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Upon C. jejuni infection, increased expression of proinflammatory cytokines that are dependent on nuclear factor B
(NF-B) and mitogen-activated protein (MAP) kinase signaling pathways has been detected in cultured epithelial cells,
monocytes, and dendritic cells (24, 25, 29, 30, 33, 34, 39, 44, 57,
62). Signaling pathways activated in C. jejuni-infected cells
share features with host innate immune responses mediated by
members of the Toll-like receptor (TLR) and nucleotide-binding oligomerization domain (NOD) family of proteins that
recognize conserved microbial components (for a review, see
reference 3). The mechanism by which C. jejuni infection triggers innate immune responses in epithelial cells remains poorly
understood. C. jejuni lipooligosaccharide and flagellin do not
appear to be potent TLR ligands, in contrast to lipopolysaccharide and flagellin from Escherichia coli and Salmonella enterica serovar Typhimurium, respectively (5, 22, 33, 57, 62).
Unlike the robust proinflammatory responses produced in
response to bacterial challenge by macrophages, intestinal
epithelial cells are relatively insensitive to stimulation by microbes (for a review, see reference 1). As a result, intestinal
epithelial cells are well suited to function as a physical barrier
between luminal microbes and immune cell populations in the
lamina propria and submucosa (17). This physical barrier is
maintained by connections between adjoining epithelial cells
consisting of specialized intercellular structures: tight junctions
(TJ) and adherens junctions (AJ). TJ are composed of transmembrane proteins claudins, occludin, and junctional adhesion molecules (for a review, see reference 55). Connecting TJ
transmembrane proteins with various regulatory molecules and
the underlying actin cytoskeleton are scaffolding proteins containing PDZ domains, i.e., zonula occludens. AJ are composed

Campylobacter jejuni is a leading cause of human enterocolitis, and after a 2- to 5-day incubation period, it typically
causes diarrhea, cramping, abdominal pain, and fever with a
duration of up to a week (14, 18). Patients with C. jejuni
enterocolitis can also develop postinfectious, sometimes lifethreatening, complications, including irritable bowel syndrome, Guillain-Barré syndrome, and immunoproliferative
small intestinal disease (37, 41, 65). While significant advances
have been made in understanding C. jejuni pathogenesis, including the complete genome sequence of type strain NCTC
11168 and more recently of strains RM1221 and 81-176 (6, 19,
20, 27, 51), the mechanism by which C. jejuni causes enterocolitis has not been fully elucidated.
C. jejuni strain 81-176 has been shown to causes enterocolitis
when experimentally inoculated in human volunteers (9). This
strain harbors a pVir plasmid, which is absent in strains NCTC
11168 and RM1221, encoding a type IV secretion system
(TFSS) that has been shown to be involved in microbial invasion in intestinal epithelial cells (6). Using polarized T84
colonocyte monolayers, Monteville and Konkel showed that
strain 81-176 preferentially invades via the basolateral surface
and that invasion is facilitated by the binding of the bacteria to
the cell matrix protein fibronectin (46). In addition, they
showed that C. jejuni could traverse intestinal epithelia via the
paracellular route (46).
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Campylobacter jejuni is a leading cause of human enterocolitis and is associated with postinfectious complications, including irritable bowel syndrome and Guillain-Barré syndrome. However, the pathogenesis of C.
jejuni infection remains poorly understood. Paracellular pathways in intestinal epithelial cells are gated by
intercellular junctions (tight junctions and adherens junctions), providing a functional barrier between
luminal microbes and host immune cells in the lamina propria. Here we describe alterations in tight junctions
in intestinal epithelial monolayers following C. jejuni infection. Apical infection of polarized T84 monolayers
caused a time-dependent decrease in transepithelial electrical resistance (TER). Immunofluorescence microscopy revealed a redistribution of the tight junctional transmembrane protein occludin from an intercellular to
an intracellular location. Subcellular fractionation using equilibrium sucrose density gradients demonstrated
decreased hyperphosphorylated occludin in lipid rafts, Triton X-100-soluble fractions, and the Triton X-100insoluble pellet following apical infection. Apical infection with C. jejuni also caused rapid activation of NF-B
and AP-1, phosphorylation of extracellular signal-regulated kinase, Jun N-terminal protein kinase, and p38
mitogen-activated protein kinases, and basolateral secretion of the CXC chemokine interleukin-8 (IL-8).
Basolateral infection with C. jejuni caused a more rapid decrease in TER, comparable redistribution of
tight-junction proteins, and secretion of more IL-8 than that seen with apical infection. These results suggest
that compromised barrier function and increased chemokine expression contribute to the pathogenesis of C.
jejuni-induced enterocolitis.
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MATERIALS AND METHODS
Cell culture, bacterial infection, and TER measurement. A total of 4 ⫻ 105
T84 cells (ATCC CCL-248) were seeded on collagen-coated permeable supports
(6.5-mm-diameter, 0.4-m-pore-size Transwell inserts; Corning Life Sciences,
Acton, Mass.). Cells were grown in a 1:1 (volume) mixture of Dulbecco’s minimal
essential medium (DMEM) and F-12 medium (DMEM/F-12 medium) supplemented with 15 mM HEPES (pH 7.5), 6% fetal calf serum (Invitrogen, Carlsbad,
Calif.), 100 U/ml penicillin, and 100 g/ml streptomycin. C. jejuni strains 81-176
(9) and NCTC 11168 (51) were grown at 37°C on tryptic soy agar containing 5%
defibrinated sheep red blood cells (Quad Five, Ryegate, Mont.) for 48 h in a
GasPak jar filled with 10% H2, 10% CO2, and 80% N2. After 2 weeks of growth
to allow development of polarized monolayers, T84 cells were incubated in
serum-free and antibiotic-free DMEM/F-12 medium the day before being infected. C. jejuni was harvested from plates, resuspended in DMEM/F-12 medium, and added to either the apical or basolateral side of polarized T84 monolayers at an multiplicity of infection (MOI) of 10. Prior to infection and 24 and
48 h after infection, TER was measured using a voltohmmeter (Millicell-ERS;
Millipore Corporation, Andover, Mass.).
Immunofluorescence microscopy. After TER was measured, permeable filter
supports were excised, rinsed with ice-cold phosphate-buffered saline, and immediately fixed in 4% paraformaldehyde for 10 min at room temperature. Cells

were permeabilized with 0.5% Triton X-100 for 10 min at room temperature,
incubated with 3% bovine serum albumin for 2 h to block nonspecific antibody
binding, and then incubated overnight at 4°C with primary antibodies. Primary
antibodies against occludin (Invitrogen, Carlsbad, Cal.) and zonula occludens 1
(ZO-1) (BD Transduction Laboratories, Lexington, Ky.) were used at 1:50 dilution and were detected using secondary anti-rabbit or anti-mouse antibodies
conjugated to Alexa 555 or Alexa 488, respectively (Invitrogen—Molecular
Probes, Inc., Eugene, Oreg.). Immunofluorescence was visualized with a laserscanning confocal imaging system (Carl Zeiss Microimaging, Thornwood, New
York).
Sucrose density gradient centrifugation. T84 cells grown on 75-mm-diameter
filter supports were lysed in MBST buffer (25 mM morpholineethanesulfonic
acid [MES] [pH 6.5], 150 mM NaCl, and 1% Triton X-100 plus protease inhibitors [1 g/ml aprotinin, 10 g/ml leupeptin, 1 g/ml pepstatin, and 10 M
phenylmethylsulfonyl fluoride]) at 4°C for 30 min. Cells were homogenized with
a Dounce homogenizer using a tight-fitting pestle. Two milliliters of cell lysate
was mixed with an equal volume of 80% sucrose in MBS buffer (25 mM MES
[pH 6.5] and 150 mM NaCl) and placed in the bottom of a centrifuge tube. This
was overlaid with 4 ml of MBS buffer containing first 30% sucrose and then 5%
sucrose as previously described (48). Samples were centrifuged in a SW41 rotor
at 275,000 ⫻ g for 20 h. One-millimeter fractions were collected from the top of
the gradient (total of 12 fractions per sample). The pellet was resuspended in 1
ml of MBS buffer containing 1% sodium dodecyl sulfate (SDS), boiled for 5 min,
and centrifuged at 16,000 ⫻ g for 30 min. The resulting supernatant, representing
the protein extract from the pellet, was saved for subsequent analysis. Protein
concentration was determined using a Dc protein assay kit (Bio-Rad Laboratories, Hercules, Calif.), and equal protein concentrations were trichloroacetic acid
(final concentration of 10%) precipitated prior to being separated by SDSpolyacrylamide gel electrophoresis for Western blot analysis. Blots (polyvinylidene difluoride membrane, Immobilon-P; Millipore) were incubated with antibodies against occludin, claudin-1, JAM-1 (Invitrogen), ZO-1, E-cadherin,
␤-catenin, ␤1 integrin (BD Transduction Laboratories), or caveolin-1 (Santa
Cruz Biotechnology, Inc., Santa Cruz, Calif.) overnight at 4°C. These were
detected using species-specific secondary antibodies coupled to horseradish peroxidase (Santa Cruz Biotechnology), a chemiluminescence detection kit (Renaissance enhanced luminal reagent; Perkin-Elmer Life Science, Boston, Mass.), and
Kodak BioMax MR film (Eastman Kodak, Rochester, N.Y.).
Cytokine assays. Media from the basal aspect of polarized T84 monolayers
were collected 24 h after infection and centrifuged at 16,000 ⫻ g for 5 min to
remove bacteria and cell debris. The concentration of IL-8 was determined by an
enzyme-linked immunosorbent assay following the manufacturer’s recommendations (R & D Systems, Minneapolis, Minnesota). For a positive control, media
from polarized T84 monolayers were collected 24 h after basolateral exposure to
100 ng/ml Salmonella enterica serovar Typhimurium flagellin (InvivoGen, San
Diego, Calif.). Statistical significance was determined using paired Student’s t
test.
Electromobility shift assay. Control and infected T84 monolayers grown on
24-mm-diameter inserts were washed three times with ice-cold phosphate-buffered saline and scraped into TNE buffer (40 mM Tris-HCl [pH 7.5], 150 mM
NaCl, and 1 mM EDTA) as described previously (35). Cells were collected by
centrifugation at 2,300 ⫻ g for 30 seconds in a microcentrifuge. Cell pellets were
resuspended in HKE buffer (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, and protease inhibitors). Cell suspensions were incubated on ice for 10 min, and Nonidet P-40 was added to a final concentration of
0.5% (vol/vol) followed by an additional 2-min incubation on ice. After centrifugation at 2,300 ⫻ g for 20 seconds, supernatant (cytosol) was removed and
frozen immediately on dry ice, while the pellet was resuspended in high-salt
extraction buffer (20 mM HEPES [pH 7.9], 400 mM NaCl, 1 mM EDTA, 1 mM
EGTA, and protease inhibitors) and incubated on ice for 30 min. Nuclear
extracts were obtained by centrifugation at 16,000 ⫻ g for 2 min and were frozen
immediately on dry ice. Double-stranded oligonucleotides containing consensus
sequences for NF-B and AP-1 (Promega Corp., Madison, Wis.) were end
labeled using T4 polynucleotide kinase (New England Biolabs, Inc., Ipswich,
Mass.) in the presence of [␥-32P]ATP (Perkin-Elmer Life Science). End-labeled
probes were purified with Quick spin G-25 columns (Roche Applied Science,
Indianapolis, Ind.). The binding reaction was initiated by adding the labeled
probe to nuclear extracts (15 g) in 20 l of binding buffer (20 mM HEPES [pH
7.5], 50 mM KCl, 2.5 mM MgCl2, 1 mM dithiothreitol, 0.2 g/ml bovine serum
albumin, and 10% glycerol) which was incubated at room temperature for 30
min. Protein-DNA complexes were separated from free probe on 5% native
polyacrylamide gels, which were then dried and exposed to Kodak Biomax MR
film at ⫺80°C.
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of the intercellular transmembrane protein E-cadherin which,
via its cytosolic domain, is linked to ␤-catenin. The apical actin
cytoskeleton provides mechanical support to the junctional
complexes and plays a regulatory role in TJ and AJ remodeling
(12). Lipid rafts are submembrane domains enriched with cholesterol and sphingolipid and preferentially partitioned in the
apical membrane of polarized epithelia (for a review, see reference 38). The loss of TJ barrier function has been correlated
with translocation of lipid raft-associated TJ proteins, suggesting that this membrane microdomain is an integral part of TJ
structure (48).
We have previously shown that C. jejuni induces severe gastritis and proximal duodenitis in immunocompromised mice
exhibiting defective NF-B expression (21). Histopathological
changes in C. jejuni-infected mice are characterized by mucosal
infiltration of inflammatory cells, glandular atrophy, and epithelial hyperplasia and dysplasia (21). As is often observed in
enteric infection with pathogenic bacteria, host inflammatory
responses induced by C. jejuni are probably due, at least in
part, to a “leaky” TJ barrier allowing the influx of bacteria or
microbial components into the lamina propria, activating submucosal immune cells, resulting in intestinal inflammation (17,
61). Indeed, MacCallum et al. (40) showed that C. jejuni infection leads to occludin displacement from TJ and a decrease
in the transepithelial electrical resistance (TER), a measurement of TJ barrier function, in polarized intestinal Caco-2
cells. The aim of this study was to characterize the underlining
TJ structural changes in model T84 colonocytes infected with
C. jejuni. Polarized T84 colonocytes are widely used in studying
the effects of enteropathogens on TJ functions (56) and have
been used as an in vitro model to analyze the invasive properties of C. jejuni from both the apical and basolateral portions
of the cell (46). Our data indicated that either apical or basolateral infection with C. jejuni in T84 cells resulted in a timedependent loss of TER and a marked decrease in the level of
hyperphosphorylated occludin. Claudin-1 was found to accumulate in lipid rafts; while the level of lipid raft-associated
junctional adhesion molecule 1 (JAM-1) was decreased in infected cells. NF-B and MAP kinases were activated shortly
after C. jejuni infection, leading to increased secretion of the
proinflammatory chemokine interleukin-8 (IL-8).
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RESULTS
C. jejuni infection reduces transepithelial electrical resistance. To examine the effect of C. jejuni on TJ barrier function,
we measured the TER of polarized T84 monolayers after infection. Preliminary studies showed that TER decreased to
77% ⫾ 14% and 50% ⫾ 9% of the control value 24 h after T84
cells were infected with C. jejuni 81-176 at MOIs of 1 and 10,
respectively. We also investigated whether the decrease in
TER was strain specific by comparing strain 81-176 to NCTC
11168. The loss of TER in T84 cells infected with NCTC 11168
at an MOI of 10 was 88% ⫾ 7% and 64% ⫾ 9% (n ⫽ 6) of the
control value 24 and 48 h postinfection, respectively. This effect on TER was significantly less than that caused by strain
81-176 (see below). Therefore, C. jejuni infection with strain
81-176 at an MOI of 10 was used in subsequent studies.
Monolayers infected apically with C. jejuni 81-176 at an MOI
of 10 exhibited a decrease in TER by 24 h (1,179 ⫾ 462 ⍀ ·
cm2) compared to untreated control monolayers (2,630 ⫾ 731
⍀ · cm2; Fig. 1). This significant (P ⬍ 0.05) compromise in
barrier function is consistent with what has been reported for
polarized Caco-2 monolayers (11, 40). Because translocation
of C. jejuni to the basolateral aspect of polarized monolayers is
known to occur (11, 46), we tested the effect of basolateral
infection on epithelial integrity. TER decreased to 577 ⫾ 197
⍀ · cm2 by 24 h after infection, less than the TER of untreated
control monolayers (P ⬍ 0.05) and less than the TER of apically infected monolayers (P ⬍ 0.05; Fig. 1). TER continued to
decrease in apically infected monolayers over the next 24 h,
and by 48 h after infection, there was no difference in TER
between monolayers that had been infected apically or basolaterally.
Characterization of lipid rafts isolated by sucrose density
gradients. MacCallum et al. reported visual evidence for redistribution of occludin associated with a decrease in TER
(40). In order to further characterize changes in TJ proteins in
response to C. jejuni infection, we performed subcellular frac-

FIG. 2. Characterization of lipid rafts isolated by sucrose density
gradient centrifugation. Lipid rafts were isolated by Triton X-100 detergent extraction and sucrose gradient centrifugation as described in
Materials and Methods. Twelve 1-ml aliquots were collected from
sucrose gradients, and proteins associated with the pellet were extracted with 1% SDS. (A) Equal amounts of protein from each fraction
were analyzed by immunoblotting, probing with antibodies against
caveolin-1 or ␤1 integrin, markers for lipid rafts and the basolateral
membrane, respectively. Caveolin-1 was localized in fraction 5, which
coincided with the light-scattering band visualized in the same fraction.
The immunoblot shown is representative of the immunoblots for three
experiments. (B) Protein concentration was determined by Dc protein
assay and expressed as a percentage of total protein. The averages of
three experiments collected from untreated control (Ctrl) cells and
cells infected with C. jejuni (Cj) from either the apical (AP) or basolateral (BL) aspect are shown.

tionation using cold detergent extraction and isopycnic sucrose
gradient centrifugation. Nusrat et al. have used this method to
demonstrate that TJ proteins reside in cholesterol-enriched
detergent-insoluble glycolipid rafts (48). Initial isopycnic centrifugation with whole-cell lysates of uninfected T84 cells demonstrated that Triton X-100-insoluble lipid rafts appeared as a
light-scattering band in fraction 5. Western blot analysis of the
fractions revealed that caveolin-1 was almost exclusively localized in fraction 5 (Fig. 2A), confirming the presence of the lipid
rafts in this fraction. Western blot analysis also revealed that
the basolateral membrane protein ␤1 integrin was restricted to
the high-density fractions 9 to 12 at the bottom of the gradient
(Fig. 2A). C. jejuni infection did not affect the distribution of
caveolin-1 or ␤1 integrin in the sucrose density fractions (data
not shown). In addition, there was no difference in protein
concentration in each fraction between infected and uninfected control monolayers (Fig. 2B).
Reduction in hyperphosphorylated occludin caused by C.
jejuni infection. We next examined the distribution of occludin
in sucrose density gradient fractions from monolayers 24 h
after apical or basolateral infection with C. jejuni as well as
from uninfected control monolayers. Both hyperphosphorylated and hypophosphorylated forms of occludin were found in
fractions 5 and 8 and in the pellet at the bottom of the gradient
(Fig. 3A). Fraction 5 and the pellet represent raft-associated
and cytoskeletal occludin, respectively. The Triton X-100-soluble occludin in fraction 8 is likely to come from other subcellular compartments, including the cytosol and apical membrane. Twenty-four hours after apical infection with C. jejuni,

Downloaded from http://iai.asm.org/ on March 6, 2021 by guest

FIG. 1. Reduced transepithelial electrical resistance in T84 cells
infected with C. jejuni. Confluent T84 cells grown on permeable supports were infected with C. jejuni (Cj) at an MOI of 10 from either the
apical (AP) or basolateral (BL) aspect. TER (ohm · cm2) was determined at 0, 24, and 48 h postinfection. Data (means ⫾ standard
deviations [error bars]; n ⫽ 12 for each group) were analyzed by paired
Student t test, and an asterisk indicates significant differences between
control (Ctrl) and infected cell samples at P ⬍ 0.05. In addition, there
was significant difference (P ⬍ 0.05) between apical versus basolateral
infection at 24 h.

6583

6584

CHEN ET AL.

INFECT. IMMUN.

there was almost a complete loss of hyperphosphorylated occludin from these fractions, with little change in hypophosphorylated occludin (Fig. 3A). Basolateral infection resulted in
substantial but less complete loss of hyperphosphorylated occludin from these fractions (Fig. 3A). Laser-scanning confocal
microscopy of uninfected control monolayers revealed a
chicken wire pattern of staining for occludin in en face images
consistent with its localization in TJ (Fig. 3C). Similar to what
MacCallum et al. reported for apical infection of Caco-2
monolayers (40), both apical and basolateral infection of
polarized T84 monolayers resulted in focal redistribution of
occludin from the lateral membrane to an intracellular location (Fig. 3C).
ZO-1 is a peripheral membrane protein of tight junctions

that binds to actin filaments and, as expected, was largely
found in the pellet at the bottom of the gradient (Fig. 3B). A
small amount of ZO-1 was associated with lipid rafts, while the
balance of ZO-1 was found in Triton X-100-soluble fractions 9
to 12. There was no change in the distribution of ZO-1 in T84
cell monolayers after infection with C. jejuni compared to uninfected control monolayers, except for a slight increase in the
amount of ZO-1 in rafts 24 h after basolateral infection (Fig.
3B). Laser-scanning confocal microscopy for ZO-1 confirmed
this finding and revealed the same chicken wire pattern of
staining in uninfected control and infected monolayers (Fig.
3C). In contrast to the total decrease in and redistribution of
hyperphosphorylated occludin from TJ to cytosol, the decreased TER caused by C. jejuni infection was not associated
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FIG. 3. Effects of C. jejuni on the TJ proteins occludin and ZO-1. T84 cells were infected with C. jejuni (Cj) at an MOI of 10 from either the
apical (AP) or basolateral (BL) aspect for 24 h. Cell lysates were subjected to sucrose density gradient centrifugation and analyzed by
immunoblotting, probing with antibodies against occludin (A) or ZO-1 (B). Occludin migrated as hyper- and hypophosphorylated forms on
SDS-polyacrylamide gels. The blots shown are representative of the blots for three separate studies. (C) Control cells and T84 cells infected with
C. jejuni for 24 h were fixed by paraformaldehyde immediately after infection. Cells were incubated with antibodies against occludin or ZO-1
followed by species-specific secondary antibodies coupled to Alexa 555 (red, occludin) and Alexa 488 (green, ZO-1), respectively. The micrographs
shown are representative of the micrographs for three experiments.
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with a change in the amount or the distribution of ZO-1 in
polarized T84 monolayers.
Redistribution of lipid raft-associated claudin-1 and JAM-1
caused by C. jejuni infection. Claudin-1 and JAM-1 are transmembrane TJ proteins that, along with occludin, mediate cell
adhesion and contribute to intramembrane and paracellular
diffusion barriers. In uninfected control T84 monolayers, the
majority of claudin-1 was found in lipid rafts and in sucrose
gradient fractions 7 and 8 (Fig. 4A). The majority of JAM-1
was found in fractions 8 to 11, with a smaller amount in lipid
rafts (Fig. 4B). In contrast to occludin, claudin-1 and JAM-1
were not detected in the cytoskeleton-associated pellet fraction. Twenty-four hours after apical or basolateral infection
with C. jejuni, polarized T84 monolayers exhibited a concomitant increase in raft-associated claudin-1 and decrease in claudin-1 in fractions 7 and 8 (Fig. 4A). Infection also resulted in
a decreased level of raft-associated JAM-1, without any obvious change in fractions 8 to 11 (Fig. 4B). In comparison, C.
jejuni infection, from either the apical or basolateral aspect,
did not alter the subcellular distributions of E-cadherin and
␤-catenin as analyzed by confocal microscopy and sucrose density gradient centrifugation (data not shown).
Induction of IL-8 in T84 cells infected with C. jejuni. The
chemokine IL-8 and other proinflammatory cytokines are believed to contribute to the development of mucosal inflammation caused by C. jejuni infection. Infection of cultured epithelial cell lines with C. jejuni has been shown to elicit IL-8
secretion (7, 24, 26, 33, 62). However, secretion of IL-8 by
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polarized intestinal epithelial cell monolayers in response to C.
jejuni infection has not been previously reported. Therefore,
we investigated the ability of apical or basolateral infection of
polarized T84 monolayers with C. jejuni to activate signaling
pathways leading to basolateral secretion of IL-8 24 h after
infection.
We first investigated the ability of C. jejuni infection to
activate NF-B and AP-1, two nuclear transcription factors
that are important for expression of proinflammatory cytokine
genes. Polarized T84 cell monolayers were infected apically
with C. jejuni at an MOI of 10, and nuclear extracts were
prepared 15, 30, 60, 180, or 300 min after infection. NF-B and
AP-1 DNA-binding activities were induced by 30 min after C.
jejuni infection and were sustained through 180 min after infection (Fig. 5A). By 300 min after infection, both NF-B and
AP-1 activities returned to baseline. This duration of NF-B
activation is somewhat shorter than that reported for HEp-2
cells (32) but is comparable to that reported for conventional,
nonpolarized T84 cells (33). We next investigated the ability of
C. jejuni infection to activate MAP kinases in polarized T84
monolayers. We found that extracellular signal-regulated kinase (ERK), Jun N-terminal protein kinase (JNK), and p38
displayed time-dependent activation, as judged by phosphorylation, in infected T84 monolayers (Fig. 5B). MAP kinase
activation was detected by 60 min after infection and persisted
throughout the experimental period (5 h). The kinetics of
ERK, JNK, and p38 activation in infected polarized T84 monolayers was slightly delayed with respect to NF-B and AP-1
activation, but it occurred more rapidly than reported for polarized Caco-2 monolayers (39) and in a more robust and
sustained manner than that reported for p38 and ERK in
conventional, nonpolarized T84 monolayers, respectively (62).
In addition to characterizing NF-B, AP-1, and MAP kinase
activation, we measured IL-8 secretion by polarized T84 monolayers 24 h after apical or basolateral infection with C. jejuni.
IL-8 secretion was significantly greater in infected monolayers
than in uninfected control monolayers, and basolateral infection induced more IL-8 secretion than infection from the apical aspect (Fig. 5C). After 24 h, neither apical nor basolateral
infection with C. jejuni led to the secretion of as much IL-8 as
basolateral treatment with 100 ng/ml Salmonella enterica serovar Typhimurium flagellin. These results are consistent with
what has been previously reported for conventional, nonpolarized epithelial cell lines (7, 24, 26, 44, 62).
DISCUSSION
The paracellular pathway in intestinal epithelia is gated by
intercellular junctions. A crucial role of these junctions is to
prevent commensal and pathogenic microbes from entering
the lamina propria. Despite these host defenses, pathogenic
microbes have developed sophisticated strategies to traverse
the epithelial barrier as a means to access an advantageous
niche. This can involve the exploitation of host signaling pathways by a microbial virulence factor(s) leading to a redistribution of TJ structural proteins and compromise in barrier function. In this study, we observed a significant decrease in TER
correlated with occludin redistribution and dephosphorylation
in C. jejuni-infected T84 cells. The levels of lipid raft-associated
claudin-1 and JAM-1 were increased and decreased, respec-
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FIG. 4. Equilibrium sucrose density gradient analysis of the TJ
proteins claudin-1 and JAM-1. Cell lysates were prepared from control
cells and T84 cells infected with C. jejuni (Cj) from either the apical
(AP) or basolateral (BL) aspect for 24 h. Cell lysates were subjected to
sucrose density gradient centrifugation. Equal amounts of protein
from each fraction were analyzed by immunoblotting for either claudin-1 (A) or JAM-1 (B). The immunoblots presented are representative of the immunoblots for three experiments.
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tively; while the TJ plaque protein ZO-1 and AJ proteins
E-cadherin and ␤-catenin were minimally affected. Our data
confirm and extend previous finding in Caco-2 cells by MacCallum et al. (40) that the loss of occludin constitutes the most
significant alteration in TJ transmembrane proteins.
Our findings for C. jejuni-infected T84 cells are similar to
what have been reported for S. enterica serovar Typhimurium
or enteropathogenic Escherichia coli (EPEC) (8, 43, 53). S.
enterica serovar Typhimurium induces marked decreases in
TER with concomitant selective loss of occludin, but not ZO-1,
from the TJ platform (8). The increases in TJ permeability and
structural alterations could be due to the contraction of the
perijunctional actinomyosin ring in S. enterica serovar Typhimurium-infected cells (8, 31). EPEC-induced changes in TJ
barrier function are associated with the redistribution of occludin and concomitant contraction of the perijunctional actinomyosin ring (43), which is mediated by increased myosin
light-chain kinase activity that, in turn, leads to increased phosphorylation of myosin II regulatory light chain (54, 68). Our
preliminary data indicated the absence of gross morphological
alterations in the perijunctional actinomyosin ring in T84 cells
infected with C. jejuni (data not shown). Occludin is a 60-kDa
protein with multiple phosphoserine and phosphotyrosine
sites. The status of occludin phosphorylation, which changes
during TJ remodeling (53, 59), is mediated by protein kinase C
and tyrosine kinases, while its dephosphorylation is mediated
by TJ-associated protein phosphatase 2A (47, 59, 63). Pertur-

bations in host cell signaling pathways (e.g., protein kinase C,
tyrosine kinases, and/or phosphatase) most likely account for
occludin redistribution and dephosphorylation in C. jejuni-infected cells.
Lipid rafts are the preferred entry sites for several invasive
pathogens (Salmonella, Shigella, Listeria, and Chlamydia) (for a
review, see reference 42). It is likely that C. jejuni also utilizes
lipid rafts as the entry point (64). Recent data indicated that
lipid rafts are required for inducing pedestal formation in host
cells by attaching-effacing E. coli (52). This membrane microdomain is also an integral part of the TJ spatial organization (28, 48, 49), and loss of raft-associated JAM-1 has been
reported in T84 cells exposed to gamma interferon from the
basolateral aspect (13, 28, 49). In addition to increased IL-8
secretion observed in this and other studies (39, 44), elevated
expression of gamma interferon-inducible protein 10, monocyte chemoattractant protein-1, growth-related oncogenes ␣
and ␤, macrophage inflammatory proteins 1 and 3␣ have been
reported in C. jejuni-infected epithelial cells (30, 33). This
raises the possibility that decreases in raft-associated JAM-1
(Fig. 4) are due to an autocrine effect of increased proinflammatory cytokines in the basolateral aspect of T84 cells infected
with C. jejuni. It is not immediately clear whether increased
raft-associated claudin-1 observed in this study has any direct
role in TJ barrier function.
Consistent with prior reports using cultured epithelial cell
lines (30, 33, 39, 44, 62), we found that proinflammatory re-
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FIG. 5. Proinflammatory responses induced by C. jejuni infection. T84 cells were infected with C. jejuni at an MOI of 10 for the times indicated.
(A) The binding of NF-B and AP-1 to oligonucleotides containing respective consensus sequences was assayed by electromobility shift assay. The
results shown are representative of the results for three experiments. (B) The cytosolic fraction prepared from control and C. jejuni-infected cells
was analyzed for Erk1/2, JNK, and p38 phosphorylation. Immunoblots were stripped and reprobed for total Erk1/2, JNK, and p38. The
immunoblots shown are representative of the immunoblots for three experiments. P-ERK1/2, phosphorylated ERK1/2. (C) T84 cells were infected
with C. jejuni (Cj) at an MOI of 10 for 24 h from either the apical (AP) or basolateral aspect (BL) (n ⫽ 9). In parallel cultures, cells were exposed
to 100 ng/ml of S. enterica serovar Typhimurium flagellin from the basolateral aspect for 24 h (n ⫽ 6). Media in the lower chamber were assayed
for IL-8 by enzyme-linked immunosorbent assays. The mean ⫾ standard deviation (error bar) values for IL-8 secretion are shown. An asterisk
indicates significant difference (P ⬍ 0.05) between control (Ctrl) and infected cell samples. In addition, there was a significant difference (P ⬍ 0.05)
in IL-8 secretion between apical and basolateral C. jejuni infection.
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then transcytosed via a “leaky” paracellular pathway to the
basolateral aspect of mucosal epithelium where they continue
to interact with host cells. Elevated cytokine secretion by intestinal epithelial cells, in turn, attracts neutrophils, macrophages, and lymphocytes to the site of inflammation. This
“double-sided” infection accelerates and intensifies host responses leading to uncontrolled inflammation. Our observations provide new data on the pathogenesis of C. jejuni infection and will allow for more defined analysis of C. jejuni-host
epithelial cell interactions.
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activated nuclear factors NF-B and AP-1, increased MAP
kinase phosphorylation, and elevated IL-8 secretion (Fig. 5).
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features with that of TLR activation by conserved microbial
components (3). Intestinal epithelial cells, unlike cells of myeloid lineage, are relatively unresponsive to stimulation by
TLR2 and TLR4 ligands, despite the presence of these receptors for microbial products (2, 15, 45). This muted response by
intestinal epithelial cells is partially due to the down-regulation
of TLR signaling components and/or up-regulation of TLR
negative regulators (45, 50). In contrast, TLR5 is enriched in
the basolateral surface of intestinal epithelial cells and is the
primary microbial sensor against EPEC, enteroaggregative
E. coli, and S. enterica serovar Typhimurium infection (22,
58, 66, 67). However, flagellin isolated from epsilon Proteobacteria, such as C. jejuni or Helicobacter pylori is not a
potent TLR5 agonist (5, 23, 33, 62). H. pylori does activate
the intracellular pattern recognition receptor NOD-1, which
recognizes bacterial cell wall components delivered into gastric epithelial cells by the TFSS encoded by the H. pylori cag
pathogenicity island (60).
Comparative genomic analysis reveals that C. jejuni and H.
pylori encode a considerable number of orthologs, including
TFSS components (19). However, C. jejuni lacks proteins orthologous to other well-characterized H. pylori virulence factors, including CagA. CagA is translocated into host cells via
the cag pathogenicity island-encoded TFSS. This microbial
toxin induces actin cytoskeletal rearrangement and cell scattering as well as disruption of TJ barrier by binding to ZO-1
and JAM-1 in host epithelial cells (4, 16). Recent data show
that H. pylori CagA activates proinflammatory responses via a
TLR-independent pathway (10). C. jejuni cytolethal distending
toxin, unrelated to H. pylori CagA in amino acid sequence,
induces cell cytoskeleton rearrangement and cytokine expression in nonpolarized epithelial cells (36). Therefore, the possible role of TLR-independent signaling activated by microbial
virulence factors (e.g., cytolethal distending toxin) as well as
the role of NOD proteins in host inflammatory responses to C.
jejuni infection will need to be determined in future studies.
Prior studies indicate that C. jejuni transmigrates across intestinal epithelia via either the transcellular or paracellular
pathway (46). This prompted us to compare the effects of
basolateral C. jejuni infection versus the effects of apical infection on epithelial TJ function and cytokine expression. The
changes in TER and IL-8 secretion 24 h postinfection were
greater in cells infected from the basolateral aspect than in
cells infected from the apical aspect (Fig. 1 and 5). Our data
are in agreement with the prior finding (46) that C. jejuni
preferentially invades polarized T84 monolayers from the basolateral surface. These data suggest that C. jejuni invasion
facilitates the loss of TJ barrier function and increased cytokine expression in infected cells.
Taken together, our data lead us to propose a working
model for epithelial cell-C. jejuni interactions. C. jejuni adhere
and invade intestinal epithelial cells from the apical aspect.
Intracellular C. jejuni then induce opening of the TJ as indicated by the significant loss of TER and occludin redistribution
from the TJ platform to the cytosolic compartment. C. jejuni is
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