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Attaching and effacing (A/E) lesion formation is central to enteropathogenic Escherichia coli (EPEC) pathogen-
esis. In vitro experiments with human epithelial cell lines have implicated virulence plasmid-encoded bundle-
forming pili (BFP) in initial binding and intimin in intimate attachment and A/E lesion formation. This study
investigated the role of BFP and intimin in EPEC interactions with pediatric small intestinal biopsy tissue in
in vitro organ culture. Organ culture infections (2 to 8 h) were performed with E2348/69 (a wild-type EPEC
O127:H6 clinical isolate) and E2348/69 derivatives including CVD206 (eae deficient), CVD206(pCVD438) (eae-
complemented CVD206), CVD206(pCVD438/01) (expressing intimin, which is nonfunctional due to a single
amino acid substitution), JPN15 (spontaneous EPEC adherence factor virulence plasmid-cured E2348/69), and
31-6-1(1) (E2348/69 with a TnphoA insertion inactivation mutation in the virulence plasmid-encoded bfpA
gene). Scanning and transmission electron microscopy revealed that after 8 h E2348/69 and CVD206
(pCVD438) (both Int1 BFP1) adhered to all specimens, causing A/E lesions with surrounding microvillous
elongation. JPN15 and 31-6-1(1) (both Int1 BFP2) adhered and caused A/E lesions although bacteria adhered
in “flat,” two-dimensional groups. CVD206 and CVD206(pCVD438/01) (both Int2 BFP1) did not adhere to any
sample, and no pathological tissue changes were seen. Thus, in human intestinal organ culture, BFP do not
appear to be involved in the initial stages of EPEC nonintimate adhesion but are implicated in the formation
of complex, three-dimensional colonies via bacterium-bacterium interactions. Intimin appears to play an
essential role in establishing colonization of EPEC on pediatric small intestinal tissue.

Enteropathogenic Escherichia coli (EPEC) is an important
cause of severe diarrhea in developing countries, particularly
among young infants (4, 17, 36). Proximal small intestinal bi-
opsies taken from EPEC-infected children show bacteria ad-
herent to the mucosal surface in discrete, localized colonies.
Electron microscopic examination reveals bacteria adherent to
cup-like pedestals with effacement of microvilli (44, 48), con-
stituting what is known as the attaching and effacing (A/E)
lesion (41), which is central to EPEC pathogenesis.

Observations from experiments using cultured human epi-
thelial cell lines have implicated several genes and their pro-
tein products in A/E lesion formation, and a three-stage model
of EPEC infection has been suggested (6). The first stage of
the infection involves initial, nonintimate attachment of the
bacillus to the enterocyte cell surface via bundle-forming pili
(BFP) (16) encoded by the bfp gene cluster (46, 47) on the 60-
to 70-kDa EPEC adherence factor (EAF) plasmid (1). The
second stage of the infection is thought to involve a type III
secretion apparatus that mediates the secretion of EPEC-se-
creted proteins (22). These proteins are implicated in trigger-
ing a host cell signal transduction cascade (10, 27) resulting in
cytoskeletal component rearrangement and microvillous elon-
gation and vesiculation (42). Recent data have provided evi-
dence that EPEC transfers a protein into the host cell which is

then phosphorylated and inserted in the membrane to create a
cell surface binding epitope for intimin (a 94-kDa outer mem-
brane adhesin encoded by the chromosomal eae gene [24]).
The protein has been called the translocated intimin receptor
or Tir (26). It was previously referred to as Hp90 and was
thought to be of host cell origin (43). The third stage of infec-
tion according to this model is characterized by intimin-medi-
ated intimate attachment and accumulation of polymerized
actin in pedestals at sites of intimate bacterial attachment (24),
a process which is also thought to be triggered by Tir (26).
Deletion of the eae gene has been shown to reduce EPEC
pathogenicity in human volunteer challenge studies (8). Exper-
iments have shown that eae deletion mutants can adhere to
cultured epithelial cells but do not adhere intimately or form
A/E lesions (5). Conversely, Knutton et al. (30) showed that a
wild-type EPEC strain spontaneously cured of the EAF plas-
mid, and therefore deficient in BFP expression, was still able to
adhere to cultured adult intestinal mucosa in small microcolo-
nies (although in reduced numbers) and form A/E lesions,
suggesting that the plasmid is not required for later-stage A/E
lesion formation. All the genes necessary for the second and
third stages of A/E lesion formation are reported to be con-
tained within a 35-kbp chromosomal pathogenicity island
called the locus of enterocyte effacement region (39, 40). Plas-
mid-encoded regulatory genes (per genes) have been described
which activate intimin expression (18). More recently, EPEC
per genes have been shown to down-regulate intimin expres-
sion following A/E lesion formation (35).

In vitro organ culture (IVOC) with human intestinal tissue

* Corresponding author. Mailing address: University Department of
Paediatric Gastroenterology, Royal Free Hospital, Pond St., London,
NW3 2QG, United Kingdom. Phone: 171 8302783. Fax: 171 8302146.
E-mail: adphill@rfhsm.ac.uk.

1570



has been used to study EPEC pathogenesis (20, 30). Using this
as a more appropriate model of the in vivo environment, Knut-
ton and colleagues (30) showed that EPEC isolated from cases
of infant diarrhea was able to form A/E lesions on adult duo-
denal mucosa which were indistinguishable from A/E lesions
seen in vivo. EPEC pathogenesis was studied further in this
work, and this report questions the role of BFP in initial non-
intimate attachment to the mucosa and emphasizes the impor-
tance of intimin in establishing colonization of pediatric small
intestinal tissue.

(Preliminary findings have been published previously in ab-
stract form [21].)

MATERIALS AND METHODS

Bacterial strains. The bacterial strains examined in this study were E2348/69
(a wild-type EPEC) (37) and five E2348/69 derivatives: CVD206 (5), CVD206
(pCVD438) (24), CVD206(pCVD438/01) (11), JPN15 (23), and 31-6-1(1) (7). A
summary of the strain characteristics is shown in Table 1. CVD206(pCVD438/
01) (11) was included because although intimin is biologically inactive in this
strain it is still inserted into the outer membrane and therefore there should be
less disruption of the constitution of the outer membrane. All bacterial strains
were stored routinely at 270°C in a Microbank system (Prolab Diagnostics,
Neston, England). Prior to adhesion studies, bacterial strains were subcultured
into brain heart infusion broth (containing chloramphenicol at a concentration of
12 mg/ml or kanamycin at a concentration of 20 mg/ml where appropriate) and
incubated aerobically overnight at 37°C without agitation.

FIG. 1. Panel of immunofluorescence micrographs of HEp-2 cell-adherent bacteria stained with anti-intimin or anti-BFP. (a) E2348/69 stained with anti-intimin,
(b) E2348/69 stained with anti-BFP, (c) CVD206(pCVD438/01) stained with anti-intimin, (d) bfpA-mutated 31-6-1(1) stained with anti-intimin, (e) CVD206 stained
with anti-BFP.

TABLE 1. Bacterial strains

Strain Description Reference

Presence of:
FAS test

resultFunctional
intimin bfpA/BFP

E2348/69 Wild-type EPEC (O127:H6) 36 1 1 1
JPN15 E2348/69 cured of EAF plasmid 23 1 2 1
31-6-1(1) E2348/69 mutated in bfpAa, Kanr 7 1 2 1
CVD206 E2348/69 mutated in eae 5 2 1 2
CVD206(pCVD438) CVD206 complemented with eae, Cmr 24 1 1 1
CVD206(pCVD438/01) CVD206 complemented with eae mutated to produce Cys937

to Ala substitution, intimin expressed in an inactive form
11 2 1 2

a TnphoA insertion disrupting the bfpA gene.
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Immunostaining of HEp-2 cell-adherent EPEC. To ensure that the EPEC
strains were capable of expressing the appropriate surface antigens HEp-2 cell-
adherent bacteria were examined by the following immunostaining techniques. A
standard 3-h HEp-2 cell assay was performed (3) with cells grown overnight on
13-mm-diameter glass coverslips to a confluency of approximately 80%. After
incubation with the bacterial strains, cells were washed thoroughly five times with
sterile phosphate-buffered saline (PBS) and fixed with 4% buffered formalin for
90 min. After repeated washing with PBS, cells and adherent bacteria were
incubated at room temperature for 30 min with nonimmune swine serum (dilut-
ed 1:10 in PBS) to block nonspecific binding sites. Cells were stained for 1 h with
a rabbit polyclonal antibody raised against the cell binding domain of intimin
from an O127:H6 isolate (35) (1:100) or with a polyclonal antibody raised against
the bundlin subunit of BFP (1:500) (kindly donated by Jorge Girón). Negative
controls included the omission of either primary antibody and the use of an
unrelated polyclonal (anti-O114) antibody. Anti-E. coli antibody (Dako Ltd,
High Wycombe, United Kingdom) was used as a positive control. Goat anti-
rabbit immunoglobulin G-fluorescein isothiocyanate (1:100) was used, for 1 h at
room temperature, as the secondary antibody. All coverslips were mounted by
using Citifluor fluorescence mounting medium (Agar Scientific Ltd, Stansted,
United Kingdom) and were stored in the dark at 4°C until being viewed with a
Zeiss Universal microscope with appropriate fluorescein isothiocyanate filters.

FAS test. Each of the six EPEC strains was examined by using the fluorescent-
actin staining (FAS) test. This test was performed by the method described by
Knutton and colleagues (31).

SEM of HEp-2 cell-adherent EPEC. To control for the effects of bacterial
growth conditions and scanning electron microscopy (SEM) processing, E2348/
69 and CVD206 were cultured overnight as described above and incubated with
HEp-2 cells (grown on 13-mm-diameter coverslips also as described above) for
1, 2, 3, and 6 h. At the end of the incubation the coverslips were washed
thoroughly three times in sterile PBS and processed routinely for SEM.

Tissue samples. Tissue samples were obtained from 14 children, with fully
informed parental consent and ethical approval, from the distal duodenum or
duodeno-jejunal junction with either a double-port pediatric Crosby capsule (28)
or a grasp biopsy forceps during routine endoscopic (Olympus PCF pediatric
endoscope) investigation of intestinal disorders. Terminal ileal tissue was taken
from seven patients by the grasp biopsy method from areas showing no endo-
scopic abnormality or from the ileal margin of surgically resected tissue showing
no disease involvement (one patient). The age range of patients (19 males and 3
females) was between 12 and 190 months (median, 102 months). All intestinal
histologies were reported to be normal.

Organ culture adhesion assay. IVOC was performed as described previously
(20). The assay was terminated at 2 and 4 h on three occasions to determine
“early” events. “Later” events were observed at 6 h on two occasions, and all
other experiments were maintained for 8 h. Tissue culture medium was changed
every 2 h, although these changes were not complete as some medium plus
bacterial inoculum would remain within the foam insert supporting the tissue
sample and in association with the tissue by surface tension. Each bacterial strain
was examined in IVOC on at least three occasions with tissue from different
children. Strain E2348/69 and an uninoculated specimen were included with each
experimental culture to act as appropriate positive and negative controls, respec-
tively.

Tissue processing. After the culture period specimens were washed thoroughly
three times to remove any nonadherent bacteria and then prepared for SEM as
described previously (20). Following fixation and dehydration, specimens were
placed in 100% ethanol and critical point dried in liquid CO2 with an Emitech
K850 critical point drying apparatus. Samples were then mounted on aluminium
stubs and sputter coated with gold-palladium by using a Polaron sputter coating
apparatus. Specimens were observed with a JEOL JSM-5300 SEM at an accel-
erating voltage of 30 kV. For transmission electron microscopy (TEM) postfixed
specimens were dehydrated in 2,2-dimethoxypropane with three changes over 9

FIG. 2.

1572 HICKS ET AL. INFECT. IMMUN.



min and embedded in TAAB resin (TAAB Laboratories, Reading, United King-
dom). Ultrathin sections (0.1 mm) were double stained with 2% uranyl acetate
and lead citrate and examined in a JEOL JEM 1200-EX II TEM at an acceler-
ating voltage of 80 kV.

RESULTS

Immunostaining of HEp-2 cell-adherent EPEC. Prior to in-
fection of IVOC we confirmed, by indirect immunofluores-
cence staining, that the E2348/69 derivatives were capable of
expressing intimin and/or BFP. All six strains adhered to HEp-
2 cells. Results from negative and positive controls were as
expected: no fluorescing bacteria were seen on any coverslip
stained either with anti-O114 or with the primary antibody
stage omitted despite many bacteria being observed by light
microscopy. All six EPEC strains were strongly fluorescent with
anti-E. coli sera. Localized colonies were formed by E2348/69
and CVD206(pCVD438); small clusters of adhering bacteria
were seen with strains 31-6-1(1), JPN15, CVD206, and CVD206
(pCVD438/01). EPEC E2348/69 reacted positively with anti-
intimin and with anti-BFP; a smooth fluorescent pattern was
noted around bacteria stained with anti-intimin (Fig. 1a) and a
more spiky pattern was noted around bacteria stained with
anti-BFP (Fig. 1b). Similar staining patterns were noted

with CVD206(pCVD438) (data not shown) and CVD206
(pCVD438/01); the latter strain was positive for the anti-
intimin antibody (Fig. 1c) despite expressing an inactive
intimin molecule. EAF plasmid-cured strain JPN15 (data not
shown) and bfpA-mutated 31-6-1(1) (Fig. 1d) reacted positive-
ly with anti-intimin but not with anti-BFP. EPEC CVD206
showed no fluorescing bacteria when stained with anti-intimin
but had a positive fluorescing pattern with anti-BFP (Fig. 1e).

Strains expressing functional intimin were FAS test positive,
and the other (two) strains were FAS test negative (Table 1).

SEM of adhesion of EPEC E2468/69 and derivative CVD206
to HEp-2 cells. Bacteria were identified adhering to the cells at
all time points. E2348/69 showed A/E lesion formation at 2 to
3 h and completely covered the cells at 6 h (data not shown).
CVD206 did not show A/E lesion formation, and there was an
increase in the number of adhering bacteria from 1 to 3 h (Fig.
2A) and a decrease at 6 h.

Adhesion of EPEC E2348/69 and Int1 BFP1 and Int2 BFP1

derivatives to cultured pediatric small intestinal mucosa. At
all time points uninoculated IVOC specimens appeared mor-
phologically normal. These showed good preservation of vil-
lous architecture, an intact epithelial surface without loss of
the glycocalyx, and no evidence of excess extrusion of entero-
cytes or mucus (Fig. 2B). No adherent bacteria were noted on
the surface of these specimens.

After 6 to 8 h of culture, specimens incubated with E2348/69
(Int1 BFP1) showed evidence of increased rounding up and
extrusion of cells compared to uninoculated controls. E2348/69
adhered to all specimens in a clustered, localized manner sim-
ilar to that seen on HEp-2 cells with surrounding microvillous
elongation. This is indicative of A/E lesion formation as deter-
mined by SEM (Fig. 2C) and was confirmed by TEM (Fig. 2D).

FIG. 2. (A) Scanning electron micrograph of CVD206 adhering to HEp-2
cells after 3 h of incubation. Bar 5 1 mm. (B) Scanning electron micrograph of
uninoculated small intestinal tissue after 8 h in organ culture. Bar 5 10 mm. (C)
Pediatric ileal biopsy tissue incubated with E2348/69 for 8 h. Bacteria adhere in
localized colonies causing extreme microvillous elongation (arrow) and vesicu-
lation. Bar 5 5 mm. (D) Transmission electron micrograph showing A/E lesions
with microvillous vesiculation caused by E2348/69. Bar 5 0.5 mm. (E) CVD206
causing no tissue damage or adhesion to small intestinal tissue. Bar 5 5 mm. (F)
CVD206(pCVD438) adhering in localized colonies to small intestinal mucosa
with an appearance similar to that of E2348/69 shown in panel C. Bar 5 5 mm.
(G) CVD206(pCVD438/01) with an appearance similar to that of CVD206
shown in panel E. Bar 5 5 mm.
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Microvilli appeared more elongated at the periphery of adher-
ent bacterial groups, and this feature was particularly promi-
nent with ileal tissue. Intimin-deficient CVD206 (Int2 BFP1)
did not adhere to any sample, and no pathological tissue
changes were seen (Fig. 2E). However, specimens incubated
with intimin-reconstituted strain CVD206(pCVD438) (Int1

BFP1) had an appearance similar to that of specimens incu-
bated with E2348/69 in that bacteria adhered to the small
intestinal mucosa in localized groups causing A/E lesion for-
mation (Fig. 2F). Strain CVD206(pCVD438/01), expressing an
inactive surface intimin (Int2 BFP1), did not adhere to any
sample and no pathological tissue changes were seen (Fig. 2G).

Despite evidence that CVD206 was able to adhere to HEp-
2 cells in vitro (Fig. 2A) in the absence of intimin (5), there was
no observed adhesion to pediatric small intestinal tissue after
8 h of culture. In order to determine whether early adhesion
may occur with subsequent detachment of bacteria, further
IVOC incubations were performed with 2- and 4-h end points.
After 2 h of culture with each of the six EPEC strains there
appeared to be a slight increase in rounded and extruding cells.
However, no adherent bacteria or pathological damage was
seen, except in one of the three incubations with E2348/69,
where several individual adherent bacteria were seen in asso-
ciation with minor microvillous elongation (Fig. 3A). No other
strain was observed to adhere. After 4 h in organ culture
strains E2348/69 and CVD206(pCVD438) consistently showed
small localized colonies associated with microvillous elonga-
tion in all experiments (Fig. 3B), while CVD206 and CVD206
(pCVD438/01) did not adhere to any specimen.

Adhesion of EPEC derivatives (Int1 BFP2) to cultured pe-
diatric small intestinal mucosa. As no bacterial adhesion was
seen with Int2 BFP1 strains questions were raised as to the
role of BFP in initial adhesion. After 6 to 8 h in organ culture
two BFP-deficient strains, plasmid-cured JPN15 and TnphoA-
mutated 31-6-1(1) (both Int1 BFP2), adhered to all specimens
and caused microvillous elongation with A/E lesion formation
(Fig. 4A and B, respectively, and confirmed by TEM [data not
shown]), although smaller numbers of bacteria were seen and
microvilli were not as elongated as with E2348/69. Bacterial
groups were more “two dimensional,” i.e., bacteria adhered in
a single layer with spaces between them (Fig. 4A) rather than
in the tight localized adhering (LA) clusters seen with E2348/

69 and CVD206(pCVD438). Early events were again studied.
After 2 h in IVOC no bacterial adhesion or pathological
changes were noted. However, after 4 h, on two of three oc-
casions, JPN15 formed small flat groups and 31-6-1(1) adhered
as single bacteria, and all were associated with minor microvil-
lous elongation (Fig. 4C) which was less exaggerated than at
later time points.

DISCUSSION

Experiments using human epithelial cells in culture and mo-
lecular biological manipulation of EPEC strains have given
major insights into the pathogenetic mechanisms of these or-
ganisms (4, 6, 29, 31, 38). However, although HEp-2 cells, one
of the more widely used in vitro models for studying E. coli
pathogens, are easy to handle and manipulate, these cells are
nonpolarized carcinoma cells derived from a nonintestinal
source which have been maintained in continuous culture for
many years. Here, we have demonstrated that EPEC strains
interact differently with freshly harvested intestinal tissue from
children, the age group most affected by these bacterial patho-
gens, than with cell lines in culture. IVOC has been well vali-
dated as a model for the study of E. coli pathogenesis including
that of EPEC (30), enterotoxigenic E. coli (32), and enteroag-
gregative E. coli (20, 34).

EPEC strains expressing biologically active intimin, with or
without BFP, were able to adhere to the small intestinal mu-
cosal surface and cause A/E lesions indistinguishable from
those seen in vivo. The strain CVD206, which lacks the eae
gene and therefore did not express intimin but does possess
BFP, did not adhere in IVOC. Complementation of CVD206
with the eae gene restored the surface expression of intimin
(35) and resulted in adhesion and A/E lesion formation in
IVOC. In addition, a strain in which a single amino acid sub-
stitution (Cys3973Ala) in the cell domain (12) abrogated in-
timin biological activity but did not prevent its surface expres-
sion showed no adhesion to human intestinal tissue in vitro and
no pathological alterations were detected. This suggests that
the ability of EPEC to form intimin-mediated intimate contact
with the human intestinal mucosa is central to intestinal colo-
nization.

According to the three-stage model of EPEC pathogenesis

FIG. 3. Proximal small intestinal mucosa incubated with E2348/69. (A) Small group of adherent bacteria associated with minor microvillous elongation after 2 h
of culture. Bar 5 5 mm. (B) Larger bacterial group seen after 4 h of culture. Bar 5 1 mm.
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(6), it is thought that BFP are important for the initial attach-
ment of EPEC to the host cell surface. However, Knutton et al.
(30) showed that the plasmid-cured EPEC strain JPN15 was
still able to adhere to human intestinal mucosa and cause A/E
lesion formation, albeit less efficiently than wild-type EPEC
E2348/69. Incubating JPN15 with pediatric IVOC confirmed
the report of Knutton et al. (30) and showed A/E lesion for-
mation, although there was less adhesion than with E2348/69
(in terms of the number of adhering organisms). However, it
was also observed that bacteria were spaced further apart and
that colonies appeared two, rather than three, dimensional,
suggesting that plasmid-borne genes were involved in the for-
mation of interbacterial links in the LA colony, allowing it to
rise above the mucosal surface. The same appearance of flat,
two-dimensional LA colonies with A/E lesion formation was
seen when strain 31-6-1(1) (7) was used. In this strain a single
gene, bfpA, has been mutated, which disrupts BFP production
but leaves the rest of the EAF plasmid intact. This indicates
that it is BFP which are responsible for complex three-dimen-
sional colony formation, presumably via bacterium-bacterium
interconnections. Steric effects of BFP binding may contribute
to the three-dimensional appearance.

Thus, the evidence from pediatric intestinal IVOC suggests
that BFP are not involved in the initial attachment of EPEC to
the mucosal surface but that these fimbrial structures enhance
three-dimensional microcolony formation after intimate at-
tachment and A/E lesion formation have been achieved.

Although BFP-negative strains of eae-positive E. coli are
isolated from cases of diarrheal disease (2, 33), there is some
debate about the true pathogenic significance of such strains
(25). The observations that EAF probe-negative E. coli strains
isolated from pediatric cases of acute diarrheal disease are able
to cause A/E lesions on adult intestinal tissue in vitro (33) and
that O119 serogroup E. coli, strains, which do not express BFP
and are EAF probe negative, are bfpA gene probe positive
(19), indicating they have not simply lost the plasmid during
passage through the gut, support the idea that these strains
have a role in diarrhea. However, despite the results of case-
controlled epidemiological studies in Chile (38) and Thailand
(9) which did not find higher rates of isolation of such strains
in children with diarrhea than in children without diarrhea,
these strains have been identified in diarrheal cases where no
other pathogens were detected (45) and an EAF-negative,
eae-positive strain has been implicated in a diarrheal outbreak
(49).

Based on our results we propose a modification to the three-
stage model of EPEC infection (6) (Fig. 5). Stage 1 involves
the nonintimate adhesion to the host cell surface via an ad-
hesin(s) other than BFP. This leads to stage 2 in which cellular
signal transduction events mediated by EPEC-secreted pro-
teins induce cytoskeletal disruption and produce stage 3. Stage
3 involves intimate attachment to the enterocyte surface via
intimin, producing A/E lesion formation. Typical EPEC strains
expressing BFP proceed to stage 4, which involves three-di-
mensional expansion of the microcolony. The microcolonies
are maintained and stabilized by BFP which connect bacteria
to one another. Interbacterial connections mediated by BFP,
in the absence of intimate mucosal adherence, may allow de-
tachment and colonization of other mucosal sites, possibly
contributing to the spread of infection along the gut. Atypical

FIG. 4. (A) JPN15 after 8 h in IVOC showing two-dimensional flat group
with surrounding microvillous elongation. Bar 5 5 mm. (B) 31-6-1(1) showing a
similar appearance to JPN15 in panel A. Bar 5 5 mm. (C) JPN15 after 4 h in
IVOC showing small clusters of adherent bacteria and minor microvillous elon-
gation. Bar 5 5 mm.
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EPEC strains, lacking BFP expression, would not proceed to
stage 4.

The fact that at early time points of observation individual
bacteria or small groups are seen adhering to the mucosal
surface suggests that EPEC microcolonies form from adhering
bacteria multiplying in situ or from recruitment of individual
bacteria from the surrounding medium and not that LA groups
are ready formed in the bacterial culture prior to organ culture
assay and act as infectious units (50).

Another factor which may be relevant to the differences
observed between adhesion to HEp-2 cells in culture and to
human intestinal tissue in IVOC is the difference in the apical
membranes. Recently it has been shown that the presence of a
thick glycocalyx coating the surface of intact intestinal epithe-
lial tissue can act as a barrier to bacterial adhesion (14). This
layer is not present on HEp-2 cells, and there is a much more
complex microvillous brush border on intestinal epithelium. In
these respects the two model systems are quite distinct and
different and/or additional virulence factors may be required in
the in vivo situation.

All strains used in this study adhered to HEp-2 cells. The
importance of Cys937 for intimin activity (13) was confirmed
because, although surface expression of intimin by strain
CVD206(pCVD438/01) adhering to HEp-2 cells was demon-
strated by immunofluorescence, no A/E lesion was detected by
the FAS test. Although our findings indicate that BFP do not
appear to be involved in the initial stages of adhesion of EPEC
to intestinal mucosa in organ culture, there is evidence that
BFP mediate the adhesion of EPEC to HEp-2 cells. Adhesion
can be blocked by a polyclonal BFP antiserum, although this
blockage was incomplete and only reduced adhesion by around
50% (16). Mutants deficient in BFP production do not form
localized colonies (7), although if the HEp-2 cell assay is con-
tinued for 6 h bacteria begin to adhere (7). Despite these data
uncertainty still exists concerning whether BFP mediate the

initial adhesion of EPEC to HEp-2 cells (15). The findings in
this paper based on studies with IVOC support the original
suggestion of Girón et al. (16) that “BFP participate in the
formation of the bacterial colony by forming bundles that link
one bacterium to another.”

If BFP are not involved in initial adhesion then either in-
timin mediates initial and subsequent events or other adhesins
await recognition. Gómez-Duarte and Kaper (18) showed that
the addition of the cloned per region to JPN15 increased ad-
herence and produced a poor localized adherence pattern; the
increased adherence was specific for eae since inactivation of
eae prevented the increased adhesion, indicating that intimin
can promote adherence. Evidence has been put forward to
suggest that the intimin receptor is the bacterial protein Tir
(26) and that this protein must be transferred from bacillus to
host and be phosphorylated to allow binding (26, 43). Adhe-
sion of EPEC to the mucosa would be necessary for the effi-
cient delivery of secreted molecules to the cell surface, and this
necessity lends weight to the suggestion that further adhesins
await discovery. However, no adhesion of intimin-deficient
strains was seen in IVOC. It is possible that intimin-negative
strains adhered so transiently that the time scale of these
experiments missed the phenomenon or that the adhesion was
so tenuous that washing prior to fixation removed the bacteria.
These suggestions seem unlikely as only a few adhering bacte-
ria were seen after 2 h in IVOC, CVD206 adheres well to HEp-
2 cells over a similar time scale when identical growth and
processing conditions are used, and colonization based on ten-
uous adhesion seems unlikely in vivo in the face of peristalsis
and other nonspecific host defense mechanisms. Thus, the
finding remains that intimin appears to be central to A/E lesion
formation and EPEC colonization of pediatric intestinal mu-
cosae. Possibly, additional intimin receptors await recognition.
Future work is necessary to study the very early stages of EPEC

FIG. 5. Proposed model of EPEC infection of pediatric small intestinal tissue in vitro in comparison to the model based primarily on studies using HEp-2 cells. The
latter model is from Donnenberg and Kaper (6).
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adhesion to the mucosa and to investigate the suggested role of
BFP in complex microcolony formation.
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