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Afa/Dr diffusely adhering Escherichia coli (Afa/Dr DAEC) strains cause symptomatic urinary tract and
intestinal infections. The proinflammatory effects of Afa/Dr DAEC strains in vitro have been not investigated
to date. In the present study, we used confluent polarized monolayers of intestinal cell line T84 to evaluate the
consequences of epithelial infection by Afa/Dr DAEC strains in terms of proinflammatory response. Polymor-
phonuclear leukocyte (PMNL) migration across the epithelial barrier was induced after incubation of the T84
monolayers with the wild-type Afa/Dr DAEC strain C1845 harboring the fimbrial F1845 adhesin and strain
IH11128 harboring the Dr hemagglutinin, and the E. coli laboratory strain HB101 was transformed with the
pSSS1 plasmid, producing Afa/Dr F1845 adhesin. PMNL migrations were correlated with a basolateral
secretion of interleukin-8 by T84 cells and were abolished after incubation of epithelial cells with an anti-decay
accelerating factor (DAF) antibody that recognized the short consensus repeat 3 domain of DAF (monoclonal
antibody 1H4). Moreover, Afa/Dr DAEC strains induced tyrosine phosphorylation of several T84 proteins and
activated the mitogen-activated protein kinases (ERK1/2 mitogen-activated protein, P38, and Jun-C kinases).
These data demonstrated for the first time that, in vitro, Afa/Dr DAEC strains exert a proinflammatory signal
in intestinal epithelial cells.

Among the heterogeneous group of diffusely adhering Esch-
erichia coli (DAEC) organisms, one family of E. coli expresses
the related Afa/Dr adhesins (Afa/Dr DAEC) (32). These bac-
teria adhere to human intestinal epithelial cells by recognizing
the brush-border associated decay-accelerating factor (DAF),
CD55 (2, 13, 35). The binding of Afa/Dr DAEC strains is a
result of the interaction between bacterial adhesin and the
short consensus repeat 3 (SCR3) domain of DAF (31). Other
possible virulence factors of the Afa/Dr DAEC family, apart
from their adhesins, are largely unknown. As well as recogniz-
ing the DAF molecule, members of the Afa/Dr family of ad-
hesins also recognize another membrane-associated glyco-
sylphosphatidylinositol-anchored protein, the carcinoembryonic
antigen or CD66e (13). The brush border attachment of
Afa/Dr DAEC is followed by microvillus injury in fully differ-
entiated Caco-2 cells (2). Brush border lesions result from
dramatic rearrangements of apical cytoskeleton proteins such
as F-actin, villin, and fimbrin, proteins that play a crucial role
in the organization of brush border integrity (35). A change in
the distribution of functional brush border-associated proteins
controlling the absorption or secretion function has also been
observed (35). Cytoskeleton rearrangements have been re-
ported that resulted in a Ca2�-dependent signaling as a result

of the activation of a DAF-associated signal transduction cas-
cade (36). Moreover, lesions in tight junctions have been ob-
served and shown to result from rearrangements in at least two
tight-junction-associated proteins, ZO-1 protein and occludin
(34). Finally, it has been shown recently that a uropathogenic
Afa/Dr DAEC strain can enter into epithelial cells by recog-
nizing �5�1 integrin (12). For some authors, the involvement
of Afa/Dr DAEC strains in acute diarrhea is controversial (10,
38), but others have shown that these bacteria are significantly
detected in some patients with diarrhea (1, 11, 14, 21, 22, 26,
37).

Most cases of bacterial colitis are characterized by the large
number of polymorphonuclear leukocyte (PMNL) migrating
across the columnar epithelium in response to inflammatory
stimuli (9). To date, the proinflammatory responses of the
colonic epithelium to Afa/Dr DAEC infection have not been
investigated. We used the human intestinal epithelial cell line
T84 to explore the inflammatory stimuli induced after the
attachment of Afa/Dr DAEC strains to the colonic epithelium.
More particularly, we investigated (i) whether Afa/Dr DAEC
strains can trigger PMNL migration across polarized monolay-
ers, (ii) whether basolateral secretion of cytokines occurs as a
result of the Afa/Dr DAEC-T84 cell interaction, (iii) whether
Afa/Dr DAEC strains can activate the tyrosine phosphoryla-
tion of T84 proteins and mitogen-activated protein (MAP)
kinases, and (iv) whether signal transduction of this type may
be involved in the induction of PMNL transmigration.
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MATERIALS AND METHODS

Reagents and antibodies. The phosphatase-conjugated goat anti-interleukin-8
(IL-8) polyclonal antibody was obtained from Sandoz Pharmaceutical (Rueil-
Malmaison, France). The polyclonal anti-CD55 antibody and the monoclonal
antibody (MAb) anti-CD55 SCR3 (1H4) were from D. M. Lublin (Washington
University, St. Louis, Mo.). MAb anti-CD55 (F4-D29) was from Valbiotech
(Paris, France), and the polyclonal anti-CD55 antibody (H-319) was from Santa
Cruz Biotechnology (Santa Cruz, Calif.). Phospho-Tyr MAb (4G10; diluted
1/6,000) was from Upstate Biotechnologies Incorporation (Paris, France). Phos-
pho-specific p44/p42 MAP kinase (catalog no. 9101; diluted 1/3,000), p38 MAP
kinase (catalog no. 9211; diluted 1/1,000), and p54/p46 kinase (catalog no. 9251;
diluted 1/2,000) polyclonal antibodies were obtained from New England Biolabs
(Beverly, Mass.). Non-phospho-specific MAbs to ERK (K-23), p38 (A-12), and
JNK (D-29) were obtained from Santa Cruz Biotechnology (Santa Cruz, Calif.).
MAP kinase inhibitors SB203580 and PD98059 (Calbiochem, La Jolla, Calif.)
were dissolved in dimethyl sulfoxide (10 �M; Sigma, Paris, France).

Bacterial strains and growth conditions. We used the wild-type Afa/Dr DAEC
C1845 harboring fimbrial F1845 adhesin (3) and IH11128 harboring Dr hemag-
glutinin (33) and E. coli laboratory strain HB101 transformed with the pSSS1
plasmid, producing F1845 adhesin (3). E. coli laboratory strain K12-HB101 (gift
of Patrice Boquet, INSERM 452, Nice) was used as the negative control. The
strains were grown for 18 h at 37°C on complete Freund adjuvant agar containing
1% Casamino Acids (Difco laboratories, Detroit, Mich.), 0.15% yeast extract,
0.005% magnesium sulfate, and 0.0005% manganese chloride in 2% agar. E. coli
laboratory strain HB101 was grown at 37°C for 18 h on Luria agar.

Cell culture and electrophysiological studies. T84 cells (American Type Cul-
ture Collection, passages 65 to 90), a human colonic carcinoma cell line, were
grown and maintained as confluent monolayers on collagen-coated permeable
supports. Monolayers were grown on 0.33-cm2 ring-supported polycarbonate
filters (Costar, Cambridge, Mass.) and utilized 6 to 14 days after plating. Con-
fluent monolayers on permeable supports were constructed to permit a basolat-
eral-to-apical migration of PMNL (“inverted inserts”) as previously described
(17, 28). We used the following system to assess currents, transepithelial poten-
tials, and resistances: a commercial voltage clamp apparatus (Bioengineering
Department, University of Iowa) interfaced with an equilibrated pair of calomel
electrodes immersed saturated KCl and with a pair of Ag-AgCl electrodes
immersed in Hanks balanced salt solution (HBSS). Agar bridges were then used
to interface the electrodes with the solutions on either side of the T84 mono-
layers (one calomel and one Ag-AgCl electrode in each well) (17, 28). The
spontaneous transepithelial electrical potential and the instantaneous potential
generated by passing 25 �A of current were measured on inverted monolayers
before and after incubating for 4 h with bacteria.

PMNL preparation. Human PMNL were isolated from whole blood by using
a gelatin-sedimentation technique (28). Briefly, whole blood anticoagulated with
citrate-dextrose was centrifuged at 300 � g for 20 min (20°C). The plasma and
buffy coat were removed and the gelatin-cell mixture was incubated at 37°C for
30 min to remove contaminating red blood cells. Residual red blood cells were
then lysed with isotonic ammonium chloride. After a wash in HBSS free from
Ca2� or Mg2�, the cells were counted and resuspended at 5 � 107 PMNL/ml.
PMNL (95% pure) with 98% viability by trypan blue exclusion were used within
1 h after isolation.

PMNL transmigration assays. The physiologically (basolateral-to-apical) di-
rected PMNL transepithelial migration assay has been described elsewhere (25,
28). PMNL transmigration experiments were performed at 37°C on 0.33-cm2

inverts. T84 monolayers were washed three times in warm HBSS, and ca. 5 � 107

CFU of the different strains of E. coli used in the present study in 100 �l were
gently placed on the apical surface and incubated for 4 h at 37°C. Nonadherent
bacteria were removed from the monolayers by extensive washing and were then
transferred back into the 24-well tissues culture tray containing 1.0 ml of HBSS
in each lower reservoir (apical membrane was now colonized with E. coli) and
100 �l of HBSS in the upper reservoir (basolateral interface). We then added 106

PMNL to the upper reservoirs. Control transmigration of PMNL was initiated by
the addition of formyl-methionine-leucin-phenylalanine (fMLP) (10�7 M) to the
lower reservoir and incubation for 15 min to allow a transepithelial chemotactic
gradient to form before the addition of PMNL. In some PMNL transmigration
experiments, T84 monolayers were incubated with several concentrations of
C1845 bacteria (intestinal epithelial monolayers were colonized with 5, 10, 50, or
100 cell-associated C1845 bacteria/epithelial cell) or after incubation with C1845
bacteria for various times (30, 60, or 120 min). Some transmigration experiments
were also conducted after incubation of T84 with the MAb 1H4 (dilution, 1/40).
Transmigration of PMNL was assayed by measuring the azurophil granule
marker myeloperoxidase as described previously (28). As standards we used

serial dilutions of the same PMNL used in the experiments. Myeloperoxidase was
dissolved in the same way as for the lower reservoirs (in this way, the assay was
linear over the range of 0.3 � 104 to 50 � 104 cells/ml). In some experiments the
T84 cells were treated before PMNL transmigration by exposure to the specific
p38 MAP kinase inhibitor SB203580 (10 �M; Calbiochem, La Jolla, Calif.) for 30
min before being exposed to Afa/Dr DAEC strains and during the incubation
period of the experiment. A similar protocol was used for experiments with the
ERK1/2 MAP kinase inhibitor PD98059 (25 �M; Calbiochem). Before PMNL
transmigration, measurements of transepithelial resistance in T84 cell monolay-
ers after preincubation with Afa/Dr DAEC or after exposure to MAP kinase
inhibitors showed no effects during the time course of incubation compared to
controls (data not shown).

Electron microscopy study. Inverted T84 monolayers were rinsed thoroughly
in HBSS. Approximately 5 � 107 CFU of the different strains of E. coli strains
used in the present study in a volume of 100 �l were gently placed on the apical
surface and incubated for 4 h at 37°C and at pH 7.4. In some experiments, the
bacterial incubation was performed after preincubation of the T84 monolayers
with MAb 1H4 antibody. Nonadherent bacteria were removed from the mono-
layers by extensive washing, and the cells were then transferred back into the
24-well tissue culture containing HBSS. After being removed from the inserts,
the T84 monolayers were fixed with freshly prepared 2% paraformaldehyde in
0.1 M Na cacodylate (pH 7.4) for 1 h at 4°C. Monolayers were rinsed in caco-
dylate buffer, postfixed in 1% OsO4 for 1 h, dehydrated through graded alcohols,
and embedded in epoxy resin. Oriented 1-mm sections were obtained with
diamond knives, and multiple areas were thin sectioned. Ultrathin sections were
examined on a JEOL 1200 EXII electron microscope. The numbers of adherent
bacteria seen per 50 epithelial cells were counted in random sections.

IL-8 production. In order to characterize the IL-8 secretion in the lower
reservoirs after 3 h of epithelial cell infection by the different strains used in the
present study, the lower reservoirs (1 ml each) were assayed in triplicate for this
cytokine by enzyme-linked immunosorbent assay. The enzyme-linked immu-
nosorbent assay was carried out by using a mouse MAb to IL-8 and a phos-
phatase-conjugated goat anti-IL-8 polyclonal antibody. The minimum detectable
level of IL-8 was typically less than 10 pg/ml.

Preparation of cell lysates for Western blotting. T84 cells were seeded in
100-mm tissue culture petri dishes At 80 to 90% confluence, the monolayers
were washed twice with serum-free Dulbecco modified Eagle medium–F-12 and
then grown in fresh culture medium supplemented with 0.1% bovine serum
albumin for 12 h. Infection was carried out by adding a late-logarithmic-phase
bacteria culture (100 bacteria/cell) alone or after preincubation with a polyclonal
antibody. At the times indicated, the infected cells were washed with phosphate-
buffered saline and solubilized for 30 min at 4°C in 1 ml of lysis buffer (50 mM
Tris-HCl, pH 7.5; 150 mM NaCl; 1% Nonidet P-40; 2 mM phenylmethylsulfonyl
fluoride [PMSF]; 1 mM EDTA; 1 mM aprotinin; 25 mM leupeptin; 1 mM
pepstatin; 1 mM AEBF; 10 mM NaF; 5 mM sodium PPi; 10 mM �-glycerophos-
phate); the lysate was then sonicated and centrifuged at 15,000 rpm for 15 min
at 4°C. The protein content of the supernatant was determined by using Bio-Rad
DC reagents. Immunoprecipitation and Western blotting were carried out as
previously described (4).

Data analysis. Resistance time courses were compared by two-factor analysis
of variance. Myeloperoxidase assays were compared by Student t test. Values are
expressed as the means � the standard errors of the mean of “n” experiments.

RESULTS

Colonization of the T84-apical membrane by wild-type
Afa/Dr DAEC strain C1845 harboring the fimbrial F1845 ad-
hesin induces transepithelial migration. Apical membrane in-
jury induced by wild-type Afa/Dr DAEC strains in Caco-2 cells
is morphologically characterized by elongation and nucleation
of the microvilli and rearrangement of the brush border-asso-
ciated cytoskeletal proteins (2, 35). Here, we observed that,
after incubation for 2 h, C1845 bacteria interacted with epi-
thelial T84 cells, showing that the bacterial membrane was
pressed close to the epithelial cell membrane, and the brush
border disappeared at the apical surface (Fig. 1B). Similar
results were obtained with IH11128 and HB101/pSSS1 bacteria
(not shown), whereas no change in brush border architecture
was observed with the nonpathogenic strain K12-HB101 of E.
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coli (Fig. 1A). Interestingly, C1845 bacteria did not adhere to
the brush border after preincubation of T84 cells with MAb
anti-DAF 1H4, and the microvilli in the presence of the MAb
anti-DAF 1H4 (not shown) looked like the microvilli in Fig.
1A. By counting the number of bacteria adherent to the T84
monolayers (i.e., the number of adherent bacteria observed per
50 epithelial cells), we confirmed that numerous C1845,
IH11128, and HB101/pSSS1 bacteria were adherent to the
epithelial cells (221 � 18 versus 245 � 12 versus 191 � 23 for
C1845 versus IH11128 versus HB101/pSSS1), whereas fewer
bacteria were observed on the brush border after preincuba-
tion of the epithelial cells with MAb 1H4 (23 � 8 versus 15 �
2 versus 20 � 3 for C1845 versus IH11128 versus HB101/
pSSS1, respectively; P � 0.01) than without MAb IH4. Under
all of these conditions, T84 cells did not display any nuclear or
cytoplasmic apoptotic features such as nuclear condensation or
fragmentation or intracytoplasmic vacuoles.

Before starting the transmigration assays, we confirmed that

the transepithelial resistance of T84 cells incubated for 4 h with
the E. coli strains used in the present study was not affected
(data not shown). Apical colonization of T84 monolayers by
C1845 bacteria modulates subsequent PMNL-epithelial cell
interactions under conditions in which the physiological func-
tions of the monolayers are preserved. As shown in Fig. 2,
apical colonization of T84 cells with E. coli C1845 at a density
of 100 bacteria/epithelial cell elicited marked the transepithe-
lial migration of PMNL in the physiologic basolateral-to-apical
direction, which was 78% of that induced by the PMNL trans-
migration-inducing peptide fMLP (10�7 M). In contrast, sim-
ilar exposure to E. coli K12-HB101 failed to stimulate any
comparable detectable transepithelial migration of PMNL.
The PMNL transepithelial migration was dependent on the
density of colonization. Indeed, cell-associated C1845 bacteria
at densities of 5, 10, 50, and 100 bacteria/epithelial cell elicited
progressive increases in the number of transmigrating PMNL
(data not shown). PMNL migration was also dependent on the
time course of colonization by the C1845 bacteria (data not
shown).

Transepithelial migration of PMNL is induced similarly by
the different Afa/Dr DAEC strains and is blocked by preincu-
bating T84 with MAb anti-DAF (1H4). As shown in Table 1,
attachment of wild-type Afa/Dr DAEC C1845 and IH11128
bacteria to the apical membrane of T84 cells induced a baso-
lateral-to-apical directed migration of PMNL. Attachment of
recombinant E. coli pSSS1 harboring the Afa/Dr F1845 adhe-
sin to the apical membrane of T84 cells induced a basolateral-
to-apical directed migration of PMNL similar to that observed
with the wild-type Afa/Dr DAEC strain C1845 harboring the
F1845 adhesin. PMNL transmigrations induced by wild-type

FIG. 1. Electron microscopy examination of Afa/Dr DAEC inter-
action with polarized T84 monolayers. (A) T84 cells infected with the
nonadherent E. coli HB101 bacteria show a regular brush border.
(B) Wild-type Afa/Dr DAEC C1845 bacteria are associated with the
brush border and show a disappearance of the regular brush border.
Bars, 0.5 �m.

FIG. 2. Induction of physiologically directed transepithelial migra-
tion (basolateral to apical) of PMNL by apical colonization of T84
intestinal cells with wild-type Afa/Dr DAEC strain C1845. PMNL
transepithelial migration in control cells was induced by the PMNL
transmigrating inducing peptide fMLP (10�7 M). C1845 bacteria elic-
ited 	78% of the maximum transmigration response induced by
fMLP, in contrast to the control HBSS or to E. coli HB101, a non-
pathogen bacterium that induced no transepithelially directed chemo-
taxis of PMNL (❋ , P � 0.005). Data represent the means and standard
deviations of at least three experiments, each performed in triplicate.
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Afa/Dr DAEC strains C1845 and IH11128 and by recombinant
HB101/pSSS1 E. coli, were, respectively 74, 72, and 56% of
that which occurred in response to fMLP (10�7 M). To deter-
mine whether the number of PMNL that transmigrate across a
monolayer is dependent upon recognition of DAF expressed at
the apical membrane of T84 cells, by Afa/Dr DAEC adhesins,
similar transmigration assays were conducted with T84 mono-
layers preincubated with an anti-DAF (IH4) antibody. As
shown in Table 1, under these conditions the Afa/Dr DAEC
strains used in the present study failed to induce transmigra-
tion of PMNL across the monolayers, as did the HBSS or
K12-HB101 used as controls.

IL-8 secretion. We next showed that wild-type C1845 and
IH11128 Afa/Dr DAEC strains and recombinant HB101/
pSSS1 E. coli induced T84 cell-polarized monolayers to secrete
more IL-8 than control T84 cells (3.5 � 1 versus 2.67 � 1.2
versus 3.8 � 1.5 versus 0.15 � 0.11 versus 0.1 � 0.2 ng/ml
secreted into the basolateral compartment for strain C1845
versus strain HB101/pSSS1 versus strain IH11128 versus strain
K12-HB101 versus control T84 cells, respectively; P � 0.01).
IL-8 secretions induced by Afa/Dr DAEC strains were greatly
reduced after pretreating the T84 cells with MAb 1H4 (0.25 �
0.2 versus 0.30 � 0.2 versus 0.19 � 0.1 ng/ml secreted into
basolateral compartment for strain C1845 versus strain HB101/
pSSS1 versus strain IH11128). Moreover, antibodies that neu-
tralize IL-8 (40 �g/ml) did not inhibit the transepithelial mi-
gration of PMNL in response to fMLP (10�7 M) but totally
inhibited the transepithelial migration of PMNL induced by
IL-8 (10 ng/ml) or by apical colonization with wild-type Afa/Dr
DAEC strains C1845 and IH11128 (data not shown).

Afa/Dr DAEC strains induce tyrosine phosphorylation of
proteins in T84 intestinal epithelial cells. Tyrosine phosphor-
ylation of cellular proteins in T84 cells infected by the wild-
type Afa/Dr DAEC strains C1845 and IH11128 at densities of
100 bacteria/epithelial cell was investigated by infecting cells
for 30, 60, and 120 min, followed by anti-phosphotyrosine

Western blotting analysis of the whole-cell lysates (Fig. 3).
Compared to noninfected cells, several tyrosine-phosphory-
lated proteins were detected in cells after 30 min of infection.
Most of the tyrosine-phosphorylated proteins were visualized
after the incubation of T84 cells for 120 min with Afa/Dr
DAEC strains. Similar results were obtained with the HB101/
pSSS1 E. coli (data not shown). Tyrosine-phosphorylated pro-
teins were not detectable in T84 cells infected with K12-HB101
E. coli or after exposure of the T84 cell monolayers to MAb
anti-DAF (1H4), followed by incubation with strain C1845.
Activation of tyrosine-phosphorylated proteins was detected
after the exposure of T84 cells for 15 min to epidermal growth
factor (EGF; 10 nM), showing that some EGF-induced phos-
phorylated proteins are the same as those observed after
Afa/Dr DAEC infection.

Afa/Dr DAEC strains induce activation of MAP kinases in
T84 intestinal epithelial cells. Confluent monolayers of T84
intestinal epithelial cells were infected with wild-type Afa/Dr
DAEC strains C1845 and IH11128 or HB101/pSSS1 E. coli at
densities of 100 bacteria/epithelial cell. We then investigated
the effects of Afa/Dr DAEC infection on the activation of the
ERK1/2, p38, and JNK MAP kinase pathways. The kinetics of
ERK1/2, p38, and JNK activation after various infection times
was assessed by Western blotting with antibodies directed
against their phosphorylated forms (Fig. 4). The active forms
of ERK1/2 (p42 and p44) and JNK (p46 and p54) appeared
after exposure of T84 cells for 30 min to Afa/Dr DAEC strains
or HB101/pSSS1 E. coli (not shown), and peaked after 60 min
of exposure (Fig. 4A and C), whereas the active form of p38
was detectable after a lag of 60 min after infection (Fig. 4B). A
low level of the active form of ERK1/2 was detectable in
control cells (Fig. 4A), whereas active forms of p38 or JNK

FIG. 3. Wild-type Afa/Dr DAEC strains C1845 and IH11128 in-
duce tyrosine phosphorylation in T84 cells. T84 cells were lysed at
various times after infection, and samples were then analyzed by im-
munoblotting with anti-phosphotyrosine antibody as described in Ma-
terials and Methods. The putative T84 cell-induced tyrosine-phospho-
rylated proteins are indicated by arrowheads. Preexposure of the T84
cell monolayers to MAb anti-DAF inhibited tyrosine-phosphorylated
proteins induced by C1845. The positive control lane was obtained
with cells treated with EGF (10 nM, 15 min). The negative control lane
was obtained with cells infected with strain K12-HB101. The micro-
graph is representative of results obtained at least three times.

TABLE 1. Crucial role of the Afa/Dr DAEC adhesins in induced
PMNL transepithelial migration with apical colonization by Afa/Dr

DAEC strainsa

Strain

Mean transmigrated PMNL
eq � SE (104):

Without MAb
anti-CD55 (1H4)

With MAb anti-
CD55 (1H4)

Control (HBSS buffer) 3.1 � 1 2.2 � 1
fMLP (10�7 M) 23.2 � 1.3 21.2 � 0.5
Wild-type C1845 19.1 � 2.1 3.5 � 1.1*
Wild-type IH11128 16.5 � 1 2.8 � 1*
HB101/pSSS1 (F1845 adhesin) 14.9 � 0.5 3.4 � 1.4*
HB101 2.9 � 1.2 2.4 � 1

a A positive control was performed with the PMNL transmigrating inducing
peptide fMLP at 10�7 M. All wild-type Afa/Dr DAEC strains and recombinant
HB101/pSSS1 harboring Afa/Dr DAEC F1845 adhesin elicited a transepithelial
migration of PMNL (not significantly different between PMNL transepithelial
migration induced by fMLP versus wild-type Afa/Dr DAEC strains harboring the
fimbrial F1845 and Dr hemagglutinin and recombinant E. coli HB101/pSSS1
expressing F1845 adhesin). PMNL transepithelial migrations induced by wild-
type Afa/Dr DAEC C1845 and IH11128 strains or HB101/pSSS1 E. coli are
inhibited by intestinal epithelial cells preincubated with MAb anti-CD55 (1H4)
(�, �0.01) versus infection without MAb CD55. Data are pooled from 6 to 12
individual monolayers for each condition, and the results are means � standard
errors.
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were not (Fig. 4B and C). Activated ERK1/2, JNK, and p38
forms were not detected in lysates extracted from T84 cells
infected with strain K12-HB101, whereas activation of these
MAP kinases was detected after 15 min of exposure to EGF
(10 nM) (Fig. 4). Moreover, adhesion of Afa/Dr DAEC to T84
cells was necessary to activate the ERK1/2, p38, or JNK path-
way, since incubating T84 cells with an antibody against the
SRC3 domain of DAF (MAb 1H4) failed to activate these

kinases (Fig. 4). The total amounts of ERK1/2, JNK, and p38
were evaluated for each lane after a stripping step for 30 min
at 50°C in 70 mM Tris (pH 6.7), 2% sodium dodecyl sulfate,
and 100 mM 2-mercaptoethanol by Western blotting with anti-
ERK2, p38, and JNK1 antibodies (Fig. 4).

Activation of MAP kinases is required for the induction of
PMNL transepithelial migration after apical colonization of
T84 intestinal cells with Afa/Dr DAEC strains. In these ex-
periments, we used the specific MAP kinase inhibitors,
SB203580 which blocks p38 kinase activity, and PD98059,
which blocks MEK1 kinase activity, thereby preventing
ERK1/2 phosphorylation (Fig. 5). In control experiments,
the ability of SB203580 (10 �M) to block p38 MAP kinase
activity and the ability of PD98059 (25 �M) to block MEK1
kinase activity in wild-type Afa/Dr DAEC C1845-infected
T84 cells were confirmed by Western blotting, with the phos-
pho-specific ERK1/2 and p38 antibodies (data not shown).
T84 cells were pretreated for 30 min with the MAP kinase
inhibitors used singly or in combination. The T84 monolay-
ers were then inoculated with the C1845 bacteria, and trans-
epithelial migration of PMNL was induced as previously
described. The p38 inhibitor SB303580 reduced transepithe-
lial migration by 75% (P � 0.001), the MEK1 inhibitor
PD98059 reduced transepithelial migration by 72% (P �
0.001), and a combination of the two inhibitors completely
eliminated the induction of PMNL transepithelial migration
by C1845 (P � 0.0001). Similar results were obtained with
wild-type Afa/Dr DAEC strain IH11128 or HB101/pSSS1 E.
coli (data not shown).

FIG. 4. Activation of MAP kinases in Afa/Dr DAEC-infected ep-
ithelial intestinal T84 cells. Cells were lysed 60 min after infection by
wild-type Afa/Dr DAEC strains C1845 and IH11128 and recombinant
E. coli strain HB101/pSSS1 expressing F1845 adhesin. The positive
controls were obtained from cells treated with EGF (10 nM, 15 min).
The negative controls were obtained from cells infected with strain
K12-HB101 and from uninfected control T84 cells. Samples were an-
alyzed by immunoblotting with antiphosphorylated antibodies as de-
scribed in Materials and Methods. (A) Activation of ERK1/2 in Afa/Dr
DAEC-infected and EGF-stimulated cells. Note that control cells
show a constitutive activation of ERK. (B) Activation of p38 MAP
kinases in control, Afa/Dr DAEC-infected and EGF-stimulated cells.
(C) Activation of JNK in control, Afa/Dr DAEC-infected, and EGF-
stimulated cells. MAP kinase activation was not detectable in infected
epithelial cells after preexposing T84 monolayers with MAb anti-DAF
(1H4). Micrographs are representative of at least three experiments.

FIG. 5. MAP kinase activation is required for the induction of the
transepithelial migration of PMNL after apical colonization of T84
intestinal cells with wild-type Afa/Dr DAEC strain C1845. T84 mono-
layers were cultured alone (HBSS) or were infected with the C1845
bacteria with or without pretreatment with the p38 inhibitor SB203580
(10 �M) and/or the MEK1 inhibitor PD98059 (25 �M). Data repre-
sent the mean and standard deviation of at least three experiments,
each performed in triplicate. One of three experiments performed. NS,
not significantly different from control (HBSS).
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DISCUSSION

Our data showed that Afa/Dr DAEC strains can trigger in
vitro proinflammatory stimuli through the intestinal epithelial
barrier, inducing the recruitment and influx of PMNL. As far
as we are aware, this the first model allowing PMNL to migrate
across an epithelium after apical colonization by wild-type
Afa/Dr DAEC strains, which leads to apical adhesin-receptor-
dependent cell signaling. These results are in agreement with
some previous hypotheses about the role of Afa/Dr DAEC in
colitis and pyelonephritis observed in vivo (11, 33).

Bacterial adherence to host cells is the initial step in infec-
tions caused by a uropathogen or enteropathogen such as E.
coli. These organisms may carry the determinants for several
fimbrial and afimbrial adhesins (19). The members of the
Afa/Dr family of adhesins, including Dr, Dr-II, AFA I, AFA
III, and F1845, have similar genetic organization (32) and
recognize DAF as a receptor (31). DAF is a complement-
regulatory protein of 70 to 80 kDa expressed by human carci-
noma cells (30), which consists of five domains, i.e., four SCRs
(SCR1 to SCR4) followed by a serine-threonine-rich (ST-rich)
domain and is attached by a glycosylphosphatidylinositol an-
chor (6, 20). The SCR3 domain plays a crucial role in the
regulatory function of DAF as established by mapping do-
mains in the DAF molecule (7, 27). Interestingly, a previous
study had already shown that Afa/Dr DAEC strains bind to the
SCR3 domain of DAF (31). In the present study, the findings
demonstrate that the recognition of DAF by the Afa/Dr ad-
hesins is required to promote the transepithelial migration of
PMNL. More specifically, we have shown that a specific anti-
body against SCR3 could inhibit the PMNL transepithelial
migration induced by epithelial colonization by the wild-type
Afa/Dr DAEC strains, demonstrating that the PMNL transmi-
gration response requires bacterial adhesion to the SCR3 do-
main of DAF.

IL-8 is the main cytokine produced by the epithelial cells
known to stimulate PMNL migration. Several studies have
shown that T84 cells infected by different bacteria can produce
IL-8 (18, 23, 29). Moreover, Clostridium difficile toxin A in-
duces the production of IL-8 from human colonic epithelial
cells (5). In this study we showed that IL-8 was secreted by
Afa/Dr DAEC-stimulated T84 cells. We next determined that
the IL-8 secreted by Afa/Dr DAEC-stimulated T84 cells was
responsible for the observed induction of PMNL transepithe-
lial migration by showing that this migration was inhibited by
neutralizing antibodies to IL-8. The Afa/Dr DAEC-induced
production of IL-8 observed, quite apart from its effect on the
induced PMNL transepithelial migration, is of interest in terms
of the modulation of intestinal functions. The action of proin-
flammatory cytokines results in changes in metabolic status.
For example, IL-8 increased glucose absorption by an active
mechanism (15). It remains to be determined whether the
Afa/Dr DAEC-induced production of proinflammatory cyto-
kines has any effect on intestinal functions such as transport
and secretion.

Previous reports have shown that the infection of the human
embryonic intestinal INT407 cell line by wild-type Afa/Dr
DAEC C1845 or HB101/pSSS1 E. coli expressing the Afa/Dr
F1845 adhesin promotes F-actin rearrangements and cluster-
ing of phosphotyrosines (36). These findings demonstrate that

C1845, due to its F1845 adhesin, may induce the recruitment of
signal transduction molecules after contact with the epithelial
cells. In the present study, we showed that various wild-type
strains of Afa/Dr DAEC (C1845 and IH11128) and the recom-
binant HB101/pSSS1 E. coli induce tyrosine phosphorylation
of various proteins in T84 cells. MAP kinases form a group of
three serine/threonine kinases, including ERK1 and ERK2 and
two stress-activated protein kinases, p38 MAP kinase and JNK.
These kinases have been implicated in the host cell response to
some bacterial infection (16, 39). Activation of MAP kinases
has been found in epithelial cells infected by Salmonella en-
terica serovar Typhimurium, Helicobacter pylori and entero-
pathogenic E. coli resulting in the production of the proinflam-
matory cytokines such as IL-8 (8, 16, 24). In the present study,
we investigated the ability of Afa/Dr DAEC strains to activate
MAP kinases and correlated these signaling pathways to the
transepithelial migration of PMNL induced by Afa/Dr DAEC-
infected T84 cells. We showed that both wild-type Afa/Dr
DAEC strains (C1845 and IH11128) and recombinant HB101/
pSSS1 E. coli induced tyrosine phosphorylation in T84 cells.
This tyrosine phosphorylation occurred in T84 cells with the
activation of the three MAP kinases ERK1/2, JNK, and p38.
Moreover, intimate adhesion of Afa/Dr DAEC to T84 cells
was necessary for activation of the ERK1/2, p38, or JNK path-
way, since incubating T84 cells with an antibody against the
SRC3 domain of DAF (MAb 1H4) failed to activate these
signaling pathways. MAP kinase signaling regulates the expres-
sion of many proinflammatory cytokines, including chemokines
for PMNL, such as IL-8. Both p38 kinase inhibitor and MEK1
inhibitor substantially reduced the PMNL transepithelial mi-
gration induced in Afa/Dr DAEC-infected T84 cells. It appears
that both the p38 and ERK1/2 pathways have to be activated
for a maximal intestinal epithelial cell chemokine response to
Afa/Dr DAEC inducing an intense PMNL transepithelial mi-
gration.

In conclusion, our study shows for the first time that Afa/Dr
DAEC strains have marked proinflammatory effects in vitro on
colonic epithelial cells. After adherence of Afa/Dr DAEC
through the adhesin interaction with the apical brush border-
associated receptor, the DAF, it appears likely that intestinal
epithelial cells have evolved mechanisms to participate actively
in the signaling loop, which orchestrates colonic inflammation.
Finally, we speculate that Afa/Dr DAEC strains may be in-
volved in the pathogenesis of diarrhea observed in some forms
of bacterial colitis by activating the transepithelial migration of
PMNL.
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