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Campylobacter jejuni is a leading cause of bacterial food-borne diarrheal disease throughout the world and
the most frequent antecedent of autoimmune neuropathy Guillain-Barré syndrome. While infection is associ-
ated with immune memory, little is known regarding the role of the epithelium in targeting dendritic cells (DC)
for initiating the appropriate adaptive immune response to C. jejuni. The objective of this study was to define
the role for the intestinal epithelium in the induction of the adaptive immune response in C. jejuni infection by
assessing the production of DC and T-cell chemoattractants. Human T84 epithelial cells were used as model
intestinal epithelia. Infection of T84 cells with C. jejuni dose- and time-dependently up-regulated DC and T-cell
chemokine gene transcription and secretion. Induction required live bacteria and was in the physiologically
relevant direction for attraction of mucosal immunocytes. C. jejuni-activated NF-�B signaling was shown to be
essential for proinflammatory chemokine secretion. Notably, C. jejuni secretion occurred independently of
flagellin identification by Toll-like receptor 5. Secretion of a DC chemoattractant by differing clinical C. jejuni
isolates suggested adherence/invasion were key virulence determinants of epithelial chemokine secretion. The
regulated epithelial expression of DC and T-cell chemoattractants suggests a mechanism for the directed
trafficking of immune cells required for the initiation of adaptive immunity in campylobacteriosis. Chemokine
secretion occurs despite Campylobacter evasion of the flagellin pattern recognition receptor, suggesting that
alternate host defense strategies limit disease pathogenesis.

Campylobacter jejuni is a leading cause of bacterial food-
borne diarrheal disease throughout the world and is the most
frequent antecedent of the debilitating neuropathy Guillain-
Barré syndrome (1, 2, 87). C. jejuni and the related Campy-
lobacter coli are as prevalent as the well-characterized Salmo-
nella and Shigella spp. as a cause of diarrhea, with an estimated
2.1 to 2.4 million cases per annum in the United States alone
(2). In developing countries, Campylobacter infections are en-
demic and are a significant cause of childhood morbidity due to
diarrheal illness. In addition to diarrheal disease and Guillain-
Barré syndrome, C. jejuni infection has also been implicated in
longer-term sequelae, such as Reiter’s syndrome (reactive ar-
thritis) (62). Despite the prevalence of disease related to in-
fection with this pathogen, the host immune response and the
mechanism(s) by which C. jejuni causes disease remain poorly
defined. Lack of a reliable animal model that faithfully reca-
pitulates human campylobacteriosis, combined with marked
variation among clinical isolates, has contributed to the paucity
of information on C. jejuni virulence and pathogenesis (58, 86).

Prior studies of C. jejuni enteritis have shown that this patho-
gen resides primarily in the intestinal mucosa, colonizing both
the small and large intestines. Histological examination of hu-
mans and animals has shown pathology primarily in the colon
(5, 10, 67), with C. jejuni being observed within intestinal
crypts, both close to the cell surface and inside intestinal epi-
thelial cells (4, 5, 67). Disruption of intracellular epithelial
architecture and inflammation of intestinal mucosa are thus

hallmark features of C. jejuni pathogenesis (10, 67). Genera-
tion of specific antibody titers (70, 72) and association with
autoimmune disease (1) suggest that C. jejuni bacteria, despite
rarely penetrating past the epithelial layer, are potent activa-
tors of the human adaptive immune response. The intestinal
epithelium has been shown to play a critical role in orchestrat-
ing the linkage between the innate and adaptive immune re-
sponses by producing a defined set of chemoattractants. Thus,
the intestinal epithelium has been shown not only to form a
crucial physical barrier between the body and the luminal en-
vironment but also to actively participate in innate and adap-
tive immune surveillance, forming the primary defense against
many mucosal enteropathogens.

A critical feature in the maintenance of the mucosal barrier
is the presence of dendritic cells (DCs), specialized antigen-
presenting cells that play a vital role at the intestinal epithe-
lium interface, aiding in both immunotolerance to commensal
bacteria and food antigens and also the initiation of the im-
mune response to encountered pathogens and other noxious
stimuli (8, 35, 52). In the absence of inflammatory stimuli,
mucosal DCs are localized in close proximity with the intestinal
epithelium in an immature form (iDCs) able to internalize and
process antigens but unable to stimulate naive T cells (6, 7).
Such iDCs have been shown to work closely with the intestinal
epithelial barrier, actively sampling bacteria and other antigens
from the external luminal environment, while preserving the
integrity of the epithelial barrier by expressing tight junction
proteins (66). Upon ingestion of antigens, iDCs initiate a pro-
gram of functional maturation, which involves their trafficking
from peripheral tissues to secondary lymphoid tissue, where
they present antigens to and activate T cells, stimulating the
adaptive immune system (6, 7). Activated effector T cells then
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migrate in a directed manner to the site of antigen or pathogen
entry through chemokines produced by endothelial and epi-
thelial cells. The complex movement of DCs and in turn effec-
tor T cells depends on the coordinate expression and regula-
tion of chemokines, produced both at the intestinal epithelium
and secondary lymphoid tissue.

The chemokine CCL20, also known as macrophage inflam-
matory protein 3� and the sole cognate ligand for the chemo-
kine receptor CCR6 (15, 36, 37), is essential for the directional
trafficking of iDCs to the epithelial surface and the migration
of mucosal effector/memory T cells and B cells (14, 37, 47, 78,
84). CCL20’s expression has characteristically been described
as both constitutive and inducible and thus, at the intestinal
epithelium, plays a crucial role both in mucosal homeostasis
and in the host response to bacterial infection and other in-
flammatory stimuli, such as proinflammatory cytokines (25,
37). Studies with the enteropathogen Salmonella have shown
that flagellin, a component of the bacterial flagella, recognition
by the pattern recognition receptor toll-like receptor 5 (TLR5)
(28), rather than invasion or lipopolysaccharide, is the key
stimulating factor for CCL20 production from epithelial cells
(71). Additionally, CCL20 has been shown to be important in
the control of Salmonella dissemination in vivo (23). Work
investigating the sole cognate receptor of CCL20 has shown
that CCR6 knockout mice display an absence of subepithelial
myeloid-derived DCs in Peyer’s patches and an impaired abil-
ity to mount a mucosal immune response (12), further high-
lighting the importance of the iDC-dependent CCL20-CCR6
signaling axis in the development of the immune response at
the gastrointestinal epithelium. In coordination with CCL20
expression, human intestinal epithelial cells also produce a
defined set of interferon-responsive chemokines, CXCL9
(Mig), CXCL10 (IP-10), and CXCL11 (I-TAC), that bind the
chemokine receptor CXCR3, expressed on activated Th1 cyto-
kine-producing effector T cells (17). Importantly, those cells se-
crete gamma interferon, thereby establishing a positive-feedback
regulatory loop to maintain the residence of the effector T-cell
population at the site of microbial infection. Thus, the human
intestinal epithelium, upon bacterial infection or proinflamma-
tory cytokine stimulation, produces several chemokines necessary
for linking the innate host defense with the appropriate adaptive
immune response.

While the production of DC and T-cell chemoattractants at
the intestinal epithelial surface has been shown to play a role
in Escherichia coli and Salmonella spp. infection (17, 37, 65,
71), their role in C. jejuni infection has not been established.
Thus, we sought to define the mechanisms regulating intestinal
epithelial expression of those chemokines known to link innate
and adaptive immune responses following C. jejuni infection
and to investigate the virulence mechanisms whereby the bac-
teria induce chemokine production. Our results showed that
the expression of CCL20 and CXCL10, like that of neutrophil
chemoattractants, is dose-dependently up-regulated following
C. jejuni infection. Moreover, unlike the case with Salmonella
spp., induction of CCL20 was found to be flagellin indepen-
dent, suggesting a novel mechanism of proinflammatory che-
mokine production whereby C. jejuni avoids signaling through
TLR5. Chemokine secretion requires live bacteria and activa-
tion of the transcription factor NF-�B and was highly corre-
lated with the efficiency of bacterial invasion. The regulated

epithelial production of DC and T-cell chemoattractants by
intestinal epithelial cells during C. jejuni infection suggests that
regulated chemokine responses are an important component
of the host defense to this clinically significant enteric patho-
gen.

MATERIALS AND METHODS

Cell culture. The human colonic epithelial cell line T84 (no. CCL-248) was
obtained from the American Type Culture Collection (ATCC) (Rockville, MD)
(13) and cultured as described previously (18). T84 cells either were cultured on
plastic or were grown as polarized monolayers on 0.45-�m-pore-size mixed
cellulose ester inserts (Millipore, Bedford, MA). Transepithelial resistance
(TER) was measured using a volt-ohmmeter. T84 monolayers were defined as
polarized when they possessed a TER of �1,000 � · cm2.

Bacterial strains and culture conditions. C. jejuni strain 81-176, previously
shown to cause infectious diarrhea in humans (10), was kindly provided by Victor
DiRita (University of Michigan Medical School, Ann Arbor, Michigan). The
81-176 flaA flaB mutant (27) was a kind gift of Patricia Guerry (Enteric Diseases
Department, Naval Medical Research Center, Silver Spring, Maryland). The
genome-sequenced strain NCTC11168 (61), Salmonella enterica serovar Typhi-
murium strain 14028s, and Escherichia coli DH5� were purchased from the
ATCC. Minimally passaged C. jejuni clinical isolates were provided by David
Warshauer (Wisconsin State Laboratory of Hygiene). The C. jejuni strains were
cultured on Mueller-Hinton (MH) agar under microaerophilic conditions. Strain
81-176 was cultured on MH supplemented with tetracycline (Tc) (10 �g/ml).
Experiments were completed using C. jejuni strains grown at 37°C that had not
been subcultured more than three times. Wild-type Salmonella 14028s and E. coli
DH5� were cultured overnight at 37°C on LB agar.

Infection or stimulation of epithelial monolayers. Campylobacter infection of
model epithelia was as described previously (30) with the exception that bacteria
were not centrifuged onto the monolayer in order to more faithfully replicate
interactions within the human gut. Briefly, confluent T84 cell monolayers were
incubated for 2 h with C. jejuni at various multiplicities of infection (MOI), and
the cells were then washed and incubated with fresh media containing gentami-
cin (100 �g/ml) to kill remaining extracellular bacteria. For chemokine analysis,
cells were seeded to either 6-well or 12-well plates and allowed to grow to 90 to
100% confluence prior to inoculation. For flagellin experiments, parallel cultures
of T84 cells were exposed to purified flagellin from C. jejuni strain 81-176 or
Salmonella strain 14028s for the duration of the experiment.

RNA extraction and reverse transcriptase (RT)-PCR. Total cellular RNA was
isolated from epithelial cells using TRIzol reagent (Invitrogen, Carlsbad, CA)
and cDNA synthesized as previously described (73). The absence of contami-
nating DNA was confirmed by PCR analysis using primers specific for the
promoter region of human mannose binding lectin; sense, 5�-GAA GCT TAG
ACC TAT GGG GCT AG-3�, and antisense, 5�-AAC TGC AGG GAA GGT
TAA TCG CAG TT-3�, and the following cycling conditions: 94°C for 2 min,
followed by 35 cycles of 94°C for 30 s, 60°C for 1 min, and 72°C for 2 min,
followed by a final extension of 72°C for 7 min. PCRs were performed in a 50-�l
reaction volume containing 5 �l cDNA. Primer pairs and cycling conditions for
CCL20 have been described previously with the exception that 28 cycles were
performed herein (37). Primer pairs and cycling conditions for CXCL8 (41),
CXCL1 and CXCL5 (85), and CXCL9, CXCL10, and CXCL11 (17) were as
described previously. Primer pairs for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were the following: sense, 5�-ACC ACA GTC CAT GCC ATC
AC-3�, and antisense, 5�-TCC ACC ACC CTG TTG CTG TA-3�; PCR ampli-
fication included a program of 30 cycles of 94°C for 45 s, 60°C for 45 s, and 72°C
for 2 min, followed by a final extension of 72°C for 7 min.

Real-time PCR. Comparative levels of T84 cellular chemokine mRNA expres-
sion were determined using real-time PCR. Sequences of the oligonucleotide
primer pairs used and the expected product size are outlined in Table 1. RNAs
were reverse transcribed using random hexamers and Superscript II reverse
transcriptase (Invitrogen) according to the manufacturer’s instructions. Real-
time PCR was performed using 2� iQSYBR Green Supermix (Bio-Rad Labo-
ratories, Hercules, CA) according to the manufacturer’s instructions. Briefly,
real-time PCRs were performed in a final volume of 25 �l containing 0.5 �M of
each oligonucleotide. Reactions were performed using an iCycler (Bio-Rad)
using the following cycling conditions: 5 min denaturation at 95°C and then 40
cycles of amplification at 95°C for 1 min, annealing and extension at 62°C for 1
min, for all genes apart from CXCL10, where annealing and extension were
performed at 60°C. Each RNA sample was assayed in triplicate using primers
specific for the various chemokine mRNAs. Each gene was normalized based on
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levels of the housekeeping gene RPL23. Results were calculated using the com-
parative cycle threshold (CT) 2�		CT method (51), in which the amount of target
mRNA is normalized to a reference (uninfected control) relative to the internal
RPL23 control.

ELISA. The level of CCL20, CXCL8, or CXCL10 protein secreted by infected
or control T84 epithelial cells was measured using enzyme-linked immunosor-
bent assay (ELISA). CCL20 and CXCL10 were assessed using matched antibody
pairs from R&D Systems (Minneapolis, MN) as previously defined (17, 37).
CXCL8 was assessed as defined previously (20).

Immunoblot analysis. To analyze the phosphorylation of I�B� following bac-
terial infection, T84 cells were serum starved overnight and inoculated with C.
jejuni at an MOI of 100:1 for the indicated times. As a positive control, separate
cell monolayers were stimulated for 2, 5, or 30 min with 20 ng/ml tumor necrosis
factor alpha (TNF-�). Following incubation, cells were solubilized in ice-cold
lysis buffer (50 mM Tris HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA; 0.25%
[vol/vol] sodium deoxycholate; 1% [vol/vol] IGEPAL; 0.1% [vol/vol] sodium
dodecyl sulfate [SDS]) supplemented with Protease Inhibitor Cocktail Set III
(EMD Biosciences, La Jolla, CA) and phosphatase inhibitors (10 mM sodium
orthovanadate, 40 mM 
-glycerophosphate, 20 mM sodium fluoride) for 1 h on
ice (73). Lysates were transferred to prechilled tubes and clarified by centrifu-
gation at 12,000 rpm for 15 min at 4°C. Total protein concentrations were
determined using the bicinchoninic acid assay (BCA). Cell lysates containing 10
�g of protein were size separated by reducing SDS-polyacrylamide gel electro-
phoresis (PAGE) and analyzed by Western blotting using human monoclonal
antibodies to phospho-I�B� or total I�B� (Cell Signaling Technology, Beverly,
MA) followed by incubation with horseradish peroxidase-conjugated donkey
antirabbit antibody (Amersham Biosciences, Uppsala, Sweden). Immunoblots
were visualized using the Supersignal West Pico chemiluminescent substrate kit
(Pierce, Rockford, IL) and exposure to X-ray film (Eastman Kodak, Rochester,
NY) according to the manufacturer’s instructions.

EMSA. To functionally assess NF-�B activity in C. jejuni-infected monolayers,
electrophoretic mobility shift assays (EMSA) were performed as detailed previ-
ously (21, 38). Briefly, T84 cells were seeded to 60-mm dishes and allowed to
grow to �90 to 100% confluence. Cells were then incubated overnight in serum-
free Dulbecco’s modified Eagle medium/F12 and infected with C. jejuni 81-176
in serum-free medium at an MOI of 100:1. At defined times of bacterial infec-
tion, nuclear and cytoplasmic fractions were prepared (38) and proteins quanti-
fied using the BCA assay. NF-�B which had been activated and translocated to
the nucleus was detected in the nuclear protein extracts by EMSA. Complemen-
tary strands of the oligonucleotide (5�-AGTTGAGGGGACTTTCCCAGGC-3�)
containing an NF-�B consensus binding motif were synthesized (Invitrogen),
annealed, and then end labeled with [�-32P]ATP (Amersham) and T4 polynu-
cleotide kinase (Invitrogen). Unincorporated nucleotides were removed by col-
umn elution (QIAGEN, Valencia, CA).

Binding reactions were carried out in a total volume of 20 �l, containing 20 �g
of nuclear protein and a reaction buffer containing final concentrations of 20 mM
KCl, 5% (vol/vol) glycerol, 10 ng of salmon sperm DNA per ml, 25 mM Tris-HCl,
pH 8.0, 6 mM MgCl2, 0.5 mM EDTA, 0.5 mM dithiothreitol, 4.0 �g of poly(dI-
dC), and 1 �l of 32P-labeled oligonucleotide probe. Reactions were incubated at
room temperature for 30 min and then immediately loaded onto a preelectro-
phoresed 4% (vol/vol) native 0.25 � TBE (22.3 mM Tris, 22.3 mM boric acid, 0.5
mM EDTA, pH 8.0) polyacrylamide gel, alongside a control lane containing gel
loading buffer with bromophenol blue. Samples were separated from unbound
probe at 130 V at 4°C. Following electrophoresis the gel was dried for 1 h at 80°C
before exposure to either film (Biomax MR, Kodak) or a storage phosphor
screen (Molecular Dynamics/Amersham), which was subsequently analyzed us-
ing a STORM PhosphorImager system and ImageQuant image analysis software
(Molecular Dynamics).

Adenovirus constructs and adenovirus infection. Recombinant replication-
deficient adenovirus encoding either the I�B� superrepressor (Ad5I�B�-A32/
A36) or, as a control, green fluorescent protein (GFP) was a kind gift from
Christian Jobin (Department of Medicine, University of North Carolina). The
I�B� superrepressor (Ad5I�B�-A32/36) is a mutant form of the I�B� protein
with serine-to-alanine substitutions at positions 32 and 36, thereby abrogating
NF-�B activation by preventing signal-induced I�B� phosphorylation (39). T84
adenovirus infections were performed as described previously (37, 39). Briefly,
T84 cells grown to confluence in 12-well tissue culture plates were infected with
Ad5�B�-A32/36 or Ad5GFP in serum-free medium at an MOI of 100:1 for 16 h.
After viral infection, adenovirus was removed by washing, fresh medium con-
taining serum was added, and the T84 cells were incubated for an additional 12 h
before bacterial infection or TNF-� stimulation.

Genotyping Campylobacter strains. DNA was prepared from C. jejuni isolates
or, as a negative control, E. coli DH5�, using a boiling method in which bacterial
colonies were resuspended in 50 �l of water, boiled for 10 min, placed on ice, and
then centrifuged at room temperature for 10 min at 12,000 rpm. Whole-cell
DNA extract (5 �l) was subsequently used as a template in reactions using the
primer pairs and cycling conditions for either the flagellin subunit gene, flaA (81),
the cytolethal distending toxin subunit B gene, cdtB (64), or the fibronectin
binding protein gene, cadF (44).

Motility assay. The motility phenotype of each of the C. jejuni isolates was
determined based on a prior report (29). Briefly, C. jejuni grown for 24 h on
MH agar was resuspended in MH broth to an optical density at 600 nm of 0.6
to 0.7. Each isolate was then stab inoculated using a straight wire into 0.4%
(wt/vol) MH agar, and the motility phenotype was determined following 24 h
of incubation at 37°C.

Invasion assays. To assess bacterial invasion, confluent T84 cell monolayers
cultured on 12-well plates were infected with approximately 1 � 108 bacteria to
give an MOI of about 100:1. Following an initial 2-h infection, cells were washed
three times and incubated with gentamicin (100 �g/ml) for another 4 h and then
washed and lysed in 0.1% (vol/vol) Triton X-100–phosphate-buffered saline
(PBS). Bacteria that had successfully infected cells were enumerated by colony
count following 48 h of incubation on MH agar. Invasion is expressed as a
percentage of inoculum internalized.

Heat or formalin inactivation of C. jejuni. For heat inactivation, C. jejuni (final
MOI, 100:1) was incubated at 65°C for 1 h, allowed to cool to room temperature,
and then added to confluent T84 epithelial cells. Alternatively, C. jejuni was
inactivated by suspension in PBS containing 5% (vol/vol) formalin and incubated
for 6 h at room temperature. Following inactivation, bacteria were washed three
times in PBS before addition to T84 epithelial cells. Inactivation of C. jejuni
following either heat or formalin treatment was confirmed by determining
growth on MH agar.

C. jejuni-conditioned supernatant. To determine whether C. jejuni-secreted
soluble factors in the presence of intestinal epithelial cells were responsible for
initiation of the chemokine response, the conditioned supernatant from T84 cells
inoculated with C. jejuni for 3 h was removed. This was subsequently filtered
(0.22-�m pore; Millipore Corp.) to remove residual bacteria and then added to
fresh epithelial cells.

Flagellin purification. Surface flagella were isolated from C. jejuni or Salmo-
nella according to the method of Song and colleagues (74). Ten plates of C. jejuni
or Salmonella grown on MH Tc or LB agar for 3 days or 1 day, respectively, were
resuspended in 5 ml of 10 mM Tris-HCl (pH 7.4) and vortexed for 5 min. Whole
bacteria and bacterial cell debris were removed by centrifugation at 8,000 rpm for
30 min at 4°C. The supernatant was then ultracentrifuged in a Beckman SW50.2
Ti rotor at 25,000 rpm at 4°C for 1 h. The pellet was resuspended in 5 ml of 1%
(vol/vol) SDS and ultracentrifuged as before. The resulting pellet containing
flagella was resuspended in 100 �l of 10 mM Tris-HCl and stored at �20°C. The

TABLE 1. Oligonucleotide primers used for real-time RT-PCR analysis

mRNA Sense primer (5� to 3�) Antisense primer (5� to 3�) Product
size (bp)

CCL20 CTGCTTTGATGTCAGTGCTGCTAC CTGCCGTGTGAAGCCCACAATAAA 128
CXCL8 CAGAGCACACAAGCTTCTAGGACA GTGTGGTCCACTCTCAATCACTCT 252
CXCL1 CCAAACCGAAGTCATAGCCACACT GCAGCTGTGTCTCTCTTTCCTCTT 204
CXCL5 CGTTTGTTTACAGACCACGCAAGG ATTTCCTTCCCGTTCTTCAGGGAG 123
CXCL10 TCACCTTTCCCATCTTCCAAGGGT GGTAGCCACTGAAAGAATTTGGGC 180
RPL23 CCACAGTCAAGAAAGGCAAACCAG AGTCTGCACACTCCTTTGCTACTG 195
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protein concentration was determined by BCA assay according to the manufac-
turer’s instructions.

Statistical analysis. Differences between uninfected control and experimental
samples were analyzed by unpaired Student’s t test using SigmaPlot (Jandel
Scientific Software, San Rafael, CA). Statistical significance was defined as a P
value of 
0.05.

RESULTS

Infection of T84 cells with C. jejuni induces chemokine tran-
scription in a dose- and time-dependent manner. A reliable
animal model that reproducibly mimics clinical diarrheal dis-
ease associated with acute C. jejuni infection is lacking (86).
Thus, we chose the T84 cell line as a model human intestinal
epithelium to define the host innate immune response to C.
jejuni infection. For these studies we chose the well-character-
ized virulent C. jejuni isolate 81-176. Originally isolated from a
diarrheal outbreak associated with raw-milk consumption (46),
81-176 was subsequently shown to cause inflammatory diar-
rhea in human feeding studies (10). Since C. jejuni elicits im-

mune memory (70, 72) and since iDCs are essential immune
components in linking the early innate and late adaptive im-
mune responses, we first assessed the gene expression of
CCL20. Transcriptional analyses were performed on RNA
from T84 cells that had been infected with C. jejuni strain
81–176 at MOIs of 100:1, 50:1, and 25:1 and indicated that
CCL20 mRNA expression increased by 2 h with maximal levels
between 4 and 6 h after infection. As shown in Fig. 1, infection
of T84 model epithelia led to the dose-dependent increase in
CCL20 mRNA expression 6 h after C. jejuni infection with
decreasing transcript expression after 12 and 24 h.

Since our data suggested that T84 model epithelia up-regu-
lated the production of DC chemoattractants that might link to
the adaptive immune response, we next sought to assess the
regulated production of T-lymphocyte-specific chemoattrac-
tants by those same cells. Since we had previously shown that
human intestinal epithelial cells up-regulate production of the
interferon-inducible T-cell chemokines CXCL9 (Mig), CXCL10
(IP-10), and CXCL11 (I-TAC) (17), we focused on the expression
of those genes in campylobacteriosis. As shown in Fig. 2A, we
found that 6 h of infection with C. jejuni 81-176 up-regulated the
mRNA expression of CXCL10 and to a lesser extent CXCL11 but
not CXCL9. Real-time PCR analyses to assess the time course for
CXCL10 gene expression indicated that CXCL10 was up-regu-
lated at 6 h postinfection and was diminishing by 12 and 24 h
(Table 2).

In conjunction with DCs and T cells, intestinal epithelial
recruitment of polymorphonuclear leukocytes plays an impor-
tant role in the innate mucosal immune response to enteric

FIG. 1. Regulated expression of CCL20 by Campylobacter jejuni-
infected T84 cell monolayers. A. RT-PCR analysis of CCL20 from
total RNA isolated from T84 epithelial cells inoculated with C. jejuni
strain 81-176 at multiplicities of infection of 25:1, 50:1, and 100:1. RNA
from uninfected cells (Ctrl) or cells treated with 20 ng/ml TNF-� were
used as negative and positive controls, respectively. Reactions per-
formed in the absence of RNA (no RNA) or with RNase-free water
(H2O) served as negative controls. GAPDH verified equal loading
between samples. Results are representative of three independent
experiments. B. Kinetics of chemokine mRNA expression in T84 cells
in response to C. jejuni infection. Epithelial cells were infected with C.
jejuni strain 81-176 at an MOI of 25:1 (solid circle), 50:1 (solid trian-
gle), or 100:1 (solid square). Total RNA was isolated 6, 12, and 24 h
after C. jejuni inoculation of T84 epithelial cells and CCL20 mRNA
expression assessed using real-time PCR. Samples were compared to
uninfected control (empty circle), which was designated baseline. The
2�		CT comparative CT method was used to define relative gene expres-
sion. Values are the means for triplicate samples and are representa-
tive of two separate experiments.

FIG. 2. Regulated expression of T-cell and neutrophil chemoat-
tractants in T84 epithelial cells infected with Campylobacter jejuni.
RT-PCR analysis of the T-cell chemoattractants CXCL9, CXCL10,
and CXCL11 (A), or the neutrophil chemokines CXCL1, CXCL5, and
CXCL8 (B) from total RNA isolated from T84 epithelial cells inocu-
lated with C. jejuni strain 81-176 at an MOI of 25:1, 50:1, or 100:1.
RNA from uninfected cells (Ctrl) or cells treated with 20 ng/ml TNF-�
were used as negative and positive controls, respectively. Reactions
performed in the absence of RNA (No RNA) as a negative control.
GAPDH verified equal loading between samples. Data are represen-
tative of three independent experiments.

3440 JOHANESEN AND DWINELL INFECT. IMMUN.



pathogens. The production of CXCL8 (interleukin 8) and
CXCL1 (GRO�) in response to C. jejuni infection from intes-
tinal epithelial cells has previously been characterized (30, 33,
82). Thus, as a control, we sought to define the expression of
CXCL8 and CXCL1 as well as CXCL5 (ENA-78) following
T84 infection with C. jejuni. In concordance with our findings
for CCL20 and CXCL10, infection of T84 cells led to a dose-
dependent increase in CXCL8, CXCL1, and CXCL5 mRNA
expression (Fig. 2B). CXCL8 and CXCL1 were elevated at 6 h,
with a similar decrease as shown for CCL20 and CXCL10 after
12 and 24 h of infection (Table 2). In contrast to those che-
mokines, expression of CXCL5 was sustained from 6 to 12 h
following C. jejuni infection (Table 2), as previously noted for
Salmonella-infected epithelial cells (85). Taken together, these
findings indicate that the human intestinal epithelium coordi-
nately up-regulates a defined battery of DC, T-cell, and neu-
trophil chemoattractants in response to C. jejuni infection.

Chemokine secretion from intestinal epithelial cells infected
with C. jejuni. To determine whether the increased transcrip-
tion of CCL20 and CXCL10 was paralleled with an increase in
chemokine secretion, we next used ELISA to define protein
production from C. jejuni-infected model epithelia. T84 cell
monolayers were infected with C. jejuni at various MOIs, and
supernatants were removed 6, 12, and 24 h postinfection. In
agreement with increased chemokine transcription, C. jejuni
induced a dose- and time-dependent increase in CCL20 secre-
tion from 6 to 24 h (Fig. 3A). Regulated secretion of the
effector-T-cell chemoattractant CXCL10 (Fig. 3B) and the
neutrophil chemokine CXCL8 (Fig. 3C), examined as a con-
trol, were similarly dose- and time-dependently up-regulated in
C. jejuni-infected T84 cells.

For CCL20 produced by epithelial cells to create a chemo-
tactic gradient for the attraction of iDCs, T cells, and B cells,
it must be secreted in the basolateral direction rather than
apically into the intestinal lumen. To determine whether this
was the case with C. jejuni infection, T84 cells were grown as
polarized epithelial monolayers (TER � 1,000 � · cm2) and
infected apically with C. jejuni strain 81-176 to mimic human

intestinal infection. Apical addition of C. jejuni induced signif-
icant secretion of CCL20 in the physiologically relevant baso-
lateral direction. Thus, CCL20 secretion in C. jejuni-infected
epithelium was found to be 1.02 � 0.16 ng/ml in the basal
chamber compared with 0.09 � 0.04 ng/ml in the apical cham-
ber. This contrasts with uninfected controls, which showed
0.55 � 0.28 ng/ml and 0.0 5 � 0.02 ng/ml in the basal and apical
chambers, respectively.

C. jejuni regulates epithelial CCL20 expression through the
activation of NF-�B. The transcription factor NF-�B is a cen-
tral regulator in the transcriptional activation of several genes
involved in the intestinal epithelial proinflammatory response

FIG. 3. Regulated secretion of chemokines from T84 intestinal ep-
ithelial cells infected with Campylobacter jejuni. T84 epithelial cell
monolayers were inoculated with C. jejuni strain 81-176 at an MOI of
25:1 (solid circle), 50:1 (solid triangle), or 100:1 (solid square). CCL20
(A), CXCL10 (B), and CXCL8 (C) secretion was assessed using
ELISA, as described in Materials and Methods, 6, 12, and 24 h after
bacterial inoculation. Values are means � standard errors of the
means for 3 to 11 independent experiments. An asterisk (�) indicates
the significant difference between all bacterial concentrations and the
uninfected control (P 
 0.05). A double asterisk (��) indicates a
significant difference between MOIs of 100:1 and 50:1 and the unin-
fected control (P 
 0.05).

TABLE 2. Kinetics of T-cell and neutrophil chemokine mRNA
expression in T84 cells infected with Campylobacter jejuni

Gene MOI
Fold change in mRNA expressiona

6 h 12 h 24 h

CXCL10 25:1 8.7 5.0 2.5
50:1 37.6 4.5 9.5

100:1 40.3 10.5 5.5

CXCL8 25:1 12.7 7 3.2
50:1 25.4 9.5 6.4

100:1 37.6 22.3 5.1

CXCL1 25:1 5 1.8 1.6
50:1 8.8 2.9 1.6

100:1 15.3 4 1.8

CXCL5 25:1 84 105 15.9
50:1 147 156 21

100:1 223 265 41

a Values are mean n-fold changes for triplicate samples. Data are representa-
tive of two independently completed real-time RT-PCR analyses.
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(21, 40). Prior studies have shown that CCL20 is an NF-�B
target gene (37, 48, 76). Therefore, we next assessed whether C.
jejuni-induced CCL20 secretion was also mediated by an NF-�B-
dependent mechanism. We initially determined whether C. jejuni
infection of T84 cells was capable of inducing I�B� phosphory-
lation, a necessary step in activation of NF-�B. As shown in Fig.

4A, phosphorylation of I�B� was observed within 15 min and was
sustained over 3 h of C. jejuni infection.

To determine whether Campylobacter-induced I�B� phos-
phorylation correlated with activation of NF-�B, we next used
electrophoretic mobility shift assays on nuclear protein extracts
from C. jejuni-infected T84 cells. As shown in Fig. 4B, C. jejuni
infection increased DNA binding over time, with maximal
binding observed 2 and 3 h after infection. These results differ
slightly from those for other enteropathogens, which show
maximal binding 30 to 45 min postinfection (21).

Having confirmed that C. jejuni infection of T84 cells acti-
vated NF-�B, we next sought to determine whether this tran-
scription factor regulated CCL20 secretion in C. jejuni-infected
epithelia. As shown in Fig. 4C, inhibition of NF-�B activation
in T84 cells by recombinant adenovirus expressing an I�B�
superrepressor (I�B�-A32/A36) markedly decreased C. jejuni-
induced CCL20 secretion, an effect that was not observed in
control, Ad5GFP-expressing cells. Taken together, these data
indicate that C. jejuni infection of T84 model intestinal epithe-
lia activates and in turn up-regulates CCL20 expression through
the transcription factor NF-�B.

Intestinal epithelial CCL20 secretion requires live Campy-
lobacter. There are many bacterial virulence factors known to
stimulate the NF-�B host proinflammatory chemokine re-
sponse at the intestinal epithelial surface (68). To determine
whether C. jejuni-induced CCL20 secretion required live bac-
teria, T84 cells were stimulated with either heat- or formalin-
inactivated 81-176 at the same dose required to give an MOI of
100:1. As shown in Fig. 5, heat- or formalin-inactivated bacteria
were incapable of inducing a CCL20 response like that observed
with live bacteria, with CCL20 secretion levels being similar to
those of uninfected T84 cells. Analysis of CXCL8 secretion, used
as a control, showed similar results (not shown).

In addition to inactivated bacteria, we also investigated
whether C. jejuni secreted any factors that were capable of
inducing an epithelial CCL20 response. Initial assays of bacte-
rium-free MH culture medium added to T84 cells failed to
detect any increase in CCL20 secretion (data not shown).

FIG. 4. CCL20 gene expression is regulated by Campylobacter
jejuni activation of the NF-�B signaling pathway. A. Time course of
I�B� activation in C. jejuni-infected T84 cells. Immunoblot analysis of
whole-cell lysates from T84 cells infected with C. jejuni strain 81-176
(MOI of 100:1). Blots were probed with antibody to phosphorylated
(p-I�B�) or total (tot-I�B�) I�B� protein. Cells were left unstimu-
lated or were stimulated with 20 ng/ml TNF-� for 2, 5, or 30 min as
negative and positive controls, respectively. Data are representative of
three independent experiments. B. Nuclear extracts from C. jejuni
induce the nuclear translocation of NF-�B in T84 cells. Electro-
phoretic mobility gel shift assays were performed using nuclear extracts
from C. jejuni strain 81-176-infected (MOI of 100:1) T84 cells, ob-
tained 30 min or 1, 2, or 3 h postinfection, and a radiolabeled probe
containing an NF-�B binding site. Extracts from uninoculated cells
(Ctrl) or cells stimulated with 20 ng/ml TNF-� (30 min) served as
negative and positive controls, respectively. Specificity of the labeled
complex was shown by incubation with unlabeled competitor probe
(comp.). Data are representative of three separate experiments. C.
The I�B� superrepressor inhibited CCL20 secretion. T84 cells were
infected (MOI of 100:1) with recombinant adenovirus expressing ei-
ther the I�B� superrepressor (Ad5I�B-A32/36) or green fluorescent
protein (Ad5GFP) as indicated. Mock, uninfected cells (No Virus)
were a separate internal control for Campylobacter-induced chemokine
secretion. Ad5-infected cells were either inoculated with C. jejuni
strain 81-176 or remained uninfected as a negative control. CCL20
secretion was assayed by ELISA as described in Materials and Methods.
Values are means � standard errors of the means for three independently
completed experiments. An asterisk (*) indicates the significant difference
from Campylobacter-Ad5GFP-infected cells (P 
 0.05).

FIG. 5. Live Campylobacter jejuni is required to activate CCL20
secretion from T84 epithelial cells. T84 cell monolayers were inocu-
lated with live C. jejuni (MOI of 100:1) or C. jejuni that had been either
heat killed or formalin inactivated as outlined in Materials and Meth-
ods. T84 cells were also stimulated with C. jejuni conditioned super-
natants. Data are means � standard errors of the means for three
different experiments. An asterisk (*) indicates a significant difference
between infected (81-176) and uninfected control (Ctrl) cells (P 

0.05). A double asterisk (**) indicates a significant difference from
Campylobacter-infected cells (P 
 0.05).
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However, since previous reports indicate that C. jejuni viru-
lence modalities are regulated upon environment sensing, such
as interaction with the host (34), supernatants were taken from
81-176 conditioned tissue culture media as outlined in Mate-
rials and Methods. As shown in Fig. 5, T84 cells treated with
filtered supernatants showed results similar to that observed
for inactivated bacteria and were not different from uninfected
controls.

C. jejuni-induced CCL20 secretion is flagellin independent.
Numerous studies have demonstrated that bacterial flagellin is
a major stimulus of the proinflammatory response in human
intestinal epithelial cells (19, 26, 75, 77), where it is recognized
by TLR5 (28). Recent work has shown that Salmonella flagellin
is the major component for stimulating the CCL20 response in
infected epithelial cells (71). The ability of C. jejuni flagellin to
induce CCL20 secretion from T84 cells was assayed in parallel
with Salmonella flagellin. Flagella were purified directly from
bacterial cells as described in Materials and Methods. The
purity of the flagellin preparation, FlaA from C. jejuni and FliC
from Salmonella, was verified by SDS-PAGE and Coomassie
brilliant blue staining (Fig. 6A). Next, T84 cells were treated
with various concentrations (0.1 to 1,000 ng/ml) of flagellin
purified from either C. jejuni or Salmonella. As shown in Fig. 6,
Campylobacter flagellin was incapable of inducing CCL20 (Fig.
6B) or CXCL8 (Fig. 6C) chemokine secretion in treated T84
epithelial cell monolayers. As expected from those data, puri-
fied Salmonella but not Campylobacter flagellin stimulated
CXCL10 secretion (data not shown). TLR5 expression by T84
cells was verified by RT-PCR (not shown), indicating that the
inability of Campylobacter flagellin to stimulate chemokine
production did not reflect aberrant expression of the flagellin
pattern recognition receptor. These data with Campylobacter

flagellin are in marked contrast to those with Salmonella
flagellin, used as a control, which potently up-regulated
chemokine production in stimulated T84 cell monolayers
(Fig. 6), and most likely reflect the inability of Campy-
lobacter flagellin to bind and activate the TLR5 pattern
recognition receptor (3, 82).

We next tested the ability of a C. jejuni flagellar mutant to
stimulate chemokine secretion from intestinal epithelial cells.
Infection of T84 cell monolayers with an 81-176 flaA flaB
mutant (27) produced significantly less CCL20 secretion than
that of wild-type 81-176 (1.04 � 0.29 ng/ml and 4.05 � 0.43
ng/ml, respectively). The inability of the flagellar mutant to
stimulate chemokine secretion corresponds with its lack of
motility (27) and its greatly reduced ability (�700-fold less
than that of the wild type) to invade intestinal epithelial cells.
Together with its inability to bind TLR5, our results show that
while C. jejuni flagella are not sufficient to trigger chemokine
secretion from intestinal epithelial cells, they are necessary for
invasion and subsequent induction of the chemokine response.

CCL20 secretion from T84 cells is differentially induced by
clinical isolates. Having shown that C. jejuni strain 81-176, a
well-characterized virulent human isolate of Campylobacter,
increased CCL20 expression in an NF-�B-dependent, flagellin-
independent manner, we next wished to determine whether
other isolates of C. jejuni were similarly capable of inducing
CCL20 protein secretion from intestinal epithelial cells. Thus,
we next assessed chemokine secretion from T84 cells inocu-
lated with a number of clinical, disease-associated isolates
from the Wisconsin State Laboratory of Hygiene (Madison,
WI) or the genome-sequenced strain NCTC11168. Each iso-
late was genotyped for the virulence genes encoding flagella,
using the flagellin subunit gene flaA, the cytolethal distending

FIG. 6. Campylobacter jejuni flagellin does not stimulate chemokine secretion by T84 epithelial cells. A. C. jejuni and S. enterica serovar
Typhimurium flagellins were purified and quantified as outlined in Materials and Methods. Equal amounts of flagellin protein were size separated
by SDS-PAGE and stained using Coomassie brilliant blue to verify size and purity. Flagellins of C. jejuni, FlaA (59 kDa), and S. enterica serovar
Typhimurium, FliC (50 kDa), are shown. Markers (M) are as indicated. T84 cell monolayers were stimulated with increasing concentrations of
flagellin (1, 10, 100, or 1,000 ng/ml) from C. jejuni or S. enterica serovar Typhimurium. Separate monolayers were left untreated or were treated
with TNF-� (20 ng/ml) as negative or positive controls, respectively. CCL20 (B) and CXCL8 (C) secretion was measured 12 h after addition of
flagellin. Values are means � standard deviations from a representative experiment (n � 3).
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toxin (CDT) using the CDT B subunit gene, cdtB, and the
fibronectin binding protein (CadF) gene, cadF. The virulence-
associated phenotypes of motility and invasion were also as-
sessed.

As shown in Table 3, T84 cells inoculated with differing
clinical C. jejuni isolates, each of which possessed the genes
encoding the flaA, cdtB, and cadF virulence determinants, con-
sistently stimulated CCL20 secretion to various levels, from
0.87 � 0.1 ng/ml to 3.22 � 0.4 ng/ml. Clinical isolate 46-47 was
as effective as 81-176 in stimulating the highest levels of che-
mokine secretion with all but two isolates secreting statistically
significant levels of CCL20. Similar findings were noted for
CXCL8 secretion (Table 3). In agreement with prior reports
(9, 22, 24, 60), the differing clinical C. jejuni isolates as well as
the strains 81-176 and NCTC11168 were found to invade cul-
tured intestinal epithelial cells with various efficiencies. C. je-
juni invasion levels correlated with chemokine secretion (Table
3), with those strains eliciting the highest level of CCL20 or
CXCL8 secretion being the most invasive. Similarly, the levels
of CCL20 secreted by the clinical isolates were more robust
than that noted for the neutrophil chemoattractant CXCL8.
The consistent increase in DC chemokine secretion by C. je-
juni-infected epithelium suggests that NF-�B-regulated che-
mokine expression may be a common feature of clinical dis-
ease associated with campylobacteriosis.

DISCUSSION

Unlike the case with many other enteroinvasive pathogens,
very little is known about the mechanisms whereby C. jejuni
colonizes the intestinal epithelium and induces diarrhea. How-
ever, given the similarities between C. jejuni disease pathogen-
esis and that of the more well-characterized enteropathogens,
the ability to stimulate the secretion of proinflammatory che-

mokines and cytokines is likely an important factor in disease
pathology. Since evidence of immune memory (70, 72) and
autoimmune sequelae (1) has been found in campylobacterio-
sis, the adaptive immune response also likely plays a significant
role in C. jejuni pathogenesis. In this work we report that C.
jejuni stimulates the activation of the transcription factor NF-
�B, leading to the up-regulated transcription and secretion of
the DC chemokine CCL20 as well as the T-cell chemoattrac-
tant CXCL10 from intestinal epithelial cells. The up-regulation
of these chemoattractants, whose major known function is to
attract cells important for antigen presentation and the devel-
opment of the host adaptive immune response, implicates the
epithelium as a key regulator of mucosal immunity in C. jejuni
infection. Further, our data suggest that DCs may play a key
role in antigen processing and in directing the development of
the adaptive immune response in campylobacteriosis. More-
over, we determined that chemokine expression in C. jejuni-
infected epithelium occurs despite evasion of the TLR5 pat-
tern recognition receptor, suggesting that alternate host
defense responses are activated and limit morbidity with this
clinically important pathogen.

In developed countries, C. jejuni infection is characteristi-
cally associated with an acute inflammatory, sometimes bloody,
diarrhea and the presence of fecal leukocytes (10, 72), symp-
toms common to infection by many enteric pathogens. Che-
mokines, along with the induction of other proinflammatory
mediators, are crucial in the development of the protective
mucosal immune response. In particular, the chemokine
CXCL8 is a potent neutrophil chemoattractant essential in
early inflammatory responses and critical for both the induc-
tion of diarrhea and the clearance of bacterial infection (54, 59,
68). In agreement with the multifactoral nature of bacterium-
host interactions, the production of neutrophil chemokines in
C. jejuni infection has been shown to involve both C. jejuni
attachment/invasion (30) and the CDT toxin (31), which elicits
G2 cell cycle arrest (49, 83). Our results extend those prior
findings and showed that C. jejuni infection of T84 intestinal
epithelial cells also up-regulated the expression of CXCL1 and
CXCL5, chemokines equally important in the attraction of
neutrophils. Similar to the kinetics of expression observed in
intestinal epithelial cells infected with Salmonella (85), C.
jejuni showed a rapid transient upregulation of expression of
CXCL8 and CXCL1 but induced a sustained response for
CXCL5. This suggests that C. jejuni infection of intestinal
epithelial cells induces temporal and spatial chemokine gradi-
ents, which may be important in both the early and late phases
of the mucosal inflammatory response to this pathogen. Im-
portantly, the levels of CXCL8 secretion observed in our T84
cell model were in agreement with those previously observed
for C. jejuni and other enteropathogens (30, 41).

The activation of the NF-�B signaling pathway is essential
for the coordinate expression of a large number of proinflam-
matory genes, which are critical components of the mucosal
immune response (21, 40, 55). Thus, NF-�B has been shown to
mediate the transcription of many of the cytokines and che-
mokines, such as CCL20 (37, 48, 76) and CXCL8 (21, 32), as
well as many other proinflammatory mediators (40). NF-�B in
nonstimulated cells is normally sequestered in the cytoplasm
by its association with inhibitor of NF-�B (I�B) proteins. Ac-
tivation and translocation of NF-�B to the nucleus require

TABLE 3. CCL20 and CXCL8 secretion and invasion in T84 cells
infected with clinical isolates of Campylobacter jejuni

C. jejuni
strain

Genotypea

Motilityb %
Invasionc

Chemokine secretion
(ng/ml)d

flaA cadF cdtB CCL20 CXCL8

81-176 � � � � 3.10 � 0.53 3.36 � 0.9* 0.57 � 0.15*
11168 � � � � 0.05 � 0.04 1.36 � 0.3* 0.28 � 0.08*
45-05 � � � � 0.02 � 0.01 1.16 � 0.2* 0.26 � 0.05*
38-73 � � � � 0.05 � 0.03 1.39 � 0.1* 0.23 � 0.06
46-47 � � � � 0.37 � 0.09 3.22 � 0.4* 0.54 � 0.17*
46-49 � � � � 0.12 � 0.01 0.95 � 0.3 0.24 � 0.06*
39-02 � � � � 0.27 � 0.06 1.22 � 0.3* 0.26 � 0.09*
41-70 � � � � 0.04 � 0.01 0.87 � 0.1 0.27 � 0.06*

a E. coli DH5� and Salmonella 14028s assessed as negative controls did not
possess the flaA, cadF, and cdtB genes. Data for genotype analysis are represen-
tative of two independently completed experiments.

b Each of the Campylobacter isolates and Salmonella 14028s assessed as a
positive control, were motile. E. coli DH5� assessed as a negative control was
nonmotile. Data for motility assays are representative of two independently
completed assays.

c Invasion was assessed as a percentage of the initial inoculum as defined in
Materials and Methods. Values are the means � SD from two to six independent
experiments.

d Secretion of CCL20 or CXCL8 was assessed by ELISA as defined in the
Material and Methods section. Values for chemokine secretion are means �
SEM from two to six independently completed experiments. Background levels
of CCL20 and CXCL8 in uninfected T84 cells were 0.79 � 0.26 and 0.13 � 0.07,
respectively. An asterisk denotes a statistically significant difference in chemo-
kine secretion between C. jejuni isolates and uninfected T84 cells.

3444 JOHANESEN AND DWINELL INFECT. IMMUN.



phosphorylation and degradation of these inhibitory molecules
(43, 50). In this work we determined that C. jejuni infection of
model human intestinal epithelia induced the time-dependent
phosphorylation of I�B�, without subsequent degradation of
total I�B� levels. In turn we noted an increase in NF-�B
activity in C. jejuni-infected epithelial cells, which led to an
increase in chemokine secretion. Of note, the CXCL9 and
CXCL11 T-cell chemokines lacking or possessing weak NF-�B
binding sites were only minimally, if at all, increased by Campy-
lobacter infection.

While our data for C. jejuni activation of the NF-�B proinflam-
matory response is similar to that noted for other enteric micro-
bial pathogens, we observed several unique features in the acti-
vation of this pathway. First, the sustained I�B� phosphorylation
observed upon C. jejuni infection is in sharp contrast to other
enteric microbial pathogens, such enteropathogenic E. coli, which
shows rapid but transient I�B� phosphorylation upon infection of
T84 cells (69). Further, in comparison to the proinflammatory
cytokine TNF-�, little to incomplete degradation of total I�B�
levels was observed in C. jejuni-infected epithelial cells. These
data, however, are in agreement with the incomplete degradation
of total I�B� observed in T84 cells infected with other enteroin-
vasive pathogens, such Salmonella dublin, Yersinia enterolitica, or
E. coli O29:NM (21). In contrast to the incomplete I�B� degra-
dation observed in T84 epithelia infected with live C. jejuni, a
prior report showed that an undefined boiled-cell extract of C.
jejuni strain NCTC11168 leads to the complete degradation of
total I�B� (53), similar to that observed for enteropathogenic E.
coli-infected (69) or S. enterica serovar Typhimurium-infected
(57) epithelial cells. The latter difference may represent differ-
ences in the cell lines or C. jejuni isolates. Since we noted that
several Campylobacter isolates reproducibly invade intestinal ep-
ithelial cells, much like enteroinvasive Salmonella, it is likely that
incomplete degradation of total I�B� more closely approximates
the pathophysiologic interactions at the human mucosal surface
in campylobacteriosis. Taken together, we have defined for the
first time a role for C. jejuni-activated NF-�B in regulation of the
host epithelial chemokine response to that organism.

Intestinal epithelial cells express an array of pattern recog-
nition receptors, Toll-like receptors, and Nods, which play a
key role in the identification of pathogens and the stimulation
of the NF-�B proinflammatory immune response. Each recep-
tor is involved in the recognition of conserved microbial com-
ponents, such as lipoproteins, lipopolysaccharide, and pepti-
doglycan (11, 63). Several studies have shown that flagellins
from various gram-negative and gram-positive bacteria are ca-
pable of stimulating the proinflammatory NF-�B signaling re-
sponse in intestinal epithelial cells (19, 26, 28, 77, 88), where it
is recognized by TLR5 (28). Moreover, flagellin from Salmo-
nella has specifically been shown to stimulate CCL20 gene
expression and secretion from intestinal epithelial cells, result-
ing in the migration of iDCs (71). In this study we show that C.
jejuni flagellin, in distinct contrast to Salmonella flagellin, is
incapable of stimulating CCL20 secretion in human intestinal
epithelial cells. This work correlates with a recent report (82),
which showed a lack of CXCL8 secretion in Campylobacter
flagellin-treated epithelial cells. Our data likely reflect unique
amino acid differences in the flagellin protein common to sev-
eral members of the �- and ε-Proteobacteria, including C. jejuni
and C. coli (3), that prevent its binding and recognition by the

human TLR5 pattern recognition receptor. This function per-
haps provides a selective advantage for C. jejuni over other
mucosal pathogens by avoidance of TLR5 recognition. Of
note, we found that a C. jejuni flagellar mutant was unable to
stimulate chemokine secretion from intestinal epithelial cells.
This result was not surprising, given that Campylobacter lacking
flagella are nonmotile and display decreased invasion, func-
tions critical for C. jejuni pathogenesis. Overall, our studies
indicate that while C. jejuni flagellin does not play a role in the
stimulation of the proinflammatory chemokine response, fla-
gella are still in fact necessary for successful invasion and
induction of the proinflammatory response at the intestinal
mucosa.

The cells of the intestinal epithelium respond to microbial
threats by the activation of specific cellular signaling cascades
that ultimately result in the activation of the proinflammatory
gene program, subsequently leading to clearance of the offend-
ing pathogen (35, 42, 56). Our results suggest that C. jejuni
activates the proinflammatory response in intestinal epithelial
cells by mechanisms different from those described for other
enteropathogens and may escape signaling through host innate
defense recognition molecules, such as TLRs. Previous studies
have shown that the ability of C. jejuni to cause disease is
dependent on multiple factors, such as motility, chemotaxis,
host cell adherence, toxin production, and host cell invasion
(45). The major drawback in understanding pertinent virulence
factors is the considerable diversity between C. jejuni strains
observed both in clinical presentation and in the genotypic and
phenotypic characteristics (16, 72, 80). Despite the diverse
nature of C. jejuni isolates, our studies showed that the ability
to induce CCL20 and CXCL8 secretion from intestinal epithe-
lial cells, although varied among the clinical C. jejuni isolates
examined, was a consistent host defense response to disease-
associated Campylobacter.

Epithelial chemokine secretion induced by clinical isolates
of C. jejuni was correlated with the invasion efficiency of those
bacteria. Thus, those C. jejuni strains capable of robust inva-
sion of model human intestinal epithelia induced the highest
levels of CCL20 and CXCL8 secretion. Our data are in agree-
ment with a prior report that showed that CXCL8 secretion by
INT407 cells was similarly linked to C. jejuni invasion (30).
This correlation of chemokine secretion and invasion was fur-
ther strengthened by results using heat- or formalin-inactivated
bacteria, which showed background levels of chemokine secre-
tion compared to those for live bacteria. Thus, we have shown
that to induce epithelial responses, C. jejuni must be live and in
contact with epithelial cells. Moreover, these data suggest that
adherence, invasion, or potentially the translocation of micro-
bial effectors into the host cell via a secretion system may
trigger the epithelial host defense response. Given the high
degree of correlation between adherence and/or invasion, cou-
pled with evasion of TLR5-flagellin recognition in the T84
model epithelium, it is tempting to speculate that intracellular
pattern recognition receptors, such as Nod proteins (79), may
be involved in C. jejuni signaling in the host.

In summary, our data show that C. jejuni stimulates CCL20,
an important chemokine in the activation of immature den-
dritic cells and thus the development of the host adaptive
immune response. Our work also characterizes several T-lym-
phocyte and neutrophil chemokines, whose coordinate expres-

VOL. 74, 2006 SECRETION OF CCL20 IN C. JEJUNI INFECTION 3445



sion and secretion may be vital not only for the initial acute
inflammatory response but also to a later sustained innate and
adaptive immune response to C. jejuni infection. Notably, C.
jejuni was found to activate NF-�B and in turn the proinflam-
matory gene program independently of flagellin recognition by
TLR5. Together, our data suggest that a redundant mechanism
functionally activates epithelial host defense responses to the
various virulence modalities of the food- and waterborne
pathogen C. jejuni.
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