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Campylobacter jejuni and Campylobacter coli colonize and infect the intestinal epithelium and cause acute
inflammatory diarrhea. The intestinal epithelium serves as a physical barrier to, and a sensor of, bacterial
infection by secreting proinflammatory cytokines. This study examined the mechanisms for Campylobacter-
induced secretion of the proinflammatory chemokine interleukin-8 (IL-8) by using polarized T84 human
colonic epithelial cells as a model. C. jejuni increased the secretion of both IL-8 and tumor necrosis factor alpha
(TNF-«) in polarized epithelial cells. However, the increase in IL-8 secretion was independent of Campy-
lobacter-stimulated TNF-a secretion. Polarized T84 cells secreted IL-8 predominantly to the basolateral
medium independently of the inoculation direction. While there was a significant correlation between the levels
of IL-8 secretion and Campylobacter invasion, all 11 strains tested increased IL-8 secretion by polarized T84
cells despite their differences in adherence, invasion, and transcytosis efficiencies. Cell-free supernatants of
Campylobacter-T84-cell culture increased IL-8 secretion to levels similar to those induced by live bacterial
inoculation. The ability of the supernatant to induce IL-8 secretion was reduced by flagellum and cytolethal
distending toxin (CDT) gene mutants, treatment of the supernatant with protease K or heat, or treatment of
T84 cells with the Toll-like receptor (TLR) inhibitor MyD88 inhibitory peptide or chloroquine. NF-kB inhib-
itors or cdtB mutation plus MyD88 inhibitor, but not flad cdtB double mutations, abolished the ability of the
supernatant to induce IL-8 secretion. Taken together, our results demonstrate that Campylobacter-induced IL-8
secretion requires functional flagella and CDT and depends on the activation of NF-kB through TLR signaling

and CDT in human intestinal epithelial cells.

Campylobacter jejuni and Campylobacter coli are leading
causes of food-borne diarrheal disecases worldwide, with an
estimated 2.4 million cases each year in the United States (55).
Campylobacter infection usually causes acute self-limiting gas-
troenteritis; however, severe and prolonged cases of enteritis,
bacteremia, septic arthritis, and other extraintestinal infec-
tions, particularly in immunocompromised patients, have also
been reported (52). The pathogenic mechanisms responsible
for Campylobacter gastroenteritis are not yet fully understood.

Campylobacter infection is initiated at the intestinal epithe-
lium, the first line of defense against enteric pathogens. The
intestinal epithelium not only provides a physical barrier
against bacterial infection but also functions as a sensor of
bacterial infection for the immune system. The interaction
of bacteria with the intestinal epithelium induces the secretion
of a panel of proinflammatory cytokines, which provide the
earliest warning signs for the immune system (12, 13, 28). One
of the major proinflammatory cytokines secreted by the intes-
tinal epithelial cells is interleukin-8 (IL-8) (12, 13, 28), a che-
moattractant that recruits neutrophils to the infected site. Pre-
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vious studies have shown that the interaction of enteric
pathogens, such as Salmonella enterica serovar Typhimurium
(37), Shigella flexneri (5), and Yersinia enterocolitica (50), with
T84 polarized human intestinal epithelial cells induced the
secretion of IL-8 and the transmigration of subepithelial neu-
trophils to the apical surface (5, 37, 38). Like those bacteria,
campylobacters colonize, invade, and transmigrate across po-
larized human intestinal epithelial cells (30, 42) and induce
IL-8 secretion in nonpolarized and polarized human intestinal
epithelial cell lines (9, 21, 36).

The molecular mechanisms for Campylobacter-induced IL-8
secretion in epithelial cells have not been well studied. Com-
mon bacterial components, such as flagellin (53), lipopolysac-
charide (LPS) (47), DNAs that contain unmethylated CpG
motifs (3), and peptidoglycan (51), can evoke epithelial IL-8
production by activating Toll-like receptors (TLRs), a family of
pattern recognition receptors that bind to conserved microbial
structures and activate innate immunity (4, 40). For example,
the flagellin of Salmonella serovar Typhimurium (17) and the
LPS of S. flexneri (5) have been shown to be inducers of IL-8.
However, the flagellin of C. jejuni has been reported to be
ineffective in the induction of IL-8 secretion in human intesti-
nal epithelial cells (27, 58). Campylobacter-secreted cytolethal
distending toxin (CDT) can induce IL-8 secretion (22). Addi-
tionally, C. jejuni-induced IL-8 secretion requires the viability
of the bacteria (9, 21) and depends on C. jejuni gene products
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that are expressed upon contact with epithelial cells and on the
activation of the mitogen-activated protein kinase extracellular
signal-regulated kinase in epithelial cells (58).

Nuclear factor kB (NF-kB) is a major transcriptional regu-
lator of proinflammatory cytokines in the intestinal epithelial
cells (14, 44) and a main downstream target of TLR signaling
pathways (4). The interaction of mucosal pathogens, such as
Salmonella serovar Typhimurium (23), Neisseria gonorrhoeae
(45), S. flexneri (11), and Escherichia coli (49), with epithelial
cells activates NF-kB. C. jejuni has been shown to activate
NF-«kB in HeLa cells and HCA-7 human colonic epithelial cells
(41). C. jejuni-induced secretion of the proinflammatory che-
mokines GROq, yIP-10, and monocyte chemoattractant pro-
tein-1 depends on NF-«kB activation (24). C. jejuni-induced
gastroenteritis was much more severe in NF-kB-deficient mice
than in wild-type (wt) mice (15), supporting the importance of
NF-«kB in the host responses to C. jejuni infection.

In this study, we examined bacterial and host factors that are
required for the induction of IL-8 secretion in Campylobacter-
infected polarized human intestinal epithelial cells. We demon-
strated that Campylobacter-induced polarized IL-8 secretion
involved Campylobacter flagellum and CDT, but not host cell-
secreted tumor necrosis factor alpha (TNF-«), and required the
activation of the TLR signaling adaptor MyD88 and NF-«B.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Campylobacter was routinely grown
on Mueller-Hinton (MH) agar (Difco Laboratories, Detroit, MI) containing 5%
(vol/vol) lysed horse blood at 37°C under a microaerophilic atmosphere (85% N,
10% CO,, and 5% O,). A human clinical strain, C. jejuni 81-176 (19, 46), its flaA
insertion mutant K2-32, which does not express flagellin A, and its pfl4 insertion
mutant K2-55, which expresses flagellin but is not motile (59), were kindly
provided by Patricia Guerry-Kopecko of the Naval Medical Research Center
(Bethesda, MD). A cdtB mutant of C. jejuni 81-176 (15) was kindly provided by
James Fox of MIT (Cambridge, MA). Five C. jejuni and 3 C. coli strains used in
the study were selected from 378 Campylobacter isolates recovered from retail
raw chicken meat in the Washington, DC, area from June 1999 to July 2000,
based on their distinct DNA fingerprinting profiles by pulsed-field gel electro-
phoresis (60) and their adherence and invasion abilities in nonpolarized epithe-
lial cells (61). All of these strains had intact CDT genes (61).

Construction of the C. jejuni 81-176 flaA cdtB double mutant. A 2.7-kb DNA
fragment that contained the cdtB gene with the chloramphenicol resistance gene
inserted was first amplified from a J81-176 cdtB mutant strain by using a pair of
primers (forward primer, 5'-ATTTGAAGATAC TGATCCTT-3'; reverse primer,
5'“TTGCACAGCTGAAGTTGT-3") (15) and then cloned into the pPGEM-T Easy
vector (Promega). The clones containing the mutated cdfB gene were selected by
ampicillin and chloramphenicol resistance. The mutated cdtB gene was introduced
into the C. jejuni fliA mutant strain by natural transformation (15). The transfor-
mants were selected with kanamycin and chloramphenicol (each at 25 pg/ml), and
the mutations of both fla4 and cdtB were verified by PCR.

Cell culture. T84 cells (a human colonic epithelial cell line; ATCC CCL-248)
were maintained in a 1:1 mixture of Dulbecco’s modified Eagle medium and
Ham’s F-12 medium containing 2.5 mM L-glutamine, 15 mM HEPES, and 0.5
mM sodium pyruvate (Invitrogen, San Diego, CA) supplemented with 5% (vol/
vol) fetal bovine serum, penicillin, and streptomycin (5% DME/F12), as recom-
mended by the ATCC (Manassas, VA). To establish polarized monolayers, T84
cells (2 X 10°) were seeded onto transwells (0.33 ¢cm?) with 3.0-pm-pore-size
clear polyester membranes (Corning Costar Corp., Cambridge, MA). The po-
larization of the epithelial monolayers was monitored by transepithelial resis-
tance, measured by Millicell-ERS (Millipore, Billerica, MA). The polarized T84
cells were not used until the transepithelial resistance of the monolayers reached
1,400 Q/cm? or higher.

Inhibitors. The NF-«B inhibitors SN50 [6-amino-4-(4-phenoxyphenylethyl-
amino)quinazoline] (34) and quinazoline (56) were purchased from Calbiochem
(San Diego, CA), and TPCK (N-a-p-tosyl-L-phenylalanine chloromethyl ketone)
(7) was purchased from Sigma-Aldrich (St. Louis, MO). Chloroquine and the
MyD88 homodimerization inhibitory peptide set were purchased from Sigma-

CAMPYLOBACTER 1L-8 INDUCTION REQUIRES CDT AND TLR 4499

Aldrich and Imgenex (San Diego, CA), respectively. Polarized T84 cells were
preincubated with SN50 (18 pM), quinazoline (28 wM), TPCK (50 uM), or
chloroquine (5 uM) for 30 min or with MyD88 inhibitor or a control peptide (100
M) for 24 h. The inhibitors were also included in the inoculation medium. The
transepithelial resistance was monitored before and after incubation, and no
significant effect of these inhibitors on transepithelial resistance was detected.
Cycloheximide (39), an inhibitor of eukaryotic but not prokaryotic protein syn-
thesis, and polymyxin B (25, 51), which binds and neutralizes LPS, were pur-
chased from Sigma-Aldrich.

Analysis for IL-8 and TNF-a secretion. Bacteria were cultured on the plates
for 18 h and were harvested using phosphate-buffered saline. Polarized T84
monolayers cultured on transwells were washed with the invasion medium (5%
DME/F12 without antibiotics) and treated with one of the following: (i) Campy-
lobacter (2 x 10° CFU; multiplicity of infection [MOI], ~10) in the invasion
medium inoculated either from the apical or from the basolateral chamber of
transwells, (ii) conditioned supernatants, generated from the apical or basolat-
eral culture medium, applied to the corresponding culture chambers, or (iii) a
DNA extract of C. jejuni 81-176. The epithelial cells were incubated for the times
indicated in a 5% CO, incubator at 37°C. The culture media from the apical and
basolateral chambers were collected individually and centrifuged for 20 min at
13,000 X g to remove bacteria. A cocktail of protease inhibitors (Sigma-Aldrich)
was added to the supernatants in order to protect the proteins from degradation.
The amounts of IL-8 and TNF-« in the supernatants were determined by en-
zyme-linked immunosorbent assays (ELISA). Mouse anti-human IL-8 and anti-
human TNF-a monoclonal antibodies (BD Bioscience, San Jose, CA) were used
as capturing antibodies; biotinylated mouse anti-human IL-8 and anti-human
TNF-a monoclonal antibodies (BD Bioscience) were used as detecting antibod-
ies; and streptavidin-alkaline phosphatase (SouthernBiotech Inc., Birmingham,
AL) and the substrate p-nitrophenylphosphate disodium (Sigma-Aldrich) were
used to visualize bound antibodies. Recombinant human IL-8 and TNF-a (BD
Bioscience) with known concentrations were used to establish standard curves.

Analysis of Campylobacter adherence, invasion, and transcytosis. The adher-
ence, invasion, and transcytosis of Campylobacter in polarized epithelial cells
were analyzed as previously described (42). Briefly, polarized T84 epithelial-cell
monolayers were washed with invasion medium and incubated with Campy-
lobacter (~2 X 10° CFU; MOI, ~10) apically at 37°C for 4 h. The transepithelial
resistance of the epithelial-cell monolayers was checked before and after incu-
bation with the bacteria, and no significant change was detected. After the 4-h
incubation, bacteria in the basolateral medium were enumerated to determine
the number of bacteria that had transmigrated from the apical to the basolateral
chamber. After a wash to remove unassociated bacteria, cell-associated bacteria
were released by incubating cells with 1% saponin for 5 min and vortexing
vigorously for 2 min. Serial dilutions of the lysates were plated onto MH-blood
plates. To determine the number of bacteria that had invaded T84 cells, T84
epithelial-cell monolayers were washed and incubated with gentamicin (100
png/ml) in invasion medium at both the apical and basolateral chambers for 2 h
to kill extracellular bacteria. Then cells were washed, lysed, and plated onto
MH-blood plates. The number of bacteria that had adhered, been internalized,
or been transcytosed was plotted as a percentage of the starting viable inoculum.

Preparation of conditioned supernatants from the Campylobacter—epithelial-
cell coculture. Conditioned supernatants were prepared using a previously de-
scribed procedure with minor modifications (17). Typically, polarized T84 epi-
thelial-cell monolayers were incubated apically with C. jejuni 81-176 or its mutant
(around 2 X 10° CFU) at 37°C for 4 h. After the 4-h incubation, the apical (apical
conditioned supernatant) and basolateral (basolateral conditioned supernatant)
media were collected individually and centrifuged for 20 min at 13,000 X g to
remove the bacteria, and the supernatants were stored at —20°C for future use.
The same amount of bacteria was suspended in 0.1 ml invasion medium and
incubated alone for 4 h at 37°C. The cultures were centrifuged to remove
bacteria, and the supernatant was collected as the bacterial culture medium. To
inactivate heat-sensitive proteins, the collected conditioned supernatant was
boiled for 20 min. To remove most of the protein factors, the conditioned
supernatant was treated with protease K (100 wg/ml; Invitrogen) at 56°C over-
night, followed by a 20-min incubation at 100°C to inactivate protease K. To
remove bacterial DNA, the conditioned supernatant was treated with DNase I
(10 U/ml; New England Biolabs, Ipswich, MA) at 37°C for 2 h. The treated
supernatants were analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (12%) and agarose gel electrophoresis, confirming the
removal of proteins by protease K and of bacterial DNA by DNase I (data not
shown). The conditioned supernatant was incubated with polymyxin B (20 pg/ml)
at 37°C for 30 min to neutralize LPS.

CDT cytotoxicity assay. The cytotoxicity of CDT in the bacterial culture
supernatants was analyzed by using Vero cells as previously described (16).
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Briefly, Vero cells were seeded onto 96-well plates (~10* cells/well) 24 h before
the analysis. Vero cells were incubated with serially diluted C. jejuni culture
supernatants (100 wl/well) that had been filtrated (pore size, 0.22 pm) and
treated with polymyxin B (2 mg/ml) (18). The culture medium of filtrated
and polymyxin-treated E. coli O157:H7 EDL933 was used as a positive control,
and polymyxin B-treated broth was used as a negative control. After a 48-h
incubation, the viability of Vero cells was monitored using an MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay (10). The CDT
titers were expressed as the reciprocal of the highest dilution that caused 50%
Vero cell death, compared to untreated cells.

Analysis for NF-kB activation. The activation of NF-kB was analyzed by
following the degradation of the NF-kB inhibitor IkB-a. Epithelial cells were
incubated with C. jejuni 81-176 (MOI, ~10) in the presence of cycloheximide (10
ng/ml; Sigma-Aldrich), which blocks protein synthesis in epithelial cells, for
varying lengths of time. The epithelial cells were washed and lysed (20 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EGTA, 1% NP-40, 1 mM MgCl,, 50
mM NaF, 1 mM Na;VO,, 10 mM Na,P,0-, and protease inhibitor cocktail) at
4°C. Equal amounts (20 pg) of cell lysates were subjected to SDS-PAGE and
Western blotting and were probed with a rabbit anti-IkB-a antibody (Santa Cruz
Biotechnology, Santa Cruz, CA). The blots were stripped and reprobed with an
anti-a-tubulin antibody (Invitrogen) as a loading control.

Statistical analysis. All statistical analyses were performed using SPSS statis-
tical software (version 10.0; SPSS Inc., Chicago, IL). Pearson’s correlation coef-
ficients between the levels of IL-8 secretion and those of Campylobacter adher-
ence, invasion, and transcytosis (percentages of inocula) were calculated. The
significance of the differences between IL-8 secretion levels induced by different
treatments was analyzed using one-way analysis of variance, followed by a Tukey
posthoc test. The P value was determined using a two-tailed test.

RESULTS

Campylobacter increases IL-8 secretion in polarized human
intestinal epithelial cells independently of TNF-« induction.
The levels of secretion of IL-8 and TNF-« in the apical and
basolateral chambers of polarized human intestinal epithelial
cells were determined after T84 cells had been incubated with C.
Jejuni 81-176 at an MOI of 10:1 at the apical surface for 4, 6, and
24 h. As in previous reports, polarized T84 cells secreted IL-8
predominantly to the basolateral side at low levels in the absence
of the bacteria (9, 37) (Fig. 1A). Inoculation of C. jejuni 81-176
increased IL-8 secretion on both the apical and basolateral sides.
The secretion of IL-8 increased from 15 pg/ml to 100 pg/ml
(6.7-fold) at the basolateral side of the medium and from 4 pg/ml
to 14 pg/ml (3.5-fold) at the apical side of the medium by 24 h
(Fig. 1A). In the absence of the bacteria, the levels of TNF-a
secreted in the apical and basolateral media of polarized T84 cells
were nearly undetectable. Campylobacter-inoculation increased
TNF-a secretion to 7.8 pg/ml and 1.5 pg/ml in the basolateral and
apical media of polarized T84 cells, respectively (Fig. 1B). These
results indicate that Campylobacter increases both IL-8 and
TNF-a secretion in polarized T84 cells.

Previous studies showed that TNF-a could induce IL-8 se-
cretion in epithelial cells (12, 26). To test whether Campy-
lobacter-induced IL-8 secretion was due to the secretion of
TNF-«, we determined the concentration of TNF-a required
for stimulating IL-8 secretion in T84 cells and the effect of a
TNF-a neutralizing antibody on Campylobacter-stimulated
IL-8 secretion. Treatment of T84 cells with TNF-« increased
IL-8 secretion in a dose-dependent manner. Increasing IL-8
secretion to a level similar to that in Campylobacter infection
required more than 50 ng/ml of TNF-a (Fig. 2A), which was
much greater than the amount of TNF-a secretion induced by
Campylobacter (Fig. 1B). It was noticed that only basolateral
and not apical treatment with TNF-a effectively induced IL-8
secretion (Fig. 2B), suggesting a polarized expression of
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FIG. 1. Campylobacter inoculation increased the secretion of IL-8
and TNF-a in polarized human intestinal epithelial T84 cells. T84 cells
were cultured on transwells until the transepithelial resistance reached
1,400 Q/cm?. C. jejuni 81-176 was inoculated from the apical chamber
at an MOI of ~10 and incubated at 37°C for 0, 4, 6, or 24 h. For the
24-h time point, the cells were washed at 6 h to remove unattached
bacteria and cultured in fresh medium for another 18 h. No significant
difference was detected between the transepithelial resistance before
incubation and that after incubation at any time point. The superna-
tants from the apical and basolateral chambers were collected sepa-
rately; the bacteria were removed by centrifugation; and protease
inhibitors were added to prevent protein degradation. The concentra-
tions of IL-8 (A) and TNF-a (B) were determined by ELISA. Averages
for three independent experiments are shown; error bars, standard
deviations. Asterisks represent significant (P < 0.05) differences from
control cells that were not inoculated with the bacteria.

TNF-a receptors at the basolateral surface of polarized T84
cells. Treatment of polarized T84 cells with a TNF-a neutral-
izing antibody in both the apical and basolateral media abol-
ished TNF-a-induced IL-8 secretion, indicating the efficacy of
the neutralizing antibody. However, the same TNF-a neutral-
izing antibody treatment did not affect the level of IL-8 secre-
tion stimulated by apical inoculation of C. jejuni 81-176 (Fig.
2B). Therefore, Campylobacter-induced IL-8 secretion was not
the result of TNF-a induction.

Campylobacter adherence, invasion, transcytosis, and inocu-
lation direction are not essential for stimulating IL-8 secre-
tion. To test whether the adherence, invasion and transcytosis
abilities of Campylobacter are important for the increase in
IL-8 secretion, we compared the adherence, invasion, and
transcytosis abilities of the following strains to their IL-8 in-
duction abilities: the human clinical isolate C. jejuni 81-176, its
flaA (K2-32) and pfl4 (K2-55) mutants, and five C. jejuni and
three C. coli isolates recovered from retail chicken meat. We
did not detect any significant difference between the growth
rates of the different strains used when they were cultured in
the invasion medium (data not shown). When inoculated from
the apical surface of polarized T84 cells, these bacterial strains
displayed different adherence, invasion, and transcytosis abili-
ties (Fig. 3). C. jejuni 81-176 showed the highest invasion and
transcytosis efficiencies among the strains tested. The invasion
ability of C. jejuni 65 was 40-fold less than that of C. jejuni
81-176, and no transcytosis was detected with C. jejuni 587 or
602 (Fig. 3). In results similar to those with nonpolarized
intestinal epithelial cells, the fla4 mutant, which is nonmotile
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FIG. 2. Campylobacter-stimulated IL-8 secretion is not dependent
on the secretion of TNF-a. (A) Polarized T84 cells were incubated
with different concentrations of TNF-a (0, 5, 10, 50, and 100 ng/ml)
basolaterally at 37°C for 24 h. The basolateral media were collected,
and the concentrations of IL-8 were measured using ELISA. (B) IL-8
concentrations in the basolateral medium were measured using ELISA
at 24 h after T84 cells were incubated under the following conditions:
TNF-a (50 ng/ml) applied apically (Apical) (bar I), TNF-a applied
basolaterally (Basol) (bar II), (III) TNF-a applied basolaterally plus
mouse anti-human TNF-a antibody (5 pg/ml) applied both apically
and basolaterally (Both) (bar III), or live C. jejuni 81-176 applied
apically plus mouse anti-human TNF-a antibody applied both apically
and basolaterally (bar IV). Averages from three independent experi-
ments are shown; error bars, standard deviations.

and lacks flagellin A but still expresses flagellin B (59), adhered
to and invaded polarized T84 cells at a much lower level than
wt C. jejuni 81-176, and the pflA mutant, which still assembles
flagella but is nonmotile, adhered at a level similar to that of
the wt strain but invaded polarized T84 cells at a much lower
level than the wt strain (Fig. 3). Both of these noninvasive
mutants failed to transcytose across polarized T84 cells. De-
spite their differences in adherence, invasion, and transcytosis
efficiencies, all strains tested were able to increase IL-8 secre-
tion on both the apical and basolateral sides (Fig. 4A), sug-
gesting that Campylobacter adherence, invasion, and transcy-
tosis are not essential for the stimulation of IL-8 secretion.
Statistical analysis (Pearson’s correlation coefficients) showed
a significant positive correlation (r = 0.785; P < 0.007) be-
tween the levels of Campylobacter-induced IL-8 secretion and
Campylobacter invasion but much weaker correlations between
Campylobacter-induced IL-8 secretion and Campylobacter
transcytosis (r = 0.439; P < 0.204) and adherence (r = 0.222;
P < 0.538) (Fig. 4C). This suggests that while it is not essential,
Campylobacter invasion is involved in the stimulation of IL-8
secretion by polarized epithelial cells.

To test whether Campylobacter-stimulated TL-8 secretion de-
pends on which surface of the polarized epithelial cells the
bacteria colonize and invade from, we compared the IL-8 se-
cretion levels induced by basolateral inoculation of Campy-
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FIG. 3. Adherence, invasion, and transcytosis abilities of different
Campylobacter strains in polarized human intestinal epithelial cells.
Polarized T84 cells were inoculated with different chicken isolates (C.
coli [C] or C. jejuni [J] strains) or with human clinical isolate C. jejuni
81-176 or its flad or pflA mutant from the apical chambers of tran-
swells at an MOI of ~10 and were incubated at 37°C for 4 h. No
significant difference was detected between the transepithelial resis-
tance before incubation and that after incubation. The medium from
the basolateral chamber was collected to determine the number of
transcytosed bacteria. T84 cells were washed and lysed to determine
the number of host cell-associated bacteria. Parallel transwells were
treated with 100 pg/ml gentamicin, washed, and lysed to determine the
number of intracellular bacteria. The data are presented as percent-
ages of the inocula and are averages for three independent experi-
ments with triplicate samples. Error bars, standard deviations.

lobacter with those induced by apical inoculation. Both apical
(Fig. 4A) and basolateral (Fig. 4B) inoculation of the polarized
T84 cells with the 10 Campylobacter strains resulted in signif-
icant increases in IL-8 secretion over that in uninfected T84
cells (Fig. 4). The levels of IL-8 induced by the basolateral
inoculation of Campylobacter (Fig. 4B) were slightly higher
than those induced by apical inoculation (Fig. 4A). Like apical
inoculation, basolateral inoculation increased IL-8 secretion
on both the apical and basolateral sides without altering its
basolateral dominance (Fig. 4B). These data indicate that
Campylobacter can increase I1L-8 secretion and that this IL-8
secretion maintains its basolateral dominance regardless of
whether the bacteria are inoculated from the apical or the
basolateral surface of polarized epithelial cells.

Protein factors secreted by Campylobacter and/or host cells
are involved in IL-8 induction. To identify the factors respon-
sible for the induction of IL-8 secretion, we tested the effect of
Campylobacter-T84 cell coculture supernatants on IL-8 secre-
tion. The bacterium-free conditioned supernatants were gen-
erated from the apical or basolateral medium of T84 cells that
were infected with C. jejuni 81-176 apically for 4 h, and the
bacterial-culture supernatant was generated from the same
number of bacteria cultured in the invasion medium for 4 h.
Polarized T84 cells were treated apically with the apical con-
ditioned supernatant, basolaterally with the basolateral condi-
tioned supernatant, or apically with the bacterial-culture su-
pernatant for 24 h. All three types of supernatant significantly
increased IL-8 secretion by polarized T84 cells over the control
level secreted by T84 cells inoculated with the bacteria for 4 h
(Fig. 5A). The levels of IL-8 induced by the apical and baso-
lateral conditioned supernatants were similar to that induced
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FIG. 4. Comparison of IL-8 secretion induced by different Campylobacter strains inoculated apically or basolaterally. (A and B) Polarized T84
cells were inoculated from either the apical (A) or the basolateral (B) side with chicken meat isolates (C. coli [C] or C. jejuni [J] strains) or with
C. jejuni 81-176 or its flaA mutant at an MOI of ~10 and were incubated for 24 h. At 6 h, T84 cells were washed and placed in fresh medium. No
significant difference was detected between the transepithelial resistance before incubation and that after incubation. Uninfected T84 cells were
used as controls. The apical and basolateral media were collected separately at 24 h, and the concentrations of IL-8 were measured by ELISA.
Averages for three independent experiments are shown; error bars, standard deviations. (C) Pearson’s correlation coefficients between IL-8
secretion and Campylobacter adherence, invasion, and transcytosis efficiencies (expressed as percentages of the inocula) were calculated and tested

for significance (a = 0.05 by a two-tailed test).

by wt C. jejuni 81-176 after a 24-h inoculation and higher than
that induced by the bacterial-culture supernatant (Fig. 5A).
These results suggest that factors constitutively secreted by
Campylobacter and factors secreted by the bacteria and/or the
host cells upon Campylobacter—T84 cell interaction are respon-
sible for the stimulation of IL-8 secretion.

To test which secreted factors in the conditioned media
contribute to the induction of IL-8 secretion, we treated the
basolateral conditioned supernatant with DNase I to remove
bacterial DNA (agonists of TLR9), with polymyxin B to neu-
tralize LPS (agonists of TLR4), with protease K to remove
proteins, or with heat to denature proteins. Since the basolat-
eral conditioned medium induced a level of IL-8 secretion
similar to that induced by the apical conditioned medium, we
chose to use the basolateral medium, which avoided the indi-
rect effect caused by the bacterial metabolites produced due to
bacterial overgrowth. Either boiling or protease K treatment
significantly decreased the IL-8 secretion level (Fig. 5B). Pro-
tease K was the most effective of all treatments at reducing
1L-8 secretion, with a ~70% reduction in the basolateral se-
cretion of IL-8 (Fig. 5B). Incubation of polarized T84 cells with
DNA extracted from C. jejuni 81-176 significantly increased
IL-8 secretion, and this increase was abolished by DNase I
treatment (Fig. 5C), demonstrating the efficacy of DNase treat-
ment in removing stimulatory DNA. However, treatment of
the basolateral conditioned supernatant with DNase I did not
significantly change its ability to induce IL-8 secretion (Fig.
5B). It has been reported that intestinal epithelial cells do not
respond to LPS due to their lack of expression of the TLR4
coreceptor MD4 (1, 2, 54). Consistent with these reports, in-
cubation of T84 cells with 10 wg/ml of purified E. coli LPS
increased the IL-8 secretion level only slightly. This increase
was sensitive to polymyxin B treatment (Fig. 5D), showing the
effectiveness of polymyxin B at removing LPS. However, poly-

myxin B had no significant effect on the ability of the condi-
tioned medium to induce IL-8 secretion (Fig. 5B).

The sensitivity of the conditioned medium to protease K and
heat, but not to DNase and polymyxin B, suggests that proteins
secreted by the bacteria and/or host cells were responsible for
the induction of IL-8 secretion. To determine whether flagellin
and CDT, two proteins secreted by Campylobacter, are in-
volved in the induction of IL-8 secretion, we determined the
effects of two flagellum mutants (the fla4 [K2-32] and pfid
[K2-55] mutants), a cdtB mutant that does not secrete CDT,
and a flaA cdtB double mutant on IL-8 secretion. The muta-
tions in the flagellum genes (fla4 or pfl4) and the cdtB gene
each caused a ~45% reduction in the ability of conditioned
supernatants to increase IL-8 secretion (Fig. SE). The flaA
cdtB double mutant further reduced IL-8 secretion to 35% of
the level induced by the wt (Fig. 5E). By determining the
cytotoxicity of CDT secreted to the bacterial culture medium,
we found that the fla4 and pflA flagellum mutants caused
~90% and ~50% reductions, respectively, in the cytotoxicity
of secreted CDT (Fig. SF). This suggests that flagellum mu-
tants can inhibit IL-8 secretion by interfering with CDT secre-
tion. Taken together, our results suggest that while multiple
factors could be involved, proteins secreted by host cells and
Campylobacter, such as CDT and flagellum, are the major
factors responsible for the induction of IL-8 secretion in po-
larized T84 cells.

Campylobacter-induced IL-8 secretion in human intestinal
epithelial cells is MyD88 dependent. To investigate the role of
TLRs in the induction of IL-8 secretion, we examined the
effects of two TLR signaling inhibitors on IL-8 secretion stim-
ulated by conditioned supernatants generated from wt C. jejuni
81-176 and its c¢dtB mutant. MyD88 is an important adaptor
molecule in the upstream signaling cascades of almost all
TLRs. MyDS88 inhibitory peptide inhibits MyD88-dependent
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FIG. 5. IL-8 secretion induced by conditioned supernatants generated from Campylobacter-T84 cell coculture. (A) Polarized T84 cells were
incubated for 24 h either with bacterium-free conditioned supernatants generated from the apical or basolateral supernatant of polarized T84 cells
that had been inoculated with C. jejuni 81-176 for 4 h or with C. jejuni 81-176 alone cultured in the invasion medium for 4 h (bacterial). T84 cells
were incubated with the bacterial culture medium in the apical chamber, with the apical conditioned supernatant in the apical chamber, or with
the basolateral conditioned supernatant in the basolateral chamber. Polarized T84 cells inoculated apically with live C. jejuni 81-176 for 4 h and
24 h were used as controls. (B) The basolateral conditioned supernatant generated from C. jejuni 81-176-T84 cell coculture either was not
pretreated (—) or was pretreated with either DNase I (10 U/ml) at 37°C for 2 h, polymyxin B (20 wg/ml) at 37°C for 30 min (PLXB), protease K
(100 pg/ml) overnight followed by a 20-min incubation at 100°C (ProtK), or a 20-min incubation at 100°C without protease K (Boiling). Polarized
T84 cells were incubated with the pretreated or untreated conditioned supernatants from wt C. jejuni 81-176-T84 cell coculture in the basolateral
chamber at 37°C for 24 h. (C) Polarized T84 cells were treated basolaterally with a C. jejuni 81-176 DNA extract (25 pwg/ml) (DNA) and DNase
I-treated C. jejuni 81-176 DNA (DNA + DNase) at 37°C for 24 h. (D) Polarized T84 cells were incubated basolaterally with different
concentrations of E. coli LPS in the presence or absence of 20 ng/ml PLXB. (E) Polarized T84 cells were incubated with conditioned supernatants
from a coculture of T84 cells with wt C. jejuni 81-176 or its flaA, pflA, cdtB, or flaA cdtB mutant in the basolateral chamber at 37°C for 24 h. After
different treatments, the apical (filled bars) and basolateral (open bars) media were collected. IL-8 concentrations were determined by ELISA. The
data are means for three independent experiments; error bars, standard deviations. The data in panels B and E are expressed as the ratio of the
IL-8 level induced by a treated basolateral conditioned supernatant to that induced by an untreated supernatant and as the ratio of the IL-8 level
induced by a mutant basolateral conditioned supernatant to that induced by a wt supernatant. *, P < 0.05. (F) The cytotoxicity of CDT was
measured by incubating Vero cells with serially diluted C. jejuni culture supernatants that were filtrated and treated with polymyxin B for 48 h. The
viability of the Vero cells was monitored using an MTT assay. The CDT titers were expressed as the reciprocal of the highest dilution that caused
50% Vero cell death compared with the level in untreated cells. Data are averages for three independent cytotoxicity assays; error bars, standard
deviations.



4504 ZHENG ET AL. INFECT. IMMUN.

140 10
A H Apical secretion O Basolateral secretion
n

100 L T 1 I

B W Intracellular

120 O Transcytosed

IL-8 (pg/ml)
%

IN
o

N
o

0.1

J81-176  J81-176

J81-176 - - - .
- Choloroquine

J81-176 ConSup - wt wt cdtB cdtB - - wt
J181-176 DNA - - - - - + + - -
control peptide - - -
MyD88 inhibitor
Choloroquine -
TNF-a

+ . + - - -
- - - + + - -
- - - - - - - +

(R 3
[ S
+

+ 4+ 00

Treatment | I} L1l v \' vi vk vl X X Xi X X
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intestinal epithelial cells. (A) Polarized T84 cells were pretreated with MyD88 inhibitory peptide (100 wM) (bars I1I, V, and VII) or its control
peptide (bars II, IV, and VI) for 24 h or with chloroquine (5 uM) (bars VIII, IX, and XIII) for 30 min before being incubated with the conditioned
supernatant (ConSup) from the coculture of T84 cells with wt C. jejuni 81-176 (bars II, III, and VIII), its cdtB mutant (bars IV, V, and IX), or a
C. jejuni 81-176 DNA extract (25 pg/ml) (bars VI and VII) at 37°C for 24 h. MyD88 inhibitory peptide, its control peptide, or chloroquine was
also included during the 24-h incubation. Polarized T84 cells incubated with TNF-a only (bar XII) or TNF-a plus chloroquine (bar XIII) were used
as controls for the effect of chloroquine on IL-8 secretion. Polarized T84 cells incubated with the medium alone for 24 h (bars I) or with live C.
Jjejuni 81-176 for 4 h (bars X), after which the conditioned supernatants were collected, or 24 h (bars XI) were used as controls. In the 24-h
incubation with live bacteria, unbound bacteria were removed at 6 h. No significant difference was detected between the transepithelial resistance
before incubation and that after incubation. The apical and basolateral media were collected individually, and the IL-8 concentrations were
determined by ELISA. The data are means for three independent experiments; error bars, standard deviations. (B) Polarized T84 cells were
pretreated with chloroquine (5 M) for 30 min before incubation with C. jejuni 81-176 (MOI, ~10) at 37°C for 4 h. The abilities of C. jejuni 81-176
to adhere to, invade, and transcytose across chloroquine-treated T84 cells were analyzed as described in the legend to Fig. 3. Averages for three

independent experiments with triplicate samples are shown; error bars, standard deviations.

signaling activity by interfering with MyD88 homodimer for-
mation (35). Chloroquine inhibits endosome maturation,
which is required for the activation of intracellular TLRs, such
as TLR7 and TLRY (32, 33, 48). While the control peptide had
no significant effect on the IL-8 induction abilities of the con-
ditioned supernatant (Fig. 6A, bars II) and Campylobacter
DNA (Fig. 6A, bars VI), MyD88 inhibitory peptide almost
completely abolished Campylobacter DNA-induced IL-8 pro-
duction (Fig. 6A, bars VII), indicating its efficacy at inhibiting
TLR signaling pathways. The inhibitory peptide resulted in a
~60% reduction in the secretion of IL-8 induced by the con-
ditioned supernatant generated from C. jejuni 81-176 (Fig. 6A,
bars III) and abolished the remaining IL-8 induction ability of
the conditioned supernatant generated from the cdtB mutant
(Fig. 6A, bars V). Like treatment with the MyD88 inhibitory
peptide, chloroquine treatment resulted in a ~50% reduction
in IL-8 secretion induced by the conditioned medium of the wt
(Fig. 6A, bars VIII) and abolished the remaining IL-8 induc-
tion ability of the conditioned supernatant of the cdtB mutant
(Fig. 6A, bars IX). Treatment of T84 cells with chloroquine
had no significant effect on TNF-a-induced IL-8 secretion (Fig.
6A, bars XII and XIII) or on invasion and transcytosis by C.
jejuni 81-176 (Fig. 6B), indicating that the inhibitory effect of
chloroquine on Campylobacter-induced IL-8 secretion is not
due to any interference by chloroquine with Campylobacter
invasion and transcytosis or with the cellular machinery for

IL-8 secretion. These results demonstrate that Campylobacter-
induced IL-8 secretion depends on both CDT and TLRs.
Campylobacter-induced IL-8 secretion in human intestinal
epithelial cells is NF-kB dependent. NF-kB is an important
transcription regulator of IL-8 (14, 44). To determine whether
Campylobacter-induced IL-8 secretion is dependent on NF-«B
activation, we first tested whether Campylobacter could induce
the activation of NF-«kB. The activation of NF-«kB was followed
by the degradation of the NF-«kB inhibitor IkB-a as deter-
mined by Western blotting (43). TNF-« treatment significantly
decreased the IkB-a level at 30 min (Fig. 7A), indicating the
activation of NF-«kB. Inoculation with C. jejuni 81-176 induced
the degradation of IkB-a in T84 cells in a time-dependent
manner. After incubation with the bacteria for 120 min, the
amount of IkB-a in T84 cells decreased to a level similar to
that in T84 cells treated with TNF-a for 30 min (Fig. 7A). This
indicated that Campylobacter inoculation induced NF-«B acti-
vation in T84 cells. Next, we tested the effects of three different
NF-«kB inhibitors, which block different steps of NF-kB acti-
vation, on Campylobacter-induced IL-8 secretion. SN50 is a
cell-permeant peptide that inhibits the translocation of the
active NF-kB complex into the nucleus (34). Quinazoline in-
hibits NF-«kB transcriptional activation (56). TPCK, a protea-
some inhibitor, inhibits IkB-a degradation (20). T84 cells were
treated with one of the three inhibitors in both the apical and
basolateral media for 30 min before and during Campylobacter
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FIG. 7. Campylobacter-induced IL-8 secretion is dependent on
NF-kB activation. (A) T84 cells were incubated with C. jejuni 81-176
(MO, ~10) in the presence of cycloheximide for varying lengths of
time. T84 cells treated with TNF-a were used as a positive control. —,
no treatment. The cells were washed and lysed, and the cell lysates
were analyzed by SDS-PAGE and Western blotting with probing for
IkB-a. The blots were stripped and reprobed for tubulin as a loading
control. Representative results from three independent experiments
are shown. (B) Polarized T84 cells were pretreated with the NF-kB
inhibitor SN50 (18 wM), quinazoline (28 wM), or TPCK (50 pM) for
30 min and then incubated with C. jejuni 81-176 in the presence of the
inhibitor at 37°C for 24 h. No significant difference was detected
between the transepithelial resistance before incubation and that after
incubation. The apical and basolateral media were collected individu-
ally, and the IL-8 concentrations were determined by ELISA. The data
are means for three independent experiments; error bars, standard
deviations.

inoculation. Treatment with these inhibitors had no significant
effect on the transepithelial resistance of the polarized epithe-
lial-cell monolayer (data not shown), indicating that these in-
hibitors did not disturb the integrity of epithelial-cell mono-
layers. All three inhibitors reduced Campylobacter-induced
IL-8 secretion to levels similar to that in uninfected T84 cells
(Fig. 7B). This result indicates that NF-kB activation is re-
quired for Campylobacter-induced secretion of 1L-8.

DISCUSSION

IL-8 is one of the earliest cytokines that are induced by
enteric bacteria (12, 13, 28). IL-8 chemoattracts neutrophils to
infection sites, initiating local inflammation (29, 31). It has
been reported previously that the interaction of enteric patho-
gens, including Campylobacter, with T84 polarized human in-
testinal epithelial cells increases IL-8 secretion (5, 9, 37, 50).
Here, we found that Campylobacter-stimulated IL-8 secretion
maintained its basolateral dominance, independent of the
Campylobacter inoculation direction. Furthermore, Campy-
lobacter strains that failed to efficiently transcytose across po-
larized T84 cells were able to increase the basolaterally dom-
inated secretion of IL-8 upon apical inoculation. These data
suggest that the basolateral secretion of IL-8 does not require
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the transcytosis of C. jejuni from the apical to the basolateral
side during infection and that the polarity of IL-8 secretion is
dependent on an intrinsic mechanism of polarized epithelial
cells that specifically targets IL-8 to the basolateral surface, but
not on the polarity of stimulation. The interaction of Campy-
lobacter with polarized epithelial cells at the apical surface may
trigger signals that stimulate IL-8 secretion at the basolateral
surface. The independence of the basolateral secretion of IL-8
from Campylobacter transcytosis could allow for the effective
chemoattraction of neutrophils from the underlying tissues and
blood vessels and the induction of inflammatory responses,
despite the differing abilities of infecting Campylobacter strains
to transcytose across the intestinal epithelium.

In this study, we found that all the Campylobacter strains
used here stimulated IL-8 production in polarized T84 cells, in
spite of their different adherence, invasion, and transcytosis
abilities. This indicates that Campylobacter adherence, inva-
sion, and transcytosis abilities are not essential for stimulating
IL-8 secretion in polarized T84 cells. The finding of a signifi-
cant positive correlation between IL-8 secretion levels and
Campylobacter invasion but not adherence and transcytosis
efficacies suggests that invasion is involved in IL-8 induction in
polarized intestinal epithelial cells. This finding is in line with
those of a previous study using INT407 nonpolarized human
embryo intestinal epithelial cells as a model (21). The ability of
Campylobacter to invade intestinal epithelial cells distinguishes
this enteric pathogen from commensal bacteria in the gut and
could render this pathogen able to effectively trigger intracel-
lularly expressed TLRs, leading to NF-kB activation and IL-8
secretion.

Our data revealed that bacterium-free conditioned superna-
tants generated from the basolateral and apical media of T84
cells that were inoculated with C. jejuni 81-176 for 4 h induced
IL-8 secretion to levels similar to that induced by live bacterial
inoculation. This indicates that the induction of IL-8 secretion
in T84 cells involves molecules secreted by C. jejuni 81-176
and/or T84 cells. The supernatant of bacterial culture alone
increased IL-8 secretion in T84 cells, indicating that Campy-
lobacter constitutively secretes factors that are involved in stim-
ulating IL-8 secretion. The conditioned supernatants from
Campylobacter-T84 cell coculture were more effective than the
bacterial-culture supernatant at the induction of IL-8 secre-
tion, suggesting that the interaction between the bacteria and
T84 cells induces the secretion of bacterial and/or host factors
that are important for IL-8 induction. The basolateral and
apical conditioned supernatants induced IL-8 secretion to sim-
ilar levels, in spite of the fact that there were many fewer
bacteria in the basolateral medium than in the apical medium,
since only <1% of inoculated Campylobacter bacteria transmi-
grated from the apical into the basolateral chamber. This may
result from a rapid transcytosis of Campylobacter-secreted fac-
tors from the apical to the basolateral surface independent of
bacterial transcytosis or from a direct secretion of host factors
by epithelial cells from the basolateral surface upon interaction
with the bacteria at the apical surface.

We found that protease K- and heat-sensitive factors in the
conditioned supernatants were involved in IL-8 induction.
TNF-a secreted by host epithelial cells can stimulate IL-8
secretion by intestinal epithelial cells (12). However, we
showed that a TNF-a neutralization antibody that effectively
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blocked TNF-a-induced IL-8 secretion failed to reduce
Campylobacter-induced IL-8 secretion by T84 cells, indicating
that TNF-a is not the major host-secreted factor responsible
for IL-8 induction. One of the bacterially secreted, heat-labile
protein factors that have been shown to induce IL-8 secretion
in the absence of live, intact bacteria is CDT (22). Our finding
that the conditioned supernatant of the C. jejuni 81-176 cdtB
mutant exhibited a ~50% reduction in IL-8 induction further
confirms this notion and also suggests that additional factors
are required for IL-8 induction. Another candidate is flagellin,
a potential ligand for TLRS. However, previous studies showed
that purified Campylobacter flagellin failed to induce IL-8 se-
cretion in polarized T84 cells (9, 58). Our finding that the flaA
mutant, which is nonmotile and lacks flagellin A but not flagel-
lin B expression, and the pfl4 mutant, which expresses flagellin
but is not motile, caused similar (~50%) reductions in IL-8
induction further argues against a role for secreted flagellin A
in stimulating IL-8 secretion through TLRS. Campylobacter
flagella are required for invasion of and transcytosis across
human epithelial cells and also provide a type III secretory
organelle in the absence of a specialized secretion system. A
previous study showed that the fla4 mutant maintained its
activity in secreting Cia proteins (27). Here we found that
flagellum mutations significantly decreased the cytotoxicity of
CDT secreted into the C. jejuni culture medium, suggesting
that C. jejuni CDT secretion depended on flagella. However,
the flaA (~90%) and pflA (~50%) mutants, which caused
different levels of reduction in CDT secretion, reduced IL-8
induction to similar levels, suggesting a role of flagella in ad-
dition to mediating CDT secretion. These findings together
support the hypothesis that the flagellum can participate in the
induction of IL-8 secretion by mediating CDT secretion and
proper Campylobacter-host cell interaction.

Treatment with protease K did not completely abolish IL-8
secretion, suggesting the involvement of factors that are not
proteins. DNA and LPS are two major nonprotein factors
secreted by bacteria that are potential stimulators of IL-8 se-
cretion. Indeed, treatment of polarized T84 cells with purified
Campylobacter DNA, a potential ligand of TLRY, significantly
increased IL-8 secretion. However, DNase I treatment, which
blocked Campylobacter DNA-induced IL-8 secretion, had no
significant effect on the ability of the conditioned supernatant
to induce IL-8 secretion. This indicates that Campylobacter
DNA, which can be removed by DNase I, is not important for
IL-8 induction. This does not exclude the possibility of the
presence of DNase-resistant DNA-protein complexes that are
able to stimulate IL-8 secretion. It has been reported that
intestinal epithelial cells, including the T84 cell line, do not
express the key coreceptor of TLR4, MD-2, and do not re-
spond to LPS (1, 2, 54), providing the intestinal epithelium
with tolerance to gram-negative commensal bacteria. Our re-
sults showed that treatment of T84 cells with a relatively high
concentration of E. coli LPS (10 wg/ml) only slightly increased
IL-8 secretion, consistent with these previous reports. Treat-
ment of the conditioned supernatants with the LPS neutraliza-
tion reagent polymyxin B, which has been used previously to
neutralize LPS (6) and release Campylobacter enterotoxins
(57), had no effect on Campylobacter-induced IL-8 secretion.
These results further argue against a role for Campylobacter
LPS in stimulating IL-8 secretion by human intestinal epithe-
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lial cells. Our finding that the flaA, pflA, cdtB, and flaA cdtB
mutations of C. jejuni 81-176, as well as protease K treatment,
all caused partial reductions in IL-8 induction suggests that
multiple bacterial or host factors are involved in the induction
of IL-8 secretion and that the optimal induction of IL-8 secre-
tion requires other factors in addition to CDT and a complete
flagellar apparatus.

TLRs are important innate immune receptors that play an
essential role in initiating inflammatory responses. Here, we
revealed for the first time that MyDS8S, the key signaling adap-
tor for most TLRs, was required for Campylobacter-induced
IL-8 secretion, demonstrating an essential role of TLRs in
triggering IL-8 secretion by human intestinal epithelial cells.
The sensitivity of Campylobacter DNA-induced IL-8 secretion
to MyDS8S8 inhibitory peptide confirmed the effectiveness of the
inhibitor. The inhibitory effect of chloroquine, which blocks
the activation of intracellular TLRs by interfering with endo-
some maturation, on IL-8 secretion further supported a role
for TLRs in IL-8 induction. While the MyDS88 inhibitor or the
cdtB mutation alone only partially inhibited Campylobacter-
induced IL-8 secretion, the combination of the MyD88 inhib-
itor and the cdtB mutation brought the IL-8 secretion down to
the baseline level. This demonstrates that both Campylobacter
CDT and host cell TLRs are required for optimal IL-8 induc-
tion and suggests that CDT and TLRs induce IL-8 secretion
using different pathways. The findings that Campylobacter-se-
creted flagellin, LPS, and DNA (which can be removed by
DNase I) are not important for IL-8 induction suggest that
these are not the main activators of TLRs. How and which
TLRs are activated during Campylobacter infection remain to
be elucidated.

Previous studies showed that Campylobacter-induced NF-xB
activation was required for the induction of IL-8 secretion (24,
41). Here we further supported this notion by showing that all
three different NF-«kB inhibitors completely blocked Campy-
lobacter-induced IL-8 secretion. The blockage of Campy-
lobacter-induced IL-8 secretion by NF-«kB inhibitors suggests
that both CDT- and TLR-triggered IL-8 secretion depends on
NF-kB activation. While TLR-mediated NF-«kB activation has
been well studied (8), whether and how CDT activates NF-xB
is not known.

The studies presented here show that Campylobacter in-
creases IL-8 secretion by polarized human intestinal epithelial
cells. Campylobacter adherence, invasion, and transcytosis abil-
ities are not essential for stimulating IL-8 secretion. Protein
factors secreted by Campylobacter and/or host cells are re-
quired for stimulating IL-8 secretion. CDT, which is secreted
by Campylobacter, probably through flagella, but not epithelial-
cell-secreted TNF-q, is important for Campylobacter-induced
IL-8 secretion. Campylobacter-induced IL-8 secretion depends
on the activation of NF-kB by TLR and CDT in polarized
epithelial cells. This reveals the underlying mechanism for the
induction of IL-8 secretion in human intestinal epithelial cells.
Further studies are required to identify the factors that are
secreted by Campylobacter or intestinal epithelial cells upon
bacterium-host cell interaction and trigger TLR and NF-«kB
activation and to understand the mechanisms for TLR- and
CDT-induced IL-8 secretion in human intestinal epithelial
cells.
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