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The mechanisms by which enteropathogenic Escherichia coli
(EPEC) mediates diarrhea remain a mystery. Recently a
number of interesting and at times surprising results have
come from studying EPEC interactions with host cells.
Identification and characterization of bacterial factors, including
Tir, EspA, EspB and EspD, and host responses have expanded
our grasp of the diverse effects of EPEC on host cells.
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Abbreviations
A/E attaching and effacing
BFP bundle-forming pilus
EPEC enteropathogenic Escherichia coli
Esp EPEC secreted protein
IL interleukin
IP inositol phopshate
LEE locus of enterocyte effacement
PKC protein kinase C
PLCg phospholipase Cγ
PMN polymorphonuclear lymphocyte
REPEC rabbit EPEC
TEER transepithelial electrical resistance
Tir translocated intimin receptor

Introduction
Enteropathogenic Escherichia coli (EPEC) is a major cause
of diarrhea in the developing world [1••]. EPEC requires
intimate attachment to the host epithelia for full virulence.
Intimate attachment results in the formation of attaching
and effacing (A/E) lesions, which are characterized by the
degeneration of the epithelial cell brush border, and the
formation of actin-rich pedestals within the host cell [2,3].
This requires a number of bacterial factors, including the
EPEC secreted proteins (Esps), a type III secretory appa-
ratus, and the outer membrane protein intimin. In the past
year, much progress has been made identifying and char-
acterizing bacterial factors necessary for A/E lesion
formation both in vitro and in vivo. Additionally, investiga-
tors are making headway in determining the host signaling
pathways modulated in response to EPEC infection. This
review focuses on the recent major findings within these
two areas. A model of EPEC pathogenesis incorporating
some of these new findings is illustrated in Figure 1.

Bacterial factors
Hp90 unmasked as Tir
The EPEC outer membrane protein intimin had been
shown to bind a 90 kDa protein (Hp90) found in host cell
membranes that was tyrosine phosphorylated upon

EPEC infection [4]. This receptor was recently identi-
fied as a bacterial protein that is translocated into the
host cell and was renamed Tir (for translocated intimin
receptor) [5••]. 

Tir is produced as an unphosphorylated 78 kDa protein
within the bacterial cell and undergoes phosphorylation on
one or more tyrosine residues in its carboxyl terminus
(shifting the apparent molecular weight to 90 kDa) upon
insertion into the host cell membrane [5••]. Tir has two pro-
posed transmembrane domains and is thought to have at
least three possible functions, the first being to bind
intimin. The second function is to focus the cytoskeletal
rearrangements induced by EPEC, which surprisingly does
not involve the small GTP-binding proteins Rho, Rac, or
Cdc42 [6]. Although adherence can occur in the absence of
Tir, mutants deficient in Tir do not cause distinct actin
accumulation or pedestal formation beneath adherent bac-
teria. The third function of Tir (possibly in conjunction
with intimin) is to cause additional host signaling events,
including the activation of phospholipase Cγ (PLCγ), once
intimate attachment has occurred. The existence of Tir and
its translocation was confirmed in a strain of enterohem-
morhagic E. coli (another attaching and effacing pathogen)
by Deibel and collaborators [7].

Secreted proteins
Six proteins have now been identified in EPEC tissue cul-
ture supernatants. Of these, EspA, EspB, EspD, and Tir are
encoded within the EPEC pathogenicity island described
below and are transported via a type III secretion system.
All four are required for the formation of the characteristic
A/E lesions [5,8–11], and their secretion, inducible under
conditions similar to those found in the gastrointestinal
tract, is regulated by temperature, pH, and osmolarity [12•].
The role of the other two secreted proteins, EspC and
EspD, in EPEC pathogenesis is not known. 

EspB is a 37 kDa protein that is produced and secreted
upon contact with HeLa cells, and has been shown to be
both translocated into the host cell and required for protein
translocation during EPEC infection [13••]. Translocation
of EspB was established using immunofluorescence, host
cell fractionation, and an EspB–CyaA fusion protein. By
measuring levels of cAMP production in the host cell the
intracellular location and hence translocation of the
EspB–CyaA fusion was confirmed. EspB was localized to
both the cytoplasm and cell membrane of the host cell
upon translocation [13••]. In addition, a 39 kDa secreted
protein has recently been identified as EspD, although its
sequence sheds little light on its possible function [11].

EspA has an apparent molecular weight of 25 kDa, and
has been found within a novel filamentous organelle on
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the surface of EPEC [14••]. These organelles are present
in the early stages of A/E lesion formation and form a
bridge between the bacterium and the eukaryotic cell
surface. EspA possesses a putative coiled-coil domain
[15], and it has been proposed that other secreted pro-
teins could be transported through the resulting pore
[14••]. These EspA filaments are down-regulated upon
A/E lesion formation, much like intimin (see below).

Locus of enterocyte effacement (LEE)
A recent study has shown that the 35 kb pathogenicity
island known as the locus of enterocyte effacement (LEE)
encodes EPEC’s molecular apparatus both necessary and
sufficient for attachment and effacement of epithelial
cells [16••]. The entire LEE was cloned into E. coli K-12,
conferring the attaching and effacing phenotype.
Sequencing of the LEE region has recently been com-
pleted, showing a G + C content of 38.4% [17•], much
lower than the 50.8% found within the E. coli chromosome
[18], suggesting it came from a non-E. coli source.

It has been suggested that the LEE genes are separated
into three functional domains [17•]. These include the
region encoding intimate adherence (Tir and intimin),
and the region encoding the secreted proteins (Esps) and

their putative chaperones. The third region encodes a
type III secretion system, a key genetic component of
many bacterial pathogens, including Yersinia, which con-
tains the prototype type III system (reviewed in [19]). A
typical type III apparatus contains approximately 20 pro-
teins, and at least 13 such proteins have been identified
within the EPEC LEE on the basis of empirical evidence
or sequence homology [17•]. Proteins secreted via this
system are not processed at their amino terminus during
secretion and do not contain a consensus secretion signal.
It has been proposed that the signal lies within the 5′
region of the mRNA encoding these proteins (reviewed
in [19]). Type III secretion systems differ from other bac-
terial secretory systems in that they appear to be devoted
to the translocation of bacterial proteins directly into the
host cell.

Chaperones
Many type III secreted proteins have unique chaperones
that are required for successful translocation [19], and
EPEC is probably no exception. A LEE-encoded protein
CesD has been shown to interact with and to be neces-
sary for the secretion of EspD [20]. A cesD mutant also
demonstrated reduced secretion of EspB. CesD shares
some sequence homology with other type III chaperones.
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EPEC pathogenesis. (a) Initial adherence. Bacteria, individually or in
aggregates, bind to host epitheial cells via the bundle-forming pilus
(BFP), which is regulated by the plasmid-encoded per locus [1••]. This
non-intimate attachment is referred to as localized adherence. (b)
Protein secretion by EPEC leads to intimin-independent signaling
events within the host cell. These events include inositol triphosphate
(IP3) fluxes and activation of the transcription factor NF-κB.
Filamentous organelles containing EspA are present on the bacterial
surface and Tir and EspB are translocated into the host cell. Tir

becomes tyrosine-phosphorylated (Tir-PY) and acts as a receptor for
the bacterial adhesin intimin, resulting in intimate attachment. The role
of EspD is unknown. (c) The recruitment of cytoskeletal elements α-
actinin, actin, talin, and ezrin are intimin-dependent signaling events
[40]. Cytoskeletal reorganization into a pedestal is accompanied by an
increase in [Ca2+]in, activation of protein kinase C (PKC) and
phospholipase C-γ (PLCγ), and phosphorylation (P) of myosin light
chain (MLC). Adapted with permission from [47].



Interestingly, its pI is much more basic than those of
other type III chaperones (7.1 as opposed to ~4.5). In
addition, while all type III chaperones have been shown
to be cytoplasmic, CesD has been localized to both the
cytoplasm and the inner membrane. Tir may also have its
own chaperone, OrfU. The similarity of OrfU to SycH, a
Yersinia chaperone, along with location of its gene imme-
diately downstream of tir make it a good candidate for
this role [17•].

Intimin and the bundle-forming pilus (BFP)
Intimin is a 94 kDa outer membrane protein encoded by
the eae locus within the LEE essential for intimate
adherence and A/E lesion formation [21]. The amino ter-
minus of intimin is well conserved among attaching and
effacing pathogens, but the carboxyl terminus is quite
divergent, reflecting its hypothesized role as the binding
domain. The carboxy-terminal 280 amino acids bind to
eukaryotic cells, and may involve β1 integrins as the
receptor [22]. β1 integrins have not been reported on the
apical surface of enterocytes, but have been reported on
the apical surface of mouse Peyers patch M cells [23].
Interestingly, while an EPEC-like strain does bind to M
cells in a rabbit model, it is able to resist ingestion [24].
Although intimin is necessary for A/E lesion formation, it
seems to be down-regulated upon lesion formation, dis-
appearing from the side opposite the site of intimate
adherence [25]. 

Before intimate adherence and A/E lesion formation,
EPEC adhere to epithelial cells in vitro in a distinctive pat-
tern termed localized adherence (LA). This adherence is
mediated by a type IV fimbria designated as the
bundle-forming pilus (BFP) encoded within the EAF (for
EPEC adherence factor) plasmid [26]. The bfp genes
encode and regulate this extracellular structure. The bfpA
gene, coding for the structural subunit of BFP, was shown
to be required for full virulence in humans [27], and a puta-
tive nucleotide-binding protein encoded by bfpF seems to
be involved in modulating EPEC aggregation and is also
required for full virulence [27,28]. In contrast, recent work
with pediatric small intestinal tissue suggests that BFP are
not involved in initial adherence in vivo but are instead
implicated in the formation of three-dimensional aggre-
gates through inter-bacterial interactions [29•]. 

Host responses
Signal transduction
EPEC modulates several signal transduction pathways
within the host cell. EPEC infection leads to inositol phos-
phate (IP) fluxes within the host cell that are dependent on
an intact bacterial type III secretory system and EspB
[10,30,31]. One consequence of IP fluxes is the release of
Ca2+ from intracellular stores. Several groups have investi-
gated the effect of EPEC on changes in intracellular calcium
concentration ([Ca2+]in), and the results have been incon-
clusive. Initial studies using both population and single cell
recording methods suggested that EPEC infection leads to

an increase in [Ca2+]in, and that this increase is dependent
on type III secretion and intimate attachment to the host
cell via intimin [31,32]. Additionally, the increase in [Ca2+]in
could be blocked by the Ca2+ chelator BAPTA, which
resulted in the inhibition of pedestal formation [32]. In con-
trast, in a recent report, Bain and colleagues [33] found no
evidence for a change in [Ca2+]in in response to EPEC infec-
tion, nor inhibition of pedestal formation by BAPTA. The
authors hypothesize that the change in [Ca2+]in observed by
other groups is due to EPEC-induced cytotoxicity.

EPEC has been demonstrated to activate protein kinase
C (PKC). The first suggestion for PKC activation came
from studies examining the pattern of EPEC induced
protein phosphorylation, which appeared identical to that
induced by known activators of PKC [34]. More recently,
Crane and Oh [35•] measured PKC activity directly, and
found an enhancement in membrane-associated PKC in
response to EPEC infection. PKC activation requires
intimate adherence, because the EPEC intimin mutant
CVD206 does not enhance PKC activity. 

EPEC induced enhancement of IP fluxes, increase in con-
centration of [Ca2+]in, and PKC activation suggests the
involvement of a phospholipase. Kenny and Finlay [36•]
reported the appearance of a second group of proteins that
are tyrosine phosphorylated in response to EPEC infection.
One of these proteins was identified as PLCγ. PLCγ acti-
vation is dependent on intimin binding, but occurs at a later
timepoint than Tir phosphorylation. The authors were
unable to determine whether phosphorylated Tir played a
role in PLCγ activation. PLCγ is probably not responsible
for the IP3 flux generated in response to EPEC infection,
because this can occur in the absence of intimate adher-
ence. Whether this PLCγ activation provides the secondary
messengers needed for the intimin dependent PKC activa-
tion and Ca2+ fluxes has yet to be determined.

Cytokines
EPEC infection also affects cytokine release from host tis-
sues. Hecht’s laboratory demonstrated that EPEC induced
the transmigration of polymorphonuclear lymphocytes
(PMNs) in an interleukin (IL)-8 dependent manner [37]. In
a recent paper from this laboratory, Savkovic et al. [38•] report
that EPEC, unlike nonpathogenic E. coli strains, activates
the transcription factor NF-κB, which leads to the initiation
of IL-8 transcription and PMN transmigration. NF-κB acti-
vation requires EspB, but not intimate adherence. EPEC
also inhibits host immune function; Malstrom and James [39]
report that EPEC lysates inhibit IL-2 and IL-4 production
from both intestinal and splenic lymphocytes. This effect is
not dependent on either EspA or EspB, and the factors
responsible for this effect have not been identified.

Diarrhea
How EPEC causes diarrhea is still unknown, but several
recent studies have shed light on some possible mecha-
nisms. One common mechanism used by other intestinal
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pathogens is the secretion of Cl– [40]. Initial studies
demonstrated that EPEC infection led to depolarization of
epithelial cell membranes, most likely due to changes in
cellular electrolyte transport [41]. This was investigated
further by Collington et al. [42•] who demonstrated that
EPEC increases the short circuit current (Isc) in cultured
epithelial cells, and that this increase is due in part to the
stimulation of Cl– secretion [42•]. EPEC has been demon-
strated to alter transepithelial electrical resistance (TEER)
in polarized monolayers [43]. Recent work shows that this
decrease in TEER is due to disruption of epithelial tight
junctions, resulting from the EPEC induced phosphoryla-
tion of myosin light chain [44•]. This alteration in barrier
function may contribute to EPEC-associated diarrhea due
to disruption of electrochemical gradients and increased
intestinal permeability. 

We are just beginning to elucidate the bacterial factors
necessary for disease. Recently two EPEC proteins have
been shown to be required for the development of dis-
ease in vivo [45••]. Using the closely related rabbit
pathogen, REPEC O103, Abe and colleagues [45••]
demonstrated that the bacterial proteins EspA and EspB
are essential for both A/E lesion formation and diarrheal
disease. Rabbits infected with REPEC strains containing
deletions in either EspA or EspB were unable to form
A/E lesions, but retained the ability to adhere noninti-
mately. No symptoms of disease were evident after
infection with either mutant strain. EspA and EspB join
intimin [46] in the growing list of identified EPEC viru-
lence factors, and emphasizes the requirement for A/E
lesion formation in disease.

Conclusions
The secreted proteins represent EPEC’s molecular arse-
nal during pathogenesis, and understanding their effects
is crucial to mounting a counterattack. Discovering func-
tional roles for Tir and EspA within the past year
represent a significant advance. Finding evidence of the
translocation of both Tir and EspB was also important.
But while some questions have been answered, many
more remain. The functions of EspB and EspD, as well
as the possibility of EspA and EspD translocation, are
important areas to probe in the future. Current research
has shown that EPEC infection has a modulating effect
on a number of signaling pathways within the host cell,
although the significance of each event is not yet clear.
The key determinants and mechanism of diarrhea are a
major goal of these studies. Further investigation of the
interactions between EPEC’s secreted proteins and host
cell signaling pathways should hopefully bring us closer
to this goal.
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