created by a previously described proce-
dure, with some modifications (38). Briefly, freshly grown C. jejuni cells were
spotted heavily on sheep blood agar (Remel, Lenexa, Kans.), and this was
followed by incubation for 6 h at 37°C under microaerobic conditions. Ten
microliters of TE buffer (10 mM Tris-HCl, 1 mM EDTA; pH 7.5) containing 0.5
to 1 �g of plasmid DNA was dropped on bacterial spots. After overnight incu-
bation, transformants (single colonies) were selected on brain heart infusion agar
containing yeast extract supplemented with 25 �g of chloramphenicol per ml
(11). A mutant with a defect in cdtB was verified by PCR amplification and DNA
sequencing. The CDT activities of both parental strain C. jejuni 81-176 and the
mutant were assayed by using HeLa cells and by flow cytometry (see below).

Experimental infection. In a pilot experiment, 18 3X mice (7 males and 11
females) that were 6 weeks old were dosed with �108 CFU of C. jejuni suspended
in 0.2 ml of brucella broth by oral gavage. The animals were evaluated at 10 and
15 weeks postinfection (p.i.). In a subsequent experiment, 16 3X mice that were
6 weeks old were dosed with the C. jejuni cdtB mutant, and an equal number of
mice were dosed with the wild-type C. jejuni strain. Another 32 C57BL/129 mice
were dosed with either the wild-type C. jejuni strain or the C. jejuni cdtB mutant.
An additional 16 C57BL/129 mice and 16 3X mice were sham dosed with brucella
broth and served as controls. At necropsy, these mice were analyzed at 2 and 4
months p.i.

Necropsy and histopathology. In the pilot experiment, mice were euthanized
with CO2 at 10 and 15 weeks p.i., and in the follow-up experiment, eight mice
from each experimentally infected group plus four wild-type mice and four 3X
control mice were euthanized at 2 and 4 months p.i. At necropsy, the gastric
luminal contents were removed, and the mucosa was rinsed with saline. Linear
strips extending from the gastric squamocolumnar junction through the proximal
duodenum were collected along the lesser curvature, placed flat on a card, and
fixed in 10% neutral-buffered formalin. The ileocecocolic junction containing �1
cm of attached ileum, cecum, and proximal colon was excised from the rest of the
intestinal tract. Cecal and proximal colonic luminal contents were manually
expressed, and the lumen was flushed with formalin. Distal colon, mesenteric
lymph nodes, and thin sections of each liver lobe were also collected. Tissues
were fixed in formalin overnight and embedded in paraffin, and 5-�m sections
were cut and stained with hematoxylin and eosin (H&E) or with Warthin-Starry
silver stain. Selected samples were also stained with periodic acid-Schiff stain
(PAS)–Alcian blue (pH 2.5). Specific identities of bacteria in tissues were con-
firmed by immunohistochemistry by using a mouse monoclonal anti-C. jejuni
antibody (Novocastra Laboratories, Newcastle-upon-Tyne, United Kingdom)
and an ARK kit (DAKO, Carpinteria, Calif.).

Lesions were evaluated by a comparative pathologist blinded to the sample
source and were graded semiquantitatively on a scale from 0 to 4 as described
previously (8, 10). The stomach was graded for inflammation, hyperplasia, and
dysplasia, while the duodenum, colon, and liver were assigned grades only for
inflammation.

Statistical comparison of lesion severity. Mean lesion scores were statistically
compared for groups of wild-type and 3X mice with or without one of the two C.
jejuni strains (a total of six groups). The Kolmogorov-Smirnov test demonstrated
that the lesion score distribution was not Guassian within all groups; therefore,
the Kruskal-Wallis (nonparametric one-way analysis of variance) test was used to
compare all six cohorts at 2 and 4 month p.i. For direct comparisons of cohort
pairs infected with either the wild type or the C. jejuni cdtB mutant at a given
time, the Mann-Whitney test was used. The statistical analysis of C. jejuni colo-
nization in different groups consisted of a paired Student’s t test with equal
variances. Statistical analyses were performed by using the Prism 3.0 software for
the Macintosh (GraphPad, San Diego, Calif.).

Microbiological culture. Fecal pellets were collected from both infected and
control mice prior to euthanasia. Feces were homogenized in 0.5 ml of sterile
phosphate-buffered saline (PBS), and 50 �l was plated on Trypticase soy agar
with cefoperazone, vancomycin, and amphotericin B (TSA-CVA) plates (Re-
mel). A portion of the corpus of the stomach was also cultured. For quantitative
culture, gastric tissue was weighed and then homogenized by using glass tissue
grinders, and the homogenate was diluted 100- and 1,000-fold in brucella broth
containing fetal calf serum. One hundred microliters of each dilution was spread
on CVA medium (Remel). The plates were incubated microaerobically at 37°C
for 2 days. After verification by colony morphology, Gram staining, and urease
and catalase reactions, the C. jejuni colonies were counted, and the number of
CFU per gram of tissue was calculated. Comparisons between groups were based
on the log concentrations of the bacteria.

Characterization of the genotypes of C. jejuni isolates from mice. C. jejuni
81-176 and the C. jejuni cdtB mutant were isolated from the ceca of infected
mice. Chromosomal DNA from bacterial cells was prepared by using a High Pure
PCR template preparation kit according to the supplier’s protocol (Roche Di-
agnostics Corporation, Indianapolis, Ind.). PCR amplification was performed as
described above.

CDT assay. (i) Preparation of cell sonicates. Bacteria were grown on blood
agar plates (Remel) under microaerobic conditions, and sonicates were prepared
as previously described (41). Sonicates were stored at �70°C until they were
used.

(ii) Tissue culture assay for morphological changes. One milliliter of HeLaS3
cells at a concentration of 103 cells/ml of Eagle minimal essential medium with
Earle’s salts (Sigma Chemical Company, St. Louis, Mo.) containing 10% fetal
calf serum (Summit Technology, Ft. Collins, Colo.) was placed in each chamber
of Lab-Tek 2 chamber slides (Nalge Nunc International, Naperville, Ill.). After
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incubation for 1 h at 37°C in the presence of 6% CO2, 10 �l of filter-sterilized
sonicate was added to each chamber. The slides were incubated for 72 h and were
then washed with PBS, stained with Diff-Quick (Dade International, Miami,
Fla.), and observed microscopically.

(iii) Flow cytometry. Tissue culture flasks (25 cm2) were seeded with 5 ml of
Eagle minimal essential medium with Earle’s salts containing 10% fetal calf
serum and 1 � 105 HeLaS3 cells/ml. After 1 h of incubation at 37°C in the
presence of 6% CO2, 100 �l of filter-sterilized sonicate was added to each flask,
and the flasks were incubated for 72 h. Cells were detached and stained, and 1
� 104 cells were analyzed as previously described (4). DNA analysis was carried
out by using a FACScan flow cytometer (Beckman Dickenson, Franklin Lakes,
N.J.) with the Cell Quant software (Beckton Dickinson) for data acquisition. The
ModFit program was used for data analysis.

Evaluation of serum antibody responses to C. jejuni. Blood was collected at
necropsy from CO2-euthanatized mice infected with the wild type or the C. jejuni
cdtB mutant via cardiac puncture at 2 and 4 months p.i. Enzyme-linked immu-
nosorbent assays (ELISAs) for serum immunoglobulin G (IgG) and IgG2a (Th1-
promoted isotype in C57BL/129 mice) and IgG1 (Th2-promoted isotype) to C.
jejuni were developed. Briefly, C. jejuni was harvested from plates, washed three
times, and resuspended in sterile PBS. The suspension was sonicated on ice
(Artek Sonic Dismembranator; Artek Systems, Framingdale, N.Y.) for four
cycles consisting of 30 s on and 30 s off at a duty cycle of 50% and at a power
setting of 60 W. After sonication, the mixture was examined by phase-contrast
microscopy to confirm the absence of intact bacteria, and this was followed by
determination of the protein concentration of the sonicate with a Sigma P5656
protein assay kit. Sonicate antigen from wild-type C. jejuni and the C. jejuni cdtB
mutant were coated overnight at 4°C onto Immulon II plates (Thermo Lab-
systems, Franklin, Mass.) at a concentration of 1 �g/ml for serum IgG and at a
concentration of 10 �g/ml for subclass isotyping of the IgG response. Plates were
blocked with PBS–2% bovine serum albumin overnight at 4°C. Sera were diluted
1:100, and the biotinylated secondary antibodies included goat anti-mouse IgG
(Southern Biotechnology Associates, Inc., Birmingham, Ala.) diluted 1:4,000.
Monoclonal anti-mouse antibodies produced by clones G1-6.5 and R19-15
(Pharmingen, San Diego, Calif.) for detection of IgG1 and IgG2a, respectively,
were used at a dilution of 1:1,000. Incubation with extravidin peroxidase (Sigma)
at a dilution of 1:2,000 was followed by incubation with the 2,2�azinobis(3-
ethylbenzthiazolinesulfonic acid) (ABTS) substrate (Kirkegaard and Perry Lab-
oratories, Gaithersburg, Md.) for color development. The OD405 was recorded
with an ELISA plate reader (Dynatech MR7000; Dynatech Laboratories, Inc.,
Chantilly, Va.). Sera from all mice were first tested for serum IgG to sonicate
prepared from both the wild-type strain and the C. jejuni cdtB mutant with a high
degree of correlation in the ELISA optical density values obtained (r2 � 0.99
[data not shown]). Data were subsequently analyzed based on optical density
values obtained from serum IgG, IgG1, and IgG2a responses to each experimen-
tal infection (C. jejuni wild type or C. jejuni cdtB mutant). Sera from uninfected
controls were tested against wild-type C. jejuni sonicate antigens. Data were
analyzed by analysis of variance.

RESULTS

Wild-type C. jejuni and the C. jejuni cdtB mutant persistently
infect 3X mice but not C57BL/129 mice. To ascertain the fea-
sibility of wild-type C. jejuni colonization and development of
gastrointestinal disease in 3X mice, a pilot study was under-
taken. One mouse developed a rectal prolapse 6 weeks after
experimental infection. Mice were colonized in both the colon
and stomach at 10 weeks p.i., and bacteria which stained pos-
itive with the Warthin-Starry silver stain were present in the
glandular crypts of inflamed stomachs of all the 3X mice ana-
lyzed at 15 weeks p.i. C. jejuni was not isolated from either the
mesenteric lymph or the liver in mice analyzed 10 weeks p.i.

In the second experiment, at necropsy wild-type C. jejuni was
cultured from both the stomachs and feces of six of eight
(75%) of the 3X mice at 2 months p.i. and from both the
stomachs and feces of seven of seven (100%) of the mice at 4
months p.i. (Table 1). In contrast, the cdtB mutant was cul-
tured from seven of seven (100%) of the 3X mice at both 2 and
4 months p.i. C57BL/129 mice had lower colonization indices

for both the wild-type C. jejuni strain and the cdtB mutant. At
2 months p.i., wild-type C. jejuni colonized two of seven (29%)
of the C57BL/129 mice examined at necropsy, and four of eight
(50%) of the C57BL/129 mice were colonized with the C. jejuni
cdtB mutant. For the groups of mice examined at necropsy at
4 months p.i., none of the C57BL/129 mice were colonized with
the mutant C. jejuni strain and only 50% were colonized with
the wild-type C. jejuni strain.

At 2 months p.i., wild-type C. jejuni was isolated from the
liver of one male 3X mouse, whereas at 4 months p.i., the C.
jejuni cdtB mutant was isolated from two male 3X mice and the
wild-type C. jejuni strain was cultured from the liver of one
female 3X mouse. None of the sham-dosed 3X or C57BL/129
mice were colonized with C. jejuni.

Quantitative culture. At 4 months p.i. the gastric coloniza-
tion densities of the wild-type C. jejuni strain and the cdtB
mutant in 3X mice were similar. Wild-type C. jejuni colonized
all 3X mice to the same extent as wild-type C. jejuni colonized
the four of eight C57BL/129 mice still colonized at 4 months
p.i. (Table 2). However, the C. jejuni cdtB mutant was elimi-
nated from all the C57BL/129 mice at 4 months p.i. but per-
sistently colonized all 3X mice at 4 months p.i.

Verification of isogenic mutant status of the C. jejuni cdtB
mutant isolated from mice. It has been reported that the bac-
terial toxin B subunit (CdtB) plays a crucial role in CDT
activity (5, 21). We inactivated the cdtB gene in C. jejuni 81-176
by using the cat cassette. The transcriptional orientation of the
cat cassette in the mutant was opposite that of the cdt operon.
The cdtB mutant did not exhibit toxin activity, as demonstrated
by the lack of cytopathic effects on HeLa cells and by the lack
of cell cycle arrest, as demonstrated by flow cytometry (Fig. 1
and 2).

The genotype of the cdtB mutant was confirmed by PCR
with the primers mentioned above. A 1.88-kb amplicon iden-
tical to that from the wild-type cdt plasmid template containing

TABLE 1. Colonization indices for wild-type and cdtB mutant
C. jejuni in NF-�B-deficient (3X) and C57BL/129 mice

Mouse
strain

No. colonized/no. tested

Wild-type C. jejuni C. jejuni cdtB mutant

2 mo p.i.a 4 mo p.i.a 2 mo p.i. 4 mo p.i.

3X 6/8 7/7b 7/7b 7/7b

C57BL/129 2/7b 4/8 4/8 0/8

a Mice were cultured for 2 and 4 months postinoculation and euthanized.
b One mouse from the group was not included because of death unrelated to

the experiment.

TABLE 2. Wild-type C. jejuni and the cdtB mutant in
NF-�B-deficient (3X) and C57BL/129 mice at 4 months p.i.

Group CFU/mg of stomach
(mean 	 SD)

P 
 value
log CFU

3X mice, wild-type C. jejuni 418 	 703 0.3092a

3X mice, C. jejuni cdtB mutant 859 	 1,675
C57BL/129 mice, wild-type C. jejuni 544 	 857 0.8922b

a Value for 3X mice infected with wild-type C. jejuni versus 3X mice infected
with the C. jejuni cdtB mutant.

b Value for 3X mice infected with wild-type C. jejuni versus C57BL/129 mice
infected with wild-type C. jejuni.
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the insert (Fig. 3, lane 1) was produced from C. jejuni isolates
from mice inoculated with the wild type (lanes 3 and 4),
whereas a 2.7-kb amplicon identical to that from the mutated
cdt plasmid template (lane 2) was generated from isolates from
mice inoculated with the cdtB mutant (lanes 5 and 6).

Histopathology. The characteristics of gastrointestinal and
hepatic lesions were generally similar in the 3X mouse groups
in this study, and the lesions varied mainly in severity. In the
first experiment, wild-type C. jejuni infection of 3X mice re-
sulted in mild to moderately severe gastritis and proximal du-

odenitis at the time of necropsy 10 to 15 weeks p.i., with milder
inflammatory lesions in the large intestine and liver.

In the second experiment, infection with the C. jejuni cdtB
mutant resulted in disease which was slightly less severe than
the disease caused by wild-type C. jejuni at 2 months p.i. How-
ever, by 4 months p.i., 3X mice infected with the C. jejuni cdtB
mutant exhibited less severe gastritis lesions despite being col-
onized, while mice infected with wild-type C. jejuni exhibited
progressively worsening disease (Fig. 4). The C57BL/129 mice
infected with either wild-type C. jejuni or the C. jejuni cdtB

FIG. 1. Geimsa-stained HeLa cells exposed to PBS or filter-sterilized supernatant fractions of cell sonicates of the C. jejuni cdtB mutant (a) and
C. jejuni wild-type strain 81-176 (b). The C. jejuni cdtB mutant and the PBS control caused no morphological changes in cells. The wild-type C.
jejuni strain produced cytoplasmic and nuclear distensions characteristic of CDT activity.

FIG. 2. DNA content of HeLa cells as analyzed by flow cytometry. HeLa cells were exposed for 72 h to PBS or bacterial sonicates from the
C. jejuni cdtB mutant (�) (a) or C. jejuni wild-type strain 81-176 (b). Compared to negative control cells, the C. jejuni cdtB mutant-treated cells
showed no increase in cells with a 4N DNA content. In contrast, with the C. jejuni wild type 61% of the cells were in the G2/M phase.
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mutant developed mild disease at 2 months p.i., which was not
present in the wild-type mice at 4 months p.i. (data not shown).

In the stomachs and proximal duodena of 3X mice infected
with wild-type C. jejuni, inflammatory cells diffusely infiltrated
the mucosa and submucosa, and the highest concentrations
were found near the muscularis mucosae. Leukocytic infiltrates
were comprised chiefly of lymphocytes and polymorphonuclear
cells, and eosinophils made up a significant fraction of these
cells. Inflammatory foci also contained some macrophages,
mast cells, and plasma cells. With H&E staining bright 0.5- to
3-�m eosinophilic droplets in gastric surface epithelial cells,
which were confined to the immediate cardiac region in unin-
fected mice, sometimes extended the full length of the corpus
in infected mice with significant gastritis. In severe cases of
gastritis and duodentitis there were submucosal edema and
perivascular inflammation following linear perimyseal tracks
through the tunica muscularis to the serosa, with extension into
the adjacent mesentery. In the gastric corpus of infected mice
there was expansion in the midglandular region of foamy or
mucous neck-type cells, and there was a concomitant loss of
parietal cells. Decreased numbers of chief cells invariably
accompanied this change. Alcian blue-PAS staining demon-
strated that there was upregulation of both endogenous
neutral gastric mucins (PAS positive) and metaplastic acidic
intestinal-type mucins (Alcian blue positive) (Fig. 4a and b). In
most instances of gastritis there was little evidence of reactive
epithelial hyperplasia. In some mice there was multifocal gas-
tric dysplasia characterized by dilation of glands with variably
attenuated or elongated epithelial lining cells with formation

of crescentic glands and pits, sometimes with central plugs of
degenerate and necrotic cells and debris (Fig. 4b). Rare glands
exhibited epithelial cell piling up to three cells deep. Small (1
by 3 to 4 �m) spiral and comma-shaped C. jejuni cells were
visualized on the surfaces and in glands of the stomach and the
duodenum with Warthin-Starry stain and by immunohisto-
chemistry (Fig. 5c and d).

Lesions in the large intestines and livers of both 3X and
C57BL/129 mice were generally mild to moderate (Fig. 4).
Typhlocolitis was characterized by small to moderate numbers
of lymphocytes and polymorphonuclear cells in the lamina
propria and/or submucosa, usually centered at the base of the
cecum, with variable extensions into the proximal colon. Sim-
ilar inflammatory populations formed microscopic periportal
and random nodules in the livers of some infected mice. Small
numbers of apoptotic or necrotic hepatocytes accompanied the
inflammatory foci.

Statistical comparison of lesion severity. There were no
significant differences in lesion severity between males and
females within any cohort (data not shown); therefore, gender
data were combined to establish group means (Fig. 6). As
determined by the Kruskal-Wallis test, there were significant
differences (P 
 0.04) between groups for every gastric and
hepatic lesion parameter assessed at both 2 and 4 month p.i.
except for gastric dysplasia at 2 months p.i. (P � 0.09). Because
of the mild and inconsistent presence of inflammation in the
large bowel, there were no statistically significant differences in
typhlocolitis between groups (data not shown). Although the
mean gastritis scores in C57BL/129 mice infected with wild-
type C. jejuni were relatively low, they remained statistically
significant compared to the scores for mice infected with the C.
jejuni cdtB mutant (P 
 0.05). Lesion parameters other than
gastritis were not statistically different for different groups of
C57BL/129 mice infected with the wild type or the C. jejuni
cdtB mutant. In 3X mice, the difference between the gastritis
severity in mice infected with the wild-type strain and the
gastritis severity in mice infected with the C. jejuni cdtB mutant
approached, but did not achieve, statistical significance at 2
months p.i. (P � 0.07), but the difference was highly significant
by 4 months p.i. (P � 0.001). Gastric hyperplasia and dysplasia
were also significantly greater (P 
 0.02) in 3X mice infected
with wild-type C. jejuni than in 3X mice infected with the C.
jejuni cdtB mutant at 4 months p.i. Proximal duodenitis scores
could not be compared statistically due to insufficient tissue
representation on a subset of slides, but lesions in this region
generally mirrored inflammation severity in the stomach. For
all of the gastric parameters assessed, the wild type but not the
C. jejuni cdtB mutant induced significantly higher lesion scores
in 3X mice than in C57BL/129 mice (P 
 0.05).

Seroconversion to C. jejuni. None of the sera from unin-
fected control C57BL/129 or 3X mice contained antibody re-
active to C. jejuni antigens in the ELISA (data not shown). The

FIG. 3. Detection of the C. jejuni cdt operon with the primers
described in the text. Lanes 1 and 2, recombinant plasmid DNA con-
taining either the wild-type (lane 1) or the mutated (lane 2) cdt insert;
lanes 3 and 4, isolates from mice infected with the C. jejuni wild type;
lanes 5 and 6, isolates from mice infected with the C. jejuni cdtB
mutant. Lane M contained a 1-kb plus molecular size ladder, and the
arrows indicate the positions of 3, 2, and 1.6 kb (from top to bottom).

FIG. 4. Histopathology of 3X mice infected with the C. jejuni cdtB mutant or wild-type C. jejuni at 4 months p.i. There was little or no
inflammation of the stomach (a), duodenum (c), colon (e), or liver (g) in mice infected with the C. jejuni cdtB mutant. In contrast, mice infected
with wild-type C. jejuni exhibited marked chronic active gastritis with glandular atrophy, epithelial hyperplasia, and mild dysplasia (b), duodenitis
with similar glandular and epithelial changes (d), moderate colitis with edema (f), and mild multifocal hepatic lobular and portal histologic activity
(arrows) (h). The sections were stained with H&E. (a and b) Bars � 250 �m; (c to f) bars � 100 �m; (g and h) bars � 50 �m.
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C57BL/129 mice that were persistently colonized with the wild
type or the C. jejuni cdtB mutant developed robust serum IgG
responses that were similar in magnitude (P � 0.53) and much
higher (P 
 0.001) than the responses in 3X mice that were
persistently colonized with either the wild type or the C. jejuni
cdtB mutant (Table 3). Serum IgG levels were lower in C57BL/
129 mice that had eliminated the infection by 2 months p.i.
(P 
 0.04). C57BL/129 mice that had eliminated the infection
with wild-type C. jejuni by 4 months p.i. still had an elevated
titer, suggesting that there was loss of colonization between 2
and 4 months p.i. The Th1-promoted IgG2a responses of
C57BL/129 and 3X mice followed the same pattern; the re-
sponses were elevated in C57BL/129 mice that were persis-
tently colonized, and there was a trend for lower antibody
levels in mice that were dosed with the C. jejuni cdtB mutant
(P � 0.17). Th2-promoted IgG1 antibody responses were de-

tectable only in sera obtained at 2 months p.i. from C57BL/129
mice colonized with the C. jejuni cdtB mutant.

DISCUSSION

Partially purified preparations of Shigella dysenteriae CDT
are capable of causing diarrhea with colonic erosions and re-
parative enterocyte hyperplasia in suckling mice (23). In the
present study, the C. jejuni cdtB mutant failed to persistently
colonize C57BL/129 mice but colonized the stomachs and
lower bowels of all 3X mice at 2 and 4 months p.i. However, 3X
mice colonized with the C. jejuni cdtB mutant had significantly
less gastritis and hyperplasia at 4 months p.i. than 3X mice
colonized with wild-type C. jejuni, which also colonized 100%
of the 3X mice. Unlike the INS-GAS mouse model of gastric
Helicobacter spp. infection, there was not a significant gender

FIG. 5. Stomach tissue from 3X mice infected for 4 months with the C. jejuni cdtB mutant (a) or wild-type C. jejuni (b) stained for gastric-type
(red) and intestinal-type (blue) mucins. Note the normal intense red staining of gastric-type (nonacidic) mucins on the surface with scattered
weakly mucus-producing cells in the glandular zone of a mouse infected with the cdtB mutant (a). In contrast, a mouse infected with wild-type C.
jejuni exhibited metaplasia to intestinal-type (acidic) mucins (dark blue) on the surface and in the upper glandular zone and increased production
of gastric-type mucins (dark red) in a deeper glandular zone (b). Small comma-shaped and spiral argyrophilic bacteria were seen in gastric glands
of C. jejuni-infected mice (c) but not uninfected mice (data not shown). Organisms were confirmed to be C. jejuni by immunohistochemistry (d).
(a and b) Alcian blue-PAS stain. Bars � 100 �m. (c) Warthin-Starry stain. Bar � 10 �m. (d) Immunoperoxidase stain with 3,3-diaminobenzidine
chromogen and methyl green counterstain. Bar � 10 �m.
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effect in 3X mice infected with C. jejuni (10). The data which
show that there was attenuated inflammation in 3X mice in-
fected with the C. jejuni cdtB mutant support in vitro studies
reporting that C. jejuni CDT induces interleukin-8, a proin-
flammatory cytokine, from INT407 cells (13).

Also, the C. jejuni cdtB mutant was eliminated from all
immunocompetent C57BL/129 mice, whereas in 3X mice both
the C. jejuni cdtB mutant and the C. jejuni wild type persistently
colonized the stomach and lower bowel. These results imply
that CDT may play a role in the ability of C. jejuni to escape
immune surveillance of the C57BL/129 mice but not immune
surveillance of the 3X mice. Given that clonal expansion of
lymphocytes is required for both humoral immunity and cell-
mediated immunity, one proposed explanation for the mech-
anism of CDT activity in promoting escape of immune surveil-
lance by bacteria expressing CDT is the potential ability of the
toxin to cause cell cycle arrest of lymphocytes in the G2/M
phase, as it does in epithelial cells (12). Also, C. jejuni outer
membrane preparations have been shown to cause apoptosis of
chicken lymphocytes (46).

Because infection of immunocompromised human patients
with C. jejuni is associated with more severe clinical disease
and prolonged carriage (31, 34, 45), investigators have used
immunocompromised mice for C. jejuni infection studies.
Athymic, germfree nude mice were efficiently colonized by C.

jejuni when they were challenged orally (43, 44). Infected nude
mice developed transient diarrhea and mild typhlitis and colitis
when they were infected with a mouse-adapted C. jejuni strain.
In contrast, euthymic, germfree mice having the same genetic
background (BALB/c mice) did not develop diarrhea or le-
sions, although they were also consistently colonized. In an-
other recent study, in which CB-17 scid mice were used, infec-
tion with fresh isolates of C. jejuni resulted in diarrhea in
�10% of the mice. The affected mice had significant colitis but
not gastritis (14). In a subsequent experiment performed with
the same scid model, neither wild-type C. jejuni nor a C. jejuni
cdtB mutant elicited inflammation in the intestines of infected
mice 7 days p.i. (30). The authors, however, did indicate that
wild-type C. jejuni was found more often than the isogenic cdtB
mutant in the spleens, livers, and blood of mice 2 h postinocu-
lation (30).

Studies with outbred ICR-scid mice, as well as wild-type ICR
mice, challenged with C. fetus demonstrated that in both types
of animals the gastric mucosa was consistently colonized (41).
The stomachs of the infected ICR-scid mice exhibited progres-
sive hyperplasia and a persistent active inflammatory response
characterized by large numbers of infiltrating neutrophils and
eosinophils. Similar to our findings, in wild-type mice the an-
atomic extent of colonization was more limited, and the degree
of inflammation and epithelial alterations was significantly less
than that observed in infected scid mice (41). Although Yrios
and Balish (43, 44) reported chronic gastric colonization of
germfree nude mice with C. fetus or C. jejuni, they did not
observe gastritis.

Intracellular and extracellular hyaline eosinophilic granules
and crystals in the superficial mucosa observed in some mice in
this study match those described previously for C57BL and 129
mice with different targeted mutations and genetic back-
grounds (39). This syndrome was termed gastric hyalinosis, and
the material produced by the epithelial cells was identified as
Ym2, a chitinase homologous to Ym1, which acts as an eosin-
ophil chemoattractant and may have a direct antiparasitic
function. Although CYP1A2 deletion was identified as a major
risk factor for development of gastric hyalinosis, there was also
evidence (based on silver staining of affected gastric tissue) of
a potential gastric microbial infection in some affected animals
(39). Ym1/Ym2 hyalinosis also occurs along other murine ep-
ithelial surfaces, including respiratory and biliary surfaces, sug-
gesting a basic mucosal defense function analogous to intesti-

FIG. 6. Gastric lesions and hepatitis severity scores in 3X mice
infected for 4 months with wild-type C. jejuni (3X WT Cj) or the C.
jejuni cdtB mutant (3X �CDT).

TABLE 3. ELISA optical density values obtained from testing sera obtained from C57BL/129 and NF-�B-deficient (3X) mice at
2 and 4 months after infection with wild-type C. jejuni or the cdtB mutant

Immuno-
globulin Colonized

OD (mean 	 SE)

Wild-type C. jejuni C. jejuni cdtB mutant

C57BL/129 mice NF-�B-deficient mice C57BL/129 mice NF-�B-deficient mice

2 mo p.i. 4 mo p.i. 2 mo p.i. 4 mo p.i. 2 mo p.i. 4 mo p.i. 2 mo p.i. 4 mo p.i.

IgG � 1.92 	 0.17 2.11 	 0.19 0.46 	 0.17 0.17 	 0.11 2.20 	 0.12 0.17 	 0.14 0.06 	 0.02
� 0.98 	 0.31 2.26 	 0.15 1.65 	 0.22 0.84 	 0.22 0.84 	 0.22

IgG2a � 0.80 	 0.29 0.50 	 0.14 0.06 	 0.04 0 	 0 0.52 	 0.10 0.02 	 0.01 0.01 	 0.01
� 0.10 	 0.09 0.49 	 0.17 0.49 	 0.16 0.05 	 0.02

IgG1 � 0 	 0 0.03 	 0.03 0 	 0 0 	 0 0.41 	 0.37 0.10 	 0 0 	 0
� 0 	 0 0.01 	 0.01 0.01 	 0 0.06 	 0.03
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nal defensins. The role of Ym1/Ym2 in murine gastric injury
and inflammation clearly requires further investigation (39).

C. jejuni is occasionally associated with hepatitis in humans
(43). It is therefore interesting that hepatitis was observed in
this study in the mice 2 to 4 months after oral dosing with C.
jejuni in combination with recovery of both the C. jejuni cdtB
mutant and wild-type C. jejuni from livers of select 3X mice but
not from livers of C57BL/129 mice. C. jejuni-associated hepa-
titis in the mouse also has been reported previously (18–20).
Focal necrotic hepatitis, similar to what we observed, in the
absence of diarrhea was noted in mice 1 to 2 months after oral
dosing with selected strains of C. jejuni (18, 20). The liver
lesions persisted, and by 4 months p.i. C. jejuni was still recov-
erable by culture, and inflammation in both the parenchyma
and the portal triads was extensive (18, 20). Ten micrograms of
a purified hepatotoxic factor isolated from selected strains (4
of 20 strains tested) of C. jejuni reproducibly caused acute
hepatic necrosis in dd-Y mice when it was inoculated intrave-
nously (18, 20). Interestingly, when the hepatotoxic factor was
given intravenously at two times 14 days apart, a diffuse mono-
nuclear inflammatory hepatitis developed which mimicked the
chronic hepatopathy noted in mice orally infected with C.
jejuni 10 months previously (19). The authors suggested that
the increasing intensity of mononuclear inflammation was due
to a persistent host response to the active moiety of the hep-
atotoxic factor, a possible consequence of an immunopatho-
logical tissue response (19). Although it is not known whether
in these previous studies the hepatotoxic factor was CDT, the
presence of CDT in C. jejuni in the present study did not
statistically affect the ability of the two strains to colonize the
liver, nor did it affect the severity of the hepatic lesions ob-
served in both C57BL/129 and 3X mice. Like the marked effect
that the mouse genotype has on H. hepaticus-associated hep-
atitis, the results may also be influenced by the genetic back-
ground of the mouse being studied (9, 15).

The IgG responses of the C57BL/129 mice infected with the
wild type or the C. jejuni cdtB mutant reflect one aspect of a
normal immune response that may have contributed to clear-
ance of the infection. The C57BL/129 mice that had cleared
the infection by 2 months p.i. had lower IgG levels than the
mice that remained colonized. At 4 months p.i., C57BL/129
mice that were still colonized or that were free of wild-type C.
jejuni had similar IgG levels, supporting the hypothesis that the
infection is cleared from some mice between 2 and 4 months
p.i. The isogenic C. jejuni cdtB mutant was cleared in all
C57BL/129 mice by 4 months p.i. and was associated with a
declining IgG response. The IgG2a response of the C57BL/129
mice, which indirectly reflected a Th1-associated proinflamma-
tory response, was lower in mice that were not colonized and
declined to background levels by 4 months p.i.; the IgG2a
levels corresponded to clearance of the C. jejuni cdtB mutant in
all C57BL/129 mice. The Th2-promoted IgG1 response did not
develop in C57BL/129 mice infected with the wild-type C.
jejuni, which may suggest that clearance of the infection was
Th1 mediated. Infection with the C. jejuni cdtB mutant caused
only a transient IgG1 response in wild-type mice at 2 months
p.i., but this response reached background levels as the organ-
ism was cleared. Compared to C57BL/129 mice, 3X mice per-
sistently colonized with wild-type C. jejuni and the C. jejuni
cdtB mutant had significantly impaired IgG and IgG subclass

humoral responses to C. jejuni antigens. This apparent lack of
an adaptive antibody response by C. jejuni-infected 3X mice is
consistent with previously reported defects in adaptive immu-
nity involving mitogen and antigen-specific activation and func-
tion of mature B cells (29). The full spectrum of functional
immune defects in p50�/� p65�/� lymphocytes of 3X mice is
unknown, but the importance of NF-�B subunits that translo-
cate to the nucleus and influence transcription of genes critical
to innate immunity, lymphocyte function, and regulation of
dendritic cells is being intensively studied (25). Although the
NF-�B-deficient mice used in our study appear to have normal
numbers of T and B cells systemically (6), these mice lack
marginal zone B cells, and p50�/� B cells have a marked
reduction in ability to undergo normal antibody isotype class
switching (35).

Similar to the persistent C. jejuni colonization and gastritis
noted in the 3X mice in this study, 3X mice infected with H.
hepaticus develop chronic typhlocolitis (6). Interestingly, trans-
mural perivasculitis with extension into the adjacent mesentery
was a component of the severe inflammatory bowel lesions
which Erdman et al. described and was identical to the trans-
mural gastroduodenal lesions which we observed in some C.
jejuni-infected 3X mice in the present study (6). In studies
recently performed in our laboratories, the typhlocolitis in H.
hepaticus-infected 3X mice appears to be in part a defect in
innate immunity (36). When H. hepaticus-infected RAG-2�/�

or 3X/RAG-2�/� mice were reconstituted with either wild-type
or 3X splenocytes, the H. hepaticus-induced colitis in RAG-
2�/� mice was reduced (36). Interestingly, in H. hepaticus-
infected 3X/RAG2�/� mice repopulated with either wild-type
or 3X splenocytes the severity of colitis persisted (36). Our
data demonstrating the apparent inability to inhibit proinflam-
matory cytokine responses and the resultant gastritis in 3X
mice infected with C. jejuni may be related to a defect in innate
immunity, as well as adaptive immunity. However, studies in-
volving reconstitution of splenocytes in 3X/Rag2�/� mice in-
fected with C. jejuni are required to definitely address this
hypothesis.

In summary, we demonstrated that a C. jejuni cdtB mutant is
less efficient than the wild type in colonizing C57BL/129 mice
but not 3X mice. It is interesting to speculate that CDT may
target the cells of the immune system in the lamina propria
that influence the host’s ability to clear bacterial pathogens.
Despite 100% colonization of 3X mice, the C. jejuni cdtB
mutant produced significantly less gastritis than the wild-type
C. jejuni produced, indicating that CDT has a proinflammatory
effect, similar to the effect noted in vitro. In addition to studies
of the role of NF-�B in modulating bacterial infections, this
model system should prove to be useful in identifying potential
C. jejuni virulence factors and in determining how these factors
interact with the host.
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