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The type III secretion system (TTSS) of enteropathogenic Escherichia coli (EPEC) has been associated with
the ability of these bacteria to induce secretion of proinflammatory cytokines, including interleukin-8 (IL-8),
in cultured epithelial cells. However, the identity of the effector molecule directly involved in this event is
unknown. In this study, we determined that the native flagellar filament and its flagellin monomer are
activators of IL-8 release in T84 epithelial cells. Supernatants of wild-type EPEC strain E2348/69 and its
isogenic mutants deficient in TTSS (escN) and in production of intimin (eae), grown in Luria-Bertani broth,
elicited similar amounts of IL-8 secretion by T84 cells. In contrast, supernatants of EPEC fliC mutants and of
B171, a nonflagellated EPEC strain, were defective in inducing IL-8 release, a phenotype that was largely
restored by complementation of the fliC gene in the mutant lacking flagella. Purified flagella from E. coli K-12,
EPEC serotypes H6 and H34, and enterohemorrhagic E. coli serotype H7 all induced IL-8 release in T84 cells.
Induction of IL-8 by purified flagella or His-tagged FliC from EPEC strain E2348/69 was dose dependent and
was blocked by a polyclonal anti-H6 antibody. Finally, the mitogen-activated protein kinases (Erk1 and -2 and
Jnk) were phosphorylated in flagellin-treated T84 cells, and inhibition of the p38 and Erk pathways signifi-
cantly decreased the IL-8 response induced by EPEC flagellin. Our data clearly indicate that FliC of EPEC is
sufficient to induce IL-8 release in T84 cells and that activation of the Erk and p38 pathways is required for
IL-8 induction.

Enteropathogenic Escherichia coli (EPEC) is the predomi-
nant bacterial cause of infant diarrhea worldwide and repre-
sents a major endemic health threat to children below the age
of 6 months living in developing countries (38). EPEC causes
a pathophysiology known as attaching and effacing lesion
(AE), which is characterized by effacement of the intestinal
epithelial cell microvilli and rearrangement of the cytoskeleton
to form pedestal-like structures that cup the bacteria individ-
ually (43). In EPEC strain E2348/69, all genes necessary for the
AE phenotype are encoded within a 35.6-kb pathogenicity
island termed the locus of enterocyte effacement (LEE) (40).
The LEE encodes an adhesin, intimin (34), its translocated
intimin receptor (Tir) (37), and components of a type III se-
cretion system (TTSS), which is responsible for secretion of
EspA, EspB, EspD, EspF, EspG, Map, and Tir. Tir has been
shown to bind to Nck (6, 30), talin, �-actin, and vinculin (7, 23),
resulting in cytoskeletal rearrangements. Mitochondrion-asso-
ciated protein targets to mitochondria, where it has membrane
potential-disrupting activity (36); EspF disrupts the host intes-
tinal barrier (41) and induces apoptosis in epithelial cells (8);
and the role of EspG is still unclear (21). In addition to the
LEE, the EPEC virulence plasmid (EAF) encodes the type IV
bundle-forming pilus (BFP), which is involved in EPEC adher-
ence (28) and cytotoxicity (1).

EPEC induces an inflammatory response in the gut epithe-

lium in vivo (42), presumably by triggering production of cy-
tokines and chemokines, including interleukin-8 (IL-8), which
recruits polymorphonuclear leukocytes to the infection site
(46). Although the EPEC TTSS has been implicated in trig-
gering IL-8 production in epithelial cells (11, 15), no effector
protein has yet been identified. Among the four LEE-encoded
EPEC effector molecules that have been identified (36), it is
not known which TTSS effectors may be involved in IL-8 stim-
ulation.

Mitogen-activated protein kinases (MAPK) are central in
many host responses including the regulation of cytokine re-
sponse (24). MAPK, a group of three serine/threonine kinases
with isoforms ranging from 40 to 62 kDa, form a group of three
pathways, including extracellular signal-regulated protein ki-
nases 1 and 2 (Erk1 and Erk2) and two stress-activated protein
kinases designated p38 and c-Jun N-terminal kinase (Jnk).
Recent reports have shown that MAPK are involved in the
host cell responses to infection by Listeria monocytogenes (51),
Salmonella enterica serovar Typhimurium (32), enterohemor-
rhagic E. coli (EHEC) (12), and EPEC (11, 15). Phosphoryla-
tion of MAPK subsequently leads to activation of transcription
factors such as NF-�B and AP-1, which result in production of
IL-8 among other proteins (13, 14).

Flagella are filamentous appendages required for bacterial
chemotaxis and motility; they are composed of a structural
repeating protein called flagellin (47). In addition to motility,
flagella have been shown to play important roles in adhesion
and biofilm formation in several bacterial species. The flagella
from Clostridium difficile, for example, bind specifically to
mouse mucus and may contribute to colonization (52). Re-
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cently, it was reported that the flagella of EPEC mediate ad-
hesion to epithelial cells in vitro (29). The flagellins from
Pseudomonas aeruginosa (17), enteroaggregative E. coli
(EAEC) (50), and Salmonella serovar Typhimurium (26) have
been shown to stimulate epithelial cells to produce nitric oxide
(19), human beta-defensin-2 (44), and IL-8. Moreover, reports
have shown that the flagellin of Salmonella serovar Typhi-
murium also stimulates the chemokine CCL20, which in turn
triggers a specific migration of immature dendritic cells to the
epithelium (48). Thus, besides their role in motility and adhe-
sion, flagella appear to trigger native immune responses.
Hence, these structures may have a significant role in the host
response to bacterial infection in vivo.

In this study we demonstrate that flagellin of EPEC stimu-
lates IL-8 production in a dose-dependent manner in T84
epithelial cells and also results in activation of the kinases
Erk-1 and -2 and Jnk1 and -2. These results suggest that flagel-
lin may play an important role in the gut inflammatory re-
sponse during EPEC infection.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas-
mids used in this study are shown in Table 1. Bacteria were grown overnight at
37°C with shaking at 200 rpm in 5 ml of Luria-Bertani (LB) broth or Dulbecco’s
modified Eagle medium (DMEM) without fetal calf serum.

Eukaryotic cell lines and culture conditions. T84 human colonic carcinoma
epithelial cells and HeLa cells were obtained from the American Type Culture
Collection. T84 cells were grown in DMEM–F-12 medium (Gibco, Grand Island,
N.Y.) supplemented with 10% heat-inactivated fetal calf serum, 100 U of pen-
icillin/ml, and 100 �g of streptomycin/ml and were incubated at 37°C with 5%
CO2, while HeLa cells were cultured in DMEM containing 10% fetal calf serum.
Cells (106) were seeded onto 24-well plates and grown until 90 to 95% conflu-
ency. Prior to treatment, cells were washed twice with DMEM–F-12 medium or
DMEM without serum or antibiotics and were maintained in serum-free medium
for at least 2 h. Polarized T84 cells in six-well plates were prepared as described
previously (26). Model epithelia were used 6 to 14 days after plating verification
that T84 cells had achieved a transepithelial electrical resistance of at least 1,000
�/cm2.

Infection. Prior to infection, bacteria were washed twice, resuspended, and
adjusted to approximately 2 � 109 CFU/ml in sterile phosphate-buffered saline
(pH 7.4) (PBS). The suspensions were added to T84 cells at a multiplicity of

infection of 100. To synchronize infection, the 24-well plate was centrifuged for
10 min at 2,000 rpm by using an Allegra 6R centrifuge (Beckman). After incu-
bation for 2.5 h at 37°C with 5% CO2, the cells were washed twice with DMEM–
F-12 medium. One milliliter of DMEM–F-12 serum free medium containing 100
�g of gentamicin/ml was added to each well, and cells were incubated for 18 h at
37°C with 5% CO2. Bacterial culture supernatants were collected by centrifuga-
tion and filter sterilized by using 0.2-�m-pore-size syringe filters. One hundred
microliters of the supernatant was added to each well and incubated for 18 h at
37°C with 5% CO2.

Inhibitors. The MEK-1 inhibitor PD98059 and the p38 inhibitor SB203580
(10) (Calbiochem, San Diego, Calif.) were stored in dimethyl sulfoxide at �20°C.
Prior to addition of flagella, the cells were incubated for 90 min with PD98059
(50 �M) or SD203580 (10 �M), alone or together. The inhibitors were main-
tained with the cells throughout the infection period.

ELISA. Ninety-six well Maxisorp immunoplates (Nunc, Rochester, N.Y.) were
coated with 100 �l of carbonate-bicarbonate buffer (pH 9.6) containing a mouse
anti-human IL-8 monoclonal antibody at a concentration of 1 �g per well and
were incubated overnight at 4°C. An enzyme-linked immunosorbent assay
(ELISA) was performed as described in the manufacturer’s instructions. Briefly,
the coated plates were washed four times with PBS containing 0.1% Tween 20
(PBST) and then blocked in PBST containing 5% skim milk for 1 h at room
temperature. After the plate was washed four times with PBST, 100 �l of the
samples and a series of twofold dilutions of the standard were added to a 96-well
plate and incubated for 2 h at room temperature. One hundred microliters of a
diluted (1:2,000) biotinylated mouse anti-human IL-8 monoclonal antibody was
added to each well after washing, and this was then incubated for 1 h at room
temperature. After a wash, 100 �l of a 1:2,000-diluted avidin-horseradish per-
oxidase conjugate was added to each well. The reaction was developed with
tetramethylbenzidine (TMB) substrate reagent and was stopped with 2 N H2SO4.
Optical densities at 405 nm (OD405) were measured with a Labsystems Multiskan
Plus reader (Fisher Scientific). Recombinant human IL-8 was used as a standard.
The biotinylated mouse anti-human IL-8 monoclonal antibody, the avidin-horse-
radish peroxidase conjugate, and the TMB substrate reagent set were all ob-
tained from BD PharMingen (San Diego, Calif.).

Purification of flagella. Flagella were purified from E2348/69 (O127:H6),
EDL933 (O157:H7), and E. coli K-12 ORN172 by using a CsCl2 gradient as
previously described (29). Briefly, E. coli strains were cultivated on Luria agar
plates overnight at 37°C and resuspended in water. The suspension was sheared
briefly in a blender, and the soluble flagella were separated from bacteria and
cellular debris by centrifugation at 8,000 � g for 15 min. The flagella present in
the supernatant were concentrated and separated from other proteins by cen-
trifugation at 18,000 rpm for 3 h. The pellet containing flagella was resuspended
in a suitable volume of water. Flagellar crude extracts were placed in a 1.5% CsCl
Sarkosyl gradient and were centrifuged at 38,000 � g for 24 h by using an LE-80
ultracentrifuge (Beckman). The band containing flagella was collected, and salt
was removed by dialysis against sterile distilled water.

TABLE 1. E. coli strains and plasmids

Strain or plasmid Relevant properties Source or reference

Strains
E2348/69 wt O127:H6 clinical isolate 39
CVD206 eae mutant of E2348/69 18
CVD452 escN mutant of E2348/69 33
AGT01 fliC mutant of E2348/69 29
AGT02 fliC (pfliC); AGT01 complemented with cloned fliC from E2348/69 29
AGT03 motB mutant of E2348/69 29
E10 wt O119:H6 clinical isolate 29
AGT04 fliC mutant of E10 29
B171 O111:NM; clinical isolate; nonflagellated 29
EAEC O42 wt Clinical isolate 50
EAEC O42 fliC fliC mutant of EAEC O42 50
ORN172 K-12, with type I pilus genes deleted 29
E28 O86:H34; clinic isolate 29
EHEC 86-24 O157:H7 H7 29
DH5� K-12 cloning host strain Stratagene

Plasmids
pQE30 His tag expression vector Qiagen
pXZ13 pQE30 containing fliC from E2348/69 This study
pREP4 Repressor plasmid containing lacI Qiagen
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Cloning and expression of the EPEC flagellin. Recombinant flagellin of EPEC
strain E2348/69 was prepared as follows. The gene fragment corresponding to
the flagellin gene of E2348/69 was generated by PCR amplification with the sense
primer 5� CGCGGATCCGCGCAGTCTGCGCTGTCGAGTTC and the anti-
sense primer 5� CGGGGTACCCCGTTATACCTGGTTGGCTTTTGCCA.
Underlined nucleotides represent adaptor sequences added to the ends of prim-
ers to maintain the proper reading frame and facilitate cloning (BamHI recog-
nition sites on sense primers and KpnI sites on antisense primers). The template
DNA for PCR was a suspension of E2348/69 colonies. PCR-generated flagellin
DNA was digested with BamHI plus KpnI, gel purified, and subcloned into the
BamHI/KpnI sites of the pQE-30 UA vector (Qiagen, Valencia, Calif.) to pro-
duce plasmid pXZ13 so that the six-His tag is at the N terminus of FliC. The
presence of the cloned fliC gene in pXZ13 was confirmed by PCR and sequenc-
ing. Plasmid pXZ13 was then transformed into E. coli DH5�(pRP4) (Qiagen
Inc.), which constitutively expresses the lac repressor protein encoded by the lacI
gene to prevent FliC overexpression. E. coli DH5�(pRP4, pXZ13) was harvested
by centrifugation 5 h after induction of mid-log-phase cultures with 1 mM
isopropyl-	-D-thiogalactopyranoside (IPTG). Cell pellets were resuspended in
lysis buffer containing 50 mM NaH2PO4, 300 mM NaCl, and 10 mM imidazole
(pH 8.0) and were lysed by a French pressure cell (SLM Instruments Inc.).
His-tagged proteins were mixed with Ni-nitrilotriacetic acid (Qiagen Inc.), and
the mixture was loaded onto a polypropylene column. The column was washed
with a lysis buffer containing 20 mM imidazole, and His-tagged proteins were
eluted in a similar buffer with 250 mM imidazole. Eluates were collected and
dialyzed overnight at 4°C against dialysis buffer (50 mM NaH2PO4–300 mM
NaCl [pH. 8.0]) by using 12,000- to 14,000-Da-cutoff Spectra/Por molecular
porous membrane tubing (Spectrum Laboratories, Inc., Rancho Dominguez,
Calif.).

Secretion experiments. Secretion experiments were performed as described by
Crawford and Kaper (9). Briefly, EPEC strains were grown overnight in LB
medium with shaking, diluted to an OD600 of 0.05 in LB medium or DMEM, and
grown as static cultures at 37°C in 5% CO2 to an OD600 of 0.2 to 0.3. Cells were
pelleted by centrifugation, and the supernatant was filtered through a 0.22-�m-
pore-size filter (Pall Corp., Ann Arbor, Mich.). Phenylmethylsulfonyl fluoride,
aprotinin, and EDTA (pH 8.0) were added to final concentrations of 50 �g per
ml, 0.5 �g per ml, and 5 mM, respectively. Trichloroacetic acid was added to a
final concentration of 10%, and samples were placed on ice for at least 1 h.
Protein pellets were collected in an ultracentrifuge by using an SW28 swinging
bucket rotor at 28,000 rpm for 1 h. Pellets were washed with cold 95% ethanol
and spun again at 28,000 rpm for 30 min. Pellets were resuspended in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
and subjected to SDS-PAGE.

SDS-PAGE and Western blotting. To determine the production of flagellin,
either total proteins from lysates of 5 � 108 CFU of EPEC or 2 �g of purified
flagella or recombinant FliC was loaded per lane on a Laemmli SDS–12% PAGE
gel. The proteins were transferred to a nitrocellulose membrane in standard
transfer buffer (25 mM Tris [pH 8.3], 192 mM glycine, 20% methanol) at 30 V
for 20 min by using a Bio-Rad semitransfer cell. After the transfer was com-
pleted, the membranes were blocked for 1 h with 2% skim milk and PBST at
room temperature (RT). The membrane was probed with a rabbit anti-H6
polyclonal antibody (1:30,000) for 1 h at RT after washing and was then incu-
bated for 2 h with a 1:2,000 dilution of horseradish perioxidase-conjugated
anti-rabbit immunoglobulin G (IgG). Again the membrane was thoroughly
washed as before, and it was developed by addition of the color substrate solution
for horseradish peroxidase. To detect phosphorylated MAPK, the procedure of
Toshchakov et al. (55) was followed. Polyclonal antibodies that recognize phos-
phorylated forms of Erk1 and Erk2 were from Promega (Madison, Wis.), and
polyclonal antibodies directed against phosphorylated forms of the MAPK Jnk
and p38 were from Cell Signaling Technology (San Francisco, Calif.).

Protein assay and statistical analysis. Protein concentrations were deter-
mined by the bicinchoninic acid assay (Pierce, Rockford, Ill.). Data are presentedFIG. 1. (A) Supernatants of EPEC strains stimulate IL-8 produc-

tion in T84 cells. T84 cells grown in a 24-well plate were treated with
100 �l of filter-sterilized supernatants of EPEC strains grown in LB
medium or DMEM for 18 h. IL-8 concentrations in supernatants of
T84 cells were determined by ELISA as described in Materials and
Methods. T84 cells treated with supernatants of wild-type E2348/69,
CVD452 (escN mutant), or CVD206 (eae mutant) grown in LB me-
dium secreted significantly greater amounts of IL-8 than T84 cells
treated with supernatants of the same EPEC strains grown in DMEM
(�, P 
 0.01). Error bars, standard deviations. (B) EPEC strains E10,
E2348/69, CVD452 (escN mutant), and CVD206 (eae mutant) grown
in DMEM, but not in LB medium, are deficient in motility. EPEC
strains grown in LB medium were inoculated into LB or DMEM

semisolid motility agar and incubated for 18 h at 37°C. Lack of motility
is indicated by growth that is restricted to the line of inoculation,
whereas motility is indicated by growth throughout the medium.
(C) Flagellin secretion by E2348/69 strains grown in LB medium or
DMEM. The wild-type strain E2348/69 was grown either to late-log
phase in LB medium (lane 1) or to early-log phase (lane 2) or late-log
phase (lane 3) in DMEM. Secreted proteins were collected, precipi-
tated, and subjected to SDS–12% PAGE followed by Coomassie blue
staining as described in Materials and Methods.
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as means � standard deviations from at least two separate experiments of
duplicates except where results of blots are shown, in which case the figure gives
results of a representative experiment. Comparisons between two values were
analyzed by Student’s t test. Differences were considered significant at P values
of 
0.05.

RESULTS

Supernatants from a wild-type EPEC strain and its isogenic
escN and eae mutants stimulate IL-8 production. Recently it
was reported that the TTSS of EPEC strain E2348/69 is re-
sponsible for inducing IL-8 secretion in T84 (45) and HeLa
(15) cells. To determine whether the stimulation of IL-8 in T84
cells is dependent on the TTSS and on intimate contact of the
bacteria with the cultured epithelial cells, we compared the
supernatants from wild-type E2348/69 with those from its iso-
genic escN (TTSS) and eae (intimin) mutants grown in LB
broth for IL-8 induction. Interestingly, similar amounts of IL-8
were detected in the supernatants of T84 cells treated with
supernatants of E2348/69 and the escN and eae mutants (Fig.
1A). This result indicated that, at least in T84 colonic cells,
induction of IL-8 release by E2348/69 is independent of inti-
mate adherence, the TTSS, or an effector molecule secreted
through this pathway. The supernatants of E2348/69 and iso-
genic mutant strains were tested for cytotoxicity toward T84
cells. No effect on the viability of T84 cells was observed (data
not shown), a result that is consistent with previous reports
stating that EPEC-induced cytotoxicity on epithelial cells is cell
contact dependent (8, 54).

It has recently been reported that wild-type E2348/69 was
deficient in flagellum production and nonmotile when grown in
DMEM, but not when grown in LB motility agar (29). We
extended this observation to several other strains, as shown in
Fig. 1B. As expected, the E2348/69 flagellar mutant, AGT01,
was not motile in either Luria or DMEM motility agar. All
other strains tested were motile in Luria motility agar but
much less motile or nonmotile in DMEM motility agar. Since
flagellins from Salmonella serovar Typhimurium (19, 31),
EAEC (50), and P. aeruginosa (22) have been shown to induce
IL-8 secretion in epithelial cells and flagellin is secreted into
supernatants, we determined whether supernatants from
EPEC strains grown in DMEM were deficient in IL-8 induc-
tion in T84 cells. Interestingly, after T84 cells were treated with
supernatants of E2348/69 and its isogenic mutants grown in
DMEM, almost no IL-8 induction was detected (Fig. 1A).
These results suggested that flagella may be involved in the
IL-8 response.

To determine whether E2348/69 is deficient in flagellar se-
cretion when grown in DMEM, secreted proteins from
E2348/69 grown in LB medium or DMEM were subjected to
SDS-PAGE. As shown in Fig. 1C, supernatants from wild-type
E2348/69 grown to early- or late-log phase were deficient in
flagellar secretion when grown in DMEM, although much
greater amounts of EspB, EspD, and EspA were secreted than
were seen with E2348/69 grown in LB broth. These results
parallel the higher levels of IL-8 induction with LB-grown
E2348/69 than with DMEM-grown E2348/69. It should be
noted that EPEC strains were deficient in other factors such as
BFP when grown in DMEM (29); hence, it is possible that a
secreted factor(s) other than flagella may contribute to IL-8
induction in T84 cells.

FliC mutants are deficient in IL-8 induction in T84 cells. To
investigate the role of EPEC flagella in IL-8 induction in T84
cells, we compared the abilities of the supernatants of EPEC
strains E2348/69 and E10 and EAEC strain O42 to induce IL-8
production in T84 cells with those of their isogenic fliC mu-
tants. Supernatants from wild-type EPEC strains E2348/69 and
E10 and from EAEC strain O42 stimulated as much as 2.5 ng
of IL-8/ml 18 h after treatment (Fig. 2A), whereas superna-
tants from their isogenic fliC mutant strains induced signifi-
cantly smaller amounts of IL-8 than their wild-type parent
strains (P 
 0.05). These results indicated that FliC may be
crucial for stimulation of IL-8 secretion in T84 cells by E2348/
69, E10, and O42, a result that is consistent with the report that
flagellin triggers an inflammatory response with EAEC (50).
Complementation of the fliC mutation in an E2348/69 fliC
mutant (AGT01) by addition of the cloned fliC gene (strain
AGT02) restored the ability to stimulate IL-8, although the
levels were slightly lower than those seen with its wild-type
strain. When an E2348/69 motB mutant (AGT03), which is
nonmotile but still produces “paralyzed” flagella, was tested,
induction of IL-8 was also obtained. The motB mutant pro-
duces fewer flagella than the wild type (32) and stimulates a
lower level of IL-8, equivalent to levels seen with the fliC

FIG. 2. (A) Supernatants of EPEC fliC mutants (AGT01 and
AGT04) are deficient in stimulating IL-8 production in T84 cells. T84
cells grown in a 24-well plate were treated with 100 �l of filter-
sterilized supernatants of EPEC strains grown in LB medium for 18 h.
IL-8 concentrations in the supernatant were determined by ELISA.
T84 cells treated with supernatants of an E2348/69 fliC mutant
(AGT01), an E10 fliC mutant (AGT04), and an EAEC strain O42 fliC
mutant produced significantly smaller amounts of IL-8 than those
treated with supernatants from their wild-type strains (�, P 
 0.01).
Complementation of the E2348/69 fliC mutation (AGT02) partially
restored the ability to stimulate IL-8 in T84 cells. Error bars, standard
deviations. (B) Flagellin secretion by EPEC strains grown in LB me-
dium or DMEM. Wild-type E2348/69 (lanes 1 and 4), an E2348/69 fliC
mutant (AGT01) (lanes 2 and 5), and an E2348/69 motB mutant
(AGT03) (lanes 3 and 6) were grown in either DMEM (lanes 1, 2, and
3) or LB broth (lanes 4, 5, and 6). Supernatants were collected and
precipitated as described in Materials and Methods. Equal amounts of
supernatants were subjected to SDS–12% PAGE and visualized by
Coomassie blue staining.
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mutant complemented strain (AGT02). Interestingly, a non-
flagellated EPEC strain, B171 (O111:NM), that contains intact
a type III secretion apparatus induced only low levels of IL-8
production, similar to those seen with AGT01.

As shown in Fig. 2B, the EPEC motB mutant strain
(AGT03) grown in LB broth secreted significantly smaller
amounts of FliC (lane 6) than wild-type E2348/69 (lane 4).
AGT01 (fliC mutant) was used as a negative control and did
not secrete FliC, as expected (Fig. 2B, lanes 2 and 5). Consis-
tent with previous results, wild-type E2348/69 (Fig. 2B, lane 1),
AGT01 (lane 2), and AGT03 (lane 3) secreted FliC in minimal
amounts when grown in DMEM, and the results were con-
firmed by Western blotting (data not shown). These data sug-
gest that FliC, or a secreted protein(s) affected by fliC, is
important for IL-8 induction in T84 cells.

Purified E. coli flagella induce IL-8 secretion in T84 cells.
The results described above were obtained with H6 flagella. To
determine whether heterologous flagella per se are able to
induce IL-8 secretion in T84 cells, we purified flagella from E.
coli K-12, EPEC strain E2348/69, EPEC strain E28 (O86:H34),
and EHEC strain 86-24 (O157:H7). The purity of the purified
flagella was assessed by SDS-PAGE and Coomasie staining
and by electron microscopy as described by Girón et al. (29)
(data not shown). T84 cells were incubated for 18 h with the
purified flagella (1 �g/ml) obtained from the various E. coli
strains, and IL-8 release was determined by ELISA (Fig. 3A).
All of the flagellum types tested induced IL-8 to similar levels,
suggesting that this property is inherent to both pathogenic and
nonpathogenic E. coli strains and that these flagella possess a
common domain responsible for IL-8 induction. The failure of
LPS to stimulate IL-8 production in T84 cells is probably
attributable to the lack of TLR4 and the CD14 coreceptor for
LPS on epithelial cells (16). This result is consistent with re-
ports by other researchers indicating that epithelial cells do not
respond to LPS (15). The induction of IL-8 by flagella purified
from EPEC strain E2348/69 was dose dependent (Fig. 3B).

To further confirm that flagella induce IL-8 production in
T84 cells, purified flagella from E2348/69 and EHEC strain
86-24 were incubated at 37°C for 1 h with rabbit polyclonal
antibodies against H6 and H7, respectively, and then were
added to T84 cells for 18 h. As shown in Fig. 3C, anti-H6 and
anti-H7 sera completely blocked IL-8 secretion in T84 cells
induced by H6 and H7. Neither polyclonal anti-H6, anti-H7,
LPS, normal rabbit serum, nor polymyxin B induced IL-8 in-
duction alone. These results demonstrated that flagella from
EPEC strain E2348/69 and EHEC strain 86-24 per se are
sufficient to stimulate IL-8 production in T84 cells.

Purified His-tagged FliC protein induces IL-8 release. To
determine whether the native structure of the flagellum fila-
ment was required for IL-8 induction, we cloned the fliC gene
from E2348/69 into an expression vector containing an N-
terminal six-His tag. As shown in Fig. 4A, FliC was observed in
the eluate from the nickel column (lane 3) but was not present
in the flowthrough (lane 2). Both purified flagella (Fig. 4A,
lane 1) and recombinant FliC of E2348/69 showed a molecular
size of about 60 kDa. The expressed FliC also reacted sero-
logically with an anti-H6 antibody (data not shown). Recom-
binant FliC induced IL-8 release in T84 cells in a dose-depen-
dent manner (Fig. 4B), and the ability to induce IL-8 was
abolished by addition of polyclonal anti-H6 (Fig. 4C). The

expressed control protein CesT, a chaperone for Tir (20), did
not stimulate IL-8. These results demonstrated that the flagel-
lin monomer FliC alone is sufficient to induce IL-8 in T84 cells.

It was reported that flagellin from Salmonella serovar Ty-

FIG. 3. (A) Purified flagella induce IL-8 production in T84 cells.
T84 cells were treated with purified flagella (1 �g/ml) from EPEC,
EHEC, or E. coli K-12 strains or with 100 ng of E. coli LPS/ml. IL-8
concentrations were measured by ELISA. (B) Purified H6 stimulates
IL-8 production in T84 cells in a dose-dependent manner. T84 cells
grown in a 24-well plate were treated with various concentrations of
purified flagella from EPEC E2348/69. IL-8 production was measured
by ELISA. (C) Purified flagella (1 �g/ml) from E2348/69 or an EHEC
O157: H7 strain and E. coli LPS (100 ng/ml) were mixed with their
respective rabbit polyclonal antibodies or with polymyxin B in
DMEM–F-12 medium and were incubated for 1 h at 37°C. Polyclonal
antibodies, LPS, purified flagella, and their mixtures were then applied
to T84 cells grown in a 24-well plate and were incubated for 18 h. IL-8
concentrations were measured by ELISA.
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phimurium activates TLR5 on T84 cells expressed basolater-
ally (25). We were interested in determining whether polarized
T84 cells could respond to purified His-tagged FliC presented
to the basolateral side. FliC was added to the apical or the
basolateral chamber of T84 cells grown as polarized monolay-
ers. As shown in Fig. 4D, FliC added to either the apical or the
basolateral side of T84 cells induced basolateral IL-8 secretion,
though the level of IL-8 was higher when T84 cells were stim-
ulated basolaterally.

MAPK are activated and required for IL-8 secretion. It was
recently reported that a wild-type EPEC strain, but not the
intimin deletion mutant (lacking eae) or the TTSS mutant
strain CVD452 (lacking escN), induced activation of the Erk1
and -2, p38, and Jnk cascade in T84 cells (11). Therefore, we
sought to determine whether MAPK are activated in T84 cells
after flagellin treatment. As shown in Fig. 5A, kinases Erk1
and -2 and Jnk1 and -2 were phosphorylated in T84 cells as
early as 15 min after stimulation. We next determined whether
MAPK are involved in the IL-8 production induced by
E2348/69 flagellin in T84 cells. For this purpose, T84 cells were
preincubated for 90 min with PD98059 (50 �M) and SD203580
(10 �M), alone or together, prior to treatment with flagellin.
These inhibitors were present during the experimental time
period. Neither the combination of two inhibitors nor a single
inhibitor alone affected the viability of T84 cells (data not
shown). As shown in Fig. 5B, PD98059 and SB203580 reduced
IL-8 production by about 50%. Similar results were obtained
with purified flagella (data not shown). It is noteworthy that
the concomitant presence of the two inhibitors decreased fla-
gellum-induced IL-8 synthesis by almost 80%, suggesting that
the p38 and Erk1 and -2 MAPK pathways are both required for
IL-8 secretion induced by EPEC flagellin.

Comparison of amino acid sequences of flagellins from
other bacterial flagella. Flagellins from Salmonella serovar Ty-
phimurium (19) and from EAEC (50) have been shown to
induce inflammatory responses in gut epithelial cells. In the
present study, we demonstrated that flagella and flagellin from
EPEC strain E2348/69, and flagella from EHEC strain 86-24
and E. coli K-12 stimulated IL-8 secretion in T84 cells. These
results suggested that flagellin from Salmonella serovar Typhi-
murium, EPEC, EHEC, and E. coli K-12 may share a common
domain that is responsible for stimulating IL-8. Hence, we
aligned the amino acid sequences of flagellins from Salmonella
serovar Typhimurium (GenBank accession no. 16763390),
EPEC strain E2348/69 (AF128956), an EHEC O157:H7 strain
(15829254), EAEC strain O42 (AF194946), E. coli K-12
(16127994), Salmonella enterica serovar Typhi (16502975), Shi-
gella dysenteriae (D26166), and Shigella flexneri (D16819). As

FIG. 4. (A) Expression and purification of FliC from EPEC E2348/
69. DH5�(pRP4, pXZ13) expressing the cloned fliC gene was har-
vested 5 h after addition of IPTG to mid-log-phase cultures. Lysates
were purified by nickel affinity chromatography and visualized on
SDS–12% PAGE gels by Coomasie blue staining. Lane 1, purified
flagella from EPEC strain E2348/69 (2 �g); lane 2, flowthrough from
nickel column (12 �g); lane 3, eluate from column (12 �g). (B) His-
tagged FliC stimulated IL-8 production in T84 cells in a dose-depen-
dent manner. T84 cells grown in a 24-well plate were treated with
various concentrations of purified recombinant His-tagged FliC from
EPEC strain E2348/69. IL-8 production was measured by ELISA.

(C) IL-8 production by T84 cells stimulated by purified His-tagged
FliC was blocked by polyclonal rabbit anti-H6. The antibody (1:10) was
mixed with FliC (final concentration, 1 �g/ml) and incubated for 1 h at
37°C. FliC (1 �g/ml), the antibody, recombinant CesT, and the mixture
were added to T84 cells grown in a 24-well plate. IL-8 concentrations
were measured by ELISA after 18 h of treatment. (D) Polarized T84
cells were stimulated with His-tagged FliC added to either the apical or
the basolateral side. Supernatants from the basolateral chambers were
removed after 18 h, and IL-8 concentrations were measured by ELISA.
Asterisks indicate that a value is significantly different from the value
for flagellum-treated cells (P 
 0.01).
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shown in Fig. 6, the first 170 and last 90 amino acids are nearly
identical in the eight proteins, a result consistent with the
hypothesis that flagellins from these strains may recognize the
same receptor on host cells.

DISCUSSION

In this paper, we demonstrated that flagellin of EPEC is
sufficient to induce IL-8 secretion in T84 cells. This conclusion
is based on a number of observations. First, induction of IL-8
in T84 cells is independent of cell contact and does not require
intimin or the TTSS, since the supernatants of wild-type
E2348/69 and its isogenic eae and escN mutants grown in LB
broth induced similar amounts of IL-8 in T84 cells. Second,
supernatants of EPEC strains grown in DMEM, a condition
that represses flagellum synthesis, failed to induce IL-8 in T84
cells, since EPEC strains grown in DMEM were deficient in
flagellum production and secretion, and hence in motility.
Third, the abilities of supernatants from an E2348/69 fliC mu-

tant (AGT01) and an E10 fliC mutant (AGT04) to induce IL-8
were significantly lower than those of their respective wild-type
strains, and the deficiency in AGT01 was restored in the com-
plemented strain AGT02. Fourth, the supernatant from an
LB-grown E2348/69 motB mutant, which is nonmotile but still

FIG. 5. (A) Induction of MAPK phosphorylation by EPEC flagel-
lin. T84 cells were treated with flagellin (1 �g/ml) from E2348/69 for 15
or 30 min, and total-cell lysates were prepared for immunoblot analysis
as described in Materials and Methods. (B) Inhibition of MAPK path-
way prevents IL-8 secretion in T84 cells induced by His-tagged flagellin
from E2348/69. IL-8 contents in the supernatants of T84 cells after
18 h of treatment with purified H6 were estimated by ELISA. Where
indicated, the inhibitor SB203580 (10 �M) or PD98059 (50 �M) or
both were added 90 min prior to flagellin stimulation. Asterisks indi-
cate that a value is significantly different from the value for flagellum-
treated cells (P 
 0.01).

FIG. 6. Comparison of amino acid sequences of flagellins from
EPEC strain E2348/69, an EHEC O157: H7 strain, EAEC strain O42,
E. coli K-12, Salmonella serovar Typhimurium, Salmonella serovar
Typhi, S. flexneri, and S. dysenteriae. Red represents conserved homol-
ogy among all strains examined; blue letters indicate homologous
amino acids in the majority of strains.
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produces flagella to a lesser extent than its wild-type parent,
induced levels of IL-8 lower than those induced by the wild
type but similar to those induced by AGT02. Finally, purified
flagella and His-tagged FliC from E2348/69 induced IL-8 se-
cretion in T84 cells in a dose-dependent manner, and the
induction was completely blocked by an anti-H6 antibody.

Our results, however, are inconsistent with reports by others
who showed that the TTSS was responsible for IL-8 induction
in epithelial cells (11, 15). The inconsistency is probably due to
differences in the infection protocols and culture conditions
used. It is well established that DMEM enhances the TTSS of
EPEC (33), and in the previous studies, EPEC strains were
usually grown to log phase to activate the TTSS before infec-
tion (15). However, as reported recently and confirmed in this
study, EPEC strains grown in DMEM produced significantly
fewer flagella than those grown in LB medium, and they were
not motile when grown in DMEM motility agar (29) (Fig. 1B).
Furthermore, we showed that wild-type E2348/69 was also
deficient in flagellum secretion when it was grown to early- or
late-log phase in DMEM (Fig. 1C). Therefore, it is possible
that the TTSS played a major role in the induction of IL-8 in
T84 cells when EPEC strains were grown in LB medium, while
flagella appeared crucial to stimulation of IL-8 secretion in
T84 cells, and that both the TTSS and flagellin may play im-
portant roles in the inflammatory response of epithelial cells,
as was shown in Salmonella serovar Typhimurium infection
(26, 32).

The role of eae, encoding the adhesin intimin, in IL-8 induc-
tion in epithelial cells is controversial. Sakovic et al. reported
that strain CVD206 (lacking eae) activated NF-�B, which in
turn initiated IL-8 transcription in T84 cells (45). However,
Czerucka et al. recently showed that CVD206 failed to activate
p38 and Jnk or to stimulate IL-8 secretion in T84 cells (11).
The reason for the discrepancy is not clear. In the present
study, we showed that the supernatant from CVD206 grown in
LB medium stimulated amounts of IL-8 similar to those stim-
ulated by its wild-type parent; the result clearly demonstrates
that intimate adhesion of intimin to T84 cells is not required
for IL-8 induction in T84 cells. Nevertheless, it should be kept
in mind that EPEC may trigger the IL-8 response in host cells
by more than one signaling pathway. For example, some se-
creted proteins dependent on the TTSS may be crucial to
trigger the signal transduction pathway in host cells; in this
case, the eae gene product would be important for optimal
translocation of effector proteins into host cells via the TTSS.

An inverse relationship between regulation of the TTSS and
regulation of flagella may exist in EPEC strains. In the present
study we showed that, on the one hand, the TTSS was activated
and the flagella were down-regulated when EPEC strains were
grown in DMEM, but on the other hand, the TTSS was down-
regulated and the flagella were activated when these strains
were grown in LB medium. The counter-regulation may be
crucial in EPEC pathogenesis at different infection stages (35).
In the initial phase of infection, the flagellar system is probably
important for EPEC to move toward the target site and for
initial adherence (29). At a later stage, motility is turned off,
and the TTSS is activated once EPEC adheres to host cells.
The counter-regulation system has been described for Borde-
tella, Salmonella, and Yersinia spp. (35). Due to the similarity of
the TTSS and the flagellar secretion system, and the fact that

the flagellar system is repressed under culture conditions such
as DMEM, which stimulate expression of the TTSS, it is rea-
sonable to hypothesize the existence of a flagellar repression
regulator that activates the TTSS in EPEC. Though we showed
that the TTSS is not required for IL-8 induction in T84 cells,
we did not exclude a role for the TTSS in IL-8 induction.

Flagellin may be a common protein responsible for trigger-
ing the mucosal inflammatory response by several different
enteric pathogens, which would be consistent with the highly
conserved D1 and D2 domains of several enteric flagellins. For
example, E. coli O157 causes acute gastroenteritis and hemor-
rhagic colitis that may lead to severe complications, including
the hemolytic-uremic syndrome (HUS) (43). During infection
by EHEC O157, inflammation of the colon accompanied by
neutrophil infiltration is observed (49). The Shiga toxin (Stx)
produced by EHEC has been shown to stimulate IL-8 produc-
tion in epithelial cells (53). However, Stx-negative strains of
EHEC still cause diarrhea (56, 57), which suggests that addi-
tional, as yet uncharacterized molecules are able to induce IL-8
release. Indeed, EHEC O157:H7 lacking stx was still able to
activate IL-8 transcription in T84 cells (K. J. Kanack and J. B.
Kaper, unpublished data). In the present study, we showed, to
our knowledge for the first time, that flagella from E. coli
O157:H7 induce IL-8 secretion in T84 cells, a fact that may be
related to the inflammatory response observed in the gut after
infection by O157:H7. Our finding may have significance in
terms of prevention and therapeutic intervention for EHEC
O157 infection. S. dysenteriae and S. flexneri are typically con-
sidered nonmotile, and they cause severe inflammation during
shigellosis. Al Mamun et al. reported that all four Shigella
subgroups contain cryptic flagellar operons (3, 4). Neverthe-
less, flagellum production was demonstrated by electron mi-
croscopy on Shigella species after growth under specific in vitro
laboratory conditions (27). Thus, it would be interesting to
investigate whether the flagella play a role in triggering inflam-
mation in shigellosis in vivo.

In polarized T84 cells, we found that addition of purified
His-tagged FliC from EPEC to either the apical or the baso-
lateral epithelial compartment resulted in secretion of IL-8 on
the basolateral side. The level of IL-8 induced by FliC added
basolaterally was much higher than that stimulated by FliC
added apically. It has recently been reported that flagellin from
Salmonella serovar Typhimurium (26) or L. monocytogenes
(31) can activate TLR5 and induce proinflammantory cytokine
production. Since it was reported that TLR5 is distributed only
on the basolateral side of T84 cells (25), our result suggested
that FliC from EPEC may recognize an additional receptor(s)
besides TLR5, although the mechanism is not clear and we are
currently investigating it.

In the present study, we utilized pathway-specific inhibitors
to demonstrate that both Erk1 and -2 and Jnk1 and -2 path-
ways are involved in IL-8 induction in T84 cells by EPEC
flagellin, and we extended these findings by demonstrating
phosphorylation of Erk and Jnk early after exposure of T84
cells to flagellin. The response of T84 cells to flagellin from
Salmonella serovar Typhimurium depends on extracellular
leucine-rich repeats, the intracellular Toll/IL-1R homology re-
gion of TLR-5, the adaptor protein MyD88, and activation of
NF-�B (25). Although the signal transduction stimulated by
flagellin seems to be conserved in diverse organisms including
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insects, mammals, and plants (2, 5), the receptor and its down-
stream signal transduction pathway triggered by EPEC flagel-
lin remains to be determined.

In summary, we provide in this report compelling data that
suggest that IL-8 stimulation by EPEC strains is independent
of cell contact and the TTSS. Erk1 and -2 and Jnk1 and -2 are
phosphorylated in T84 cells after flagellin stimulation, and
inhibition of Erk and p38 significantly blocked IL-8 production
in T84 cells. To our knowledge, this report is the first to
demonstrate that flagellin of EPEC induces IL-8 production in
epithelial cells. Interestingly, the induction of IL-8 in T84 cells
was not restricted to enteric pathogens and was also observed
with the flagella of E. coli K-12. We believe that our data
provide new insights regarding the intestinal immune response
triggered by EPEC infection.
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