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Enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic E. coli (EHEC) belong to a
group of bacteria known as attaching and effacing (A/E) pathogens that cause disease by
adhering to the lumenal surfaces of their host’s intestinal epithelium. EPEC and EHEC are
major causes of infectious diarrhea that result in significant childhood morbidity and mor-
tality worldwide. Recent advances in in vitro and in vivo modeling of these pathogens have
contributed to our knowledge of how EPEC and EHEC attach to host cells and subvert host-
cell signaling pathways to promote infection and cause disease. A more detailed understand-
ing of how these pathogenic microbes infect their hosts and how the host responds to
infection could ultimately lead to new therapeutic strategies to help control these significant
enteric pathogens.

Escherichia coli is normally a harmless com-
mensal of the human intestinal flora but

some strains have acquired the ability to cause
disease in humans ranging from meningitis to
urinary tract infections and diarrhea. Six of the
eight well-studied E. coli pathovars are diarrhea-
genic, and although each pathovar has a distinct
mechanism of disease, many virulence strate-
gies are shared between them (Croxen and Fin-
lay 2010). Enteropathogenic E. coli (EPEC) is a
leading cause of watery and potentially fatal di-
arrhea in infants that is often accompanied by
vomiting, fever, and dehydration (Nataro and

Kaper 1998; Kaper et al. 2004; Croxen and Fin-
lay 2010). EPEC poses a substantial health con-
cern mainly for children in developing coun-
tries (Kaper et al. 2004) but has also been
linked to sporadic cases in daycare facilities in
North America and Europe (Nataro and Kaper
1998; Goosney et al. 2000; Jenkins et al. 2003).
Enterohemorrhagic E. coli (EHEC) causes more
serious diarrhea than EPEC, provoking a variety
of symptoms that range in severity from acute
gastroenteritis to hemorrhagic colitis and in the
most severe cases, hemolytic uremic syndrome
(HUS) (Goosney et al. 2000), with progression
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to HUS occurring in 15% of childhood cases
(Tarr et al. 2005). The most prevalent EHEC
serotype causing outbreaks in North America
is O157:H7 with cattle serving as the primary
reservoir for this highly infectious organism,
thus making EHEC contamination a major is-
sue in food and water safety (Croxen and Finlay
2010). The annual hospitalization rate for lab-
oratory-confirmed EHEC O157 infections is
46.2% compared with that of non-O157 Shiga
toxin-producing E. coli infections with a rate of
only 12.8% (Scallan et al. 2011).

EPEC and EHEC belong to a group of extra-
cellular pathogens characterized by their ability
to form distinctive pedestal-like structures on
the surfaces of intestinal epithelial cells (IEC)
(Goosney et al. 2000). This characteristic lesion,
known as the attaching and effacing (A/E) le-
sion, is produced through subversion of host-
cell actin dynamics mediated by the bacterial
translocated intimin receptor, Tir (Kalman et
al. 1999; Gruenheid et al. 2001). EPEC and
EHEC are normally noninvasive enteric patho-
gens, and their intimate attachment to intestinal
surfaces is a hallmark of A/E pathogen infection
requiring the bacterial outer membrane protein,
intimin, and the secreted effector, Tir (Kenny et
al. 1997). EPEC and EHEC deliver effector pro-
teins into host cells via a type III secretion system
(T3SS) encoded on a conserved pathogenicity
island known as the locus of enterocyte efface-
ment (LEE) (McDaniel et al. 1995). The LEE is
found in all A/E pathogens and is absolutely
required for their pathogenesis (Kenny 2002).
Encoded within the LEE are regulatory ele-
ments, seven secreted effectors and their related
chaperones, as well as the T3SS apparatus itself
(Frankel et al. 1998b; Deng et al. 2004). In addi-
tion to Tir, the T3SS translocates an assortment
of effector proteins into host cells, which subvert
cellular processes to promote A/E pathogen in-
fection (Kenny 2002; Dean et al. 2005; Wong et
al. 2011). To date, several LEE-encoded effectors,
as well as a number of non-LEE (Nle)-encoded
effectors (Deng et al. 2004), have been identified
in the genomes of EPEC and EHEC (Tobe et al.
2006; Coburn et al. 2007; Iguchi et al. 2009).

Effector proteins perform pivotal roles dur-
ing T3SS-mediated disease by subverting host

defenses and cellular trafficking and by manip-
ulating the host cytoskeleton (Fig. 1) (Coburn
et al. 2007). The seven LEE-encoded type III
secreted (T3S) effectors as well as some of the
Nle effectors are well conserved across A/E path-
ogen species, whereas the number and type of
other Nle effectors varies significantly (Dean
and Kenny 2009). The prototypic EPEC strain
E2348/69 encodes 23 effectors (Iguchi et al.
2009; Deng et al. 2012), whereas certain sero-
types of EHEC encode as many as 41 (Tobe
et al. 2006; Ogura et al. 2009). Likewise, there is
considerable variation in the numberof effectors
found among A/E animal pathogens such as
Citrobacter rodentium (Deng et al. 2010), which
colonizes mice (Luperchio and Schauer 2001).
The variation in effector repertoire among A/E
pathogens likely reflects differences in virulence
phenotypes and adaptation to diverse host en-
vironments (Tobe et al. 2006; Deng et al. 2010).

EPEC and EHEC are strictly human enteric
pathogens, but the availability of surrogate an-
imal models, in addition to the advent of tissue
culture, has made it possible to study the com-
plex interactions between these pathogens and
their hosts (Vallance et al. 2004). In vitro models
such as IEC in tissue culture and in vitro organ
culture (IVOC) have been used extensively to
define, at the molecular level, T3SS-related pro-
teins necessary for effector secretion and A/E
lesion formation, as well as effector localization,
function, and protein interactions within host
cells. Alternatively, in vivo models including
nematodes, mice, rabbits, as well as studies in
human volunteers, provide essential informa-
tion with respect to virulence, host immunity
and how the inflammatory response contrib-
utes to the pathology of A/E pathogen-mediat-
ed disease, and the interplay with the micro-
biota. Current research into the mechanisms
of EPEC/EHEC-induced diarrheal disease and
the inflammatory response of the host has ex-
tended our knowledge of how A/E pathogens
infect their hosts and how the immune response
they elicit contributes to disease pathogenesis.
Further elucidation of the molecular and innate
immune mechanisms behind EPEC/EHEC
pathogenesis through in vitro and in vivo mod-
eling is crucial to better understand the viru-
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lence strategies used by these organisms in caus-
ing disease.

IN VITRO INFECTION MODELS

Interaction of EPEC with tissue culture cells
represents a simple, yet extremely powerful
model system for studying A/E pathogens
(Fig. 2). EPEC exhibits tight specificity to IEC
of the pediatric small intestine during natural
infection. Intriguingly, under tissue culture
conditions, this selectivity is lost and EPEC in-
teracts with cells originating from a large variety
of tissues and species. Although this precludes
the use of cell lines to study species specificity
and tissue tropism of EPEC, it opens up the
opportunity for using specialized cell lines, in-
cluding those containing specific mutations, to
address the role of specific host genes and pro-
teins in a given process. Many features of com-
monly used cell lines have been characterized,
making them an effective tool for studying the
role of a given host cell protein in response to
bacterial infection.

Although nonpolarized cell lines, such as
HeLa cells, are very different from polarized cells
of the intestinal epithelium, they have been used
extensively to study basic aspects of the EPEC–
host interaction. The best evidence in support of
adopting such cell lines as model systems to
study EPEC is the dissection of actin pedestal
biogenesis, including the elucidation of the in-
volved bacterial and host proteins. Early studies
showed the process of actin pedestal formation
during infection of tissue culture cells (Knutton
et al. 1989; Rosenshine et al. 1996), which pro-
vided a solid foundation for several seminal dis-
coveries based on the molecular mechanisms of
pedestal formation during infection with A/E
pathogens (reviewed in Frankel and Phillips
2008 and Campellone 2010). Additional exam-
ples of the usefulness of nonpolarized cells as
models for studying A/E pathogen infection are
their use in studies aimed at elucidating the
process of T3SS-dependent protein transloca-
tion into host cells as well as functional analyses
of the injected effectors. These include genetic
analysis defining components that are required
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Figure 1. Major T3SS effectors of EPEC/EHEC and their targets within host cells. Adapted and updated with
additional information from Dean and Kenny (2009) to show the multifunctional nature of effectors common
to EPEC and EHEC and their overlapping functions. TJ, tight junction; AJ, adherens junction; ER, endoplasmic
reticulum; MT, microtubules; SGLT-1, sodium glucose cotransporter; NHE3, sodium hydrogen exchanger; AQP,
aquaporin; Cl2/OH2, Cl2/OH2 transporter; FAK, focal adhesion kinase; BI-1, BAX inhibitor-1; TNFR, tumor
necrosis factor receptor; TRAF2, TNF-associated factor 2.
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for T3SS assembly and/or activity (reviewed in
Cornelis 2006), and analysis of the injection
process (Mills et al. 2008). Studies of the bio-
chemical activity of injected effectors also ben-
efit from using tissue culture cells as they are
easy to grow and manipulate. This is nicely ex-
emplified by analysis of the function of Tir, as
well as most other studied effectors (Nieto-Pe-
legrin and Martinez-Quiles 2009; Nadler et al.
2010; Baruch et al. 2011). Indeed, simple non-
polarized cell lines provide an effective model
system to study basic aspects of T3SS function
and the immediate interface between bacterial
and host proteins.

Nonpolarized cell lines are not as effective
for studying the influence of EPEC/EHEC on
the physiological properties of IEC, such as bar-
rier function or maintenance of the brush bor-
der. This is particularly true in cases in which
the effect on barrier function is secondary. For
instance, the effector Map appears to function
as a guanine nucleotide exchange factor of
Cdc42 GTPase, an activity that results in barrier
function disruption (Dean and Kenny 2004).
Cell lines that mimic polarization by formation
of tight junctions and brush border, including

MDCK, Caco-2, T84, and HT29, provide in-
strumental models for describing how EPEC
disrupts epithelial barrier function during in-
fection and for identifying effectors that are spe-
cifically involved in this process (McNamara
et al. 2001, and reviewed in Sears 2000). These
cell lines offer the advantages of convenience,
rapid growth, uniformity, and availability of
genetic tools such as antibodies and genetically
manipulated cell lines.

In addition to interactions with enterocytes,
EPEC also interacts with phagocytic M cells and
dendritic cells that extend protrusions into the
gut lumen where EPEC may encounter infiltrat-
ing innate immune cells (Inman and Cantey
1983; Martinez-Argudo et al. 2007; Vossenkäm-
per et al. 2010). These particular immune cell
types are modeled by macrophage-like cell
lines such as J774 and U937, and using these
models, it was found that EPEC resists uptake
by professional phagocytes (Goosney et al.
1999). Macrophage-like cell lines also enabled
the identification of EspF, EspJ, and EspH effec-
tor functions, in targeting independent aspects
of the phagocytic function of mammalian mac-
rophages (Quitard et al. 2006; Marchès et al.
2008; Dong et al. 2010). Macrophage-like cells
were also used to show that EspT plays a role in
triggering the production of central immune
mediators (Raymond et al. 2011).

The physiological relevance of the findings
discovered in cultured cell lines needs confirma-
tion in more biologically relevant models. For
instance, the use of IVOC has shown that path-
ways of A/E lesion formation based on cultured
cell lines do not necessarily apply in organ cul-
ture (Schüller et al. 2007; Bai et al. 2008). The
IVOC system is the most complex in vitro model
to study EPEC infection (Knutton et al. 1987).
This model includes infection of freshly ob-
tained human intestinal biopsies kept in tissue
culture media under high oxygen pressure to
delay ischemia and cell death. The advantage
of IVOC is that the infected tissue is as close
as one can get in vitro to native live tissue. In
a recent study, an improved polarized version
of this model was presented in which the api-
cal surface of the tissue biopsy was affixed to an
acrylic glass disk to seal the mucosal side of the

Figure 2. The use of cell culture models to study EPEC
pathogenicity. HeLa cells were infected for 3 h with
EPEC and visualized using phase contrast (A), or
phalloidin rhodamine (red) and DAPI (cyan) stain-
ing (B). The dense F-actin staining (red) is represen-
tative of actin pedestals formed beneath the infecting
bacteria. Magnification, 100�; scale bar, 5 mm.
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sample and decrease bacterial leakage to the
basolateral surface (Schüller et al. 2009). Thus,
the polarized IVOC model allows specific apical
EPEC infection that better mimics the in vivo
situation. Like other in vitro systems, experi-
mentation time is limited to several hours until
the tissue dies and, compared with other in vitro
models, the use of IVOC for experimental in-
fection is technically challenging and requires
coordination with a clinic to obtain fresh tissue.
In addition, the variability in sample properties
between donors and results is far greater than in
cell line models. The IVOC system has been
used to study EPEC-host specificity and tissue
tropism (Girard et al. 2005; Mundy et al. 2007),
Tir-intimin-dependent colonization and A/E
lesion formation (Frankel et al. 1998a; Schüller
et al. 2007; Frankel and Phillips 2008). The po-
larized IVOC method has shown that apical
EPEC infection of duodenal mucosa results in
a flagellin-dependent increase in IL-8 levels
(Schüller et al. 2009).

The use of cell lines for pathogenic E. coli
research is very common and extensive. Cell
lines simplify very complex in vivo processes,
and their use may significantly shorten the du-
ration of research compared with in vivo mod-
els. EPEC is a human-specific pathogen and the
use of human cell lines enables the study of
direct interactions between the bacterium and
its natural host cells, making IEC lines an excel-
lent tool to study A/E pathogen–host-cell dy-
namics. Yet, one must consider that the bio-
logical relevance of results obtained via the use
of cultured cell lines requires further validation
in a relevant in vivo model. In vitro systems lack
additional host cell types, immune interactions,
natural microflora, and the specific physiologi-
cal conditions that influence host–microbe in-
teractions in the small intestine.

IN VIVO INFECTION MODELS

Given the narrow host range of human EPEC,
studies exploring the role of genes involved in
A/E pathogen virulence and lesion formation
have been limited by a lack of in vivo models
reflecting the natural disease process in humans.
The primary site of infection by EPEC and

EHEC are epithelial cells of the small intestine
and colon, respectively. Although much infor-
mation has been gathered through in vitro anal-
yses with respect to localization and function of
T3S effector proteins, in vivo systems are the
only way of assessing A/E pathogen virulence
within the context of the complete intestinal
environment. A/E bacteria are able to infect
diverse animal species (Wales et al. 2005) from
the invertebrate Caenorhabditis elegans to mice,
rabbits, pigs, and cattle. As such, the diversity of
available animal models has provided the re-
search community with a wealth of potential
hosts with which to simulate the various aspects
of human infection.

C. elegans is a small free-living nematode
that has traditionally been used for the study
of development, neurobiology, and aging (Bren-
ner 1974; Larsen et al. 1995), but has garnered
interest as a model to study microbial virulence
strategies and conserved mechanisms of innate
immunity (Kurz and Ewbank 2000; Schulen-
burg et al. 2004; Hilbi et al. 2007). The simplic-
ity of the nematode provides an inexpensive and
uncomplicated model in which to follow the
infection process. In 1999, Tan et al. first report-
ed the utility of C. elegans as a model for feed-
ing-based pathogenicity studies using the op-
portunistic pathogen Pseudomonas aeruginosa
(Tan et al. 1999). Like P. aeruginosa, EPEC has
been shown to both infect and kill C. elegans via
a “slow killing” mechanism resulting from bac-
terial accumulation in the nematode intestine,
as well as to form microcolonies similar to those
formed during EPEC infection of cultured epi-
thelial cells (Mellies et al. 2006). On the other
hand, EPEC has also been reported to cause
paralysis and death of C. elegans via a “fast kill-
ing” mechanism involving secretion of diffusi-
ble exotoxins (Anyanful et al. 2005; Bhatt et al.
2011). The usefulness of the nematode as
a simple animal model for the study of EPEC
pathogenesis is validated by the fact that muta-
tion-based analysis of specific genes required for
full virulence of EPEC in mammalian systems
are similarly required for maximum pathoge-
nicity in the nematode. For example, the global
virulence regulator Ler is essential for virulence
of rabbit enteropathogenic E. coli (REPEC) and
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C. rodentium in the weaned rabbit and mouse
models of infection, respectively (Deng et al.
2004; Zhu et al. 2006), and is similarly required
for colonization of C. elegans by EPEC (Mellies
et al. 2006). In addition, EPEC is shown to elic-
it a protective response in C. elegans through
induction of genes regulating nematode innate
immunity in response to pathogen exposure
(Anyanful et al. 2009). C. elegans provides a
straightforward in vivo system in which to study
EPEC attachment and colonization factors
(Mellies et al. 2006), however, practical limita-
tions to this model do exist as C. elegans cannot
survive at the optimal temperature required for
expression of the virulence machinery of A/E
pathogens (Umanski et al. 2002). Furthermore,
administration of precise bacterial inocula can
be technically difficult (Mylonakis and Aballay
2005). Additionally, although some degree of
conservation exists between innate immunity
pathways of the nematode and those of higher
organisms (2003), and nonmammalian verte-
brate models like the zebrafish have been used
to study neutrophil modulation during EHEC
infection (Szabady et al. 2009), mammalian
models such as mice and rabbits are more rep-
resentative of the inflammatory response seen
during human EPEC/EHEC infection.

Although EPEC and EHEC display narrow
host specificity and are primarily human path-
ogens (Goosney et al. 2000), mouse models of
infection have also been reported. Savkovic et al.
found that infection of C57BL/6 mice with
EPEC resulted in colonization and adherence
to the intestinal epithelium as well as distortion
and loss of intestinal microvilli concomitant
with actin accumulation at the site of EPEC
infection (Savkovic et al. 2005), all of which is
consistent with A/E lesion formation. Recent
studies using this model to investigate changes
in tight junction morphology and epithelial
barrier function in mice as a result of EPEC
infection found that infections were accompa-
nied by an inflammatory response in the intes-
tines of infected mice (Zhang et al. 2010a,b). In
both cases, wild-type EPEC induced inflamma-
tory cell infiltration and tissue damage similar
to what has been previously reported (Savkovic
et al. 2005). Conversely, several EPEC deriva-

tives were unable to colonize Swiss NIH mice
(Frankel et al. 1996) and Klapproth et al. found
that EPEC was rapidly cleared from the in-
testines of infected C57BL/6 mice with no evi-
dence of A/E lesion formation (Klapproth et
al. 2005). Similarly, a study comparing the col-
onization dynamics of C3H/HeJ and C57BL/6
mice infected with EPEC, EHEC, or C. roden-
tium found very low levels of EPEC/EHEC col-
onization with no apparent signs of pathology
(Mundy et al. 2006). This was in contrast to
mice infected with C. rodentium that showed
high levels of colonization accompanied by in-
creased intestinal weights and visible thickening
of the colon (Mundy et al. 2006). These data
suggest a limited application for the model
due to the inconsistency in EPEC colonization
levels and manifestation of A/E pathogen-asso-
ciated hallmarks of disease among several labo-
ratory mouse strains.

Streptomycin-treated mouse models have
also been used to study the colonization dy-
namics of EPEC and EHEC by eliminating or
reducing normal gut microbial communities
to avoid competitive exclusion and facilitate
colonization (Royan et al. 2010; Mohawk and
O’Brien 2011). Bioluminescent strains of EPEC
and EHEC show tight association of the bacteria
with cecal and colonic tissues of streptomycin-
treated mice accompanied by mild inflamma-
tion (Roxas et al. 2010; Rhee et al. 2011) and, in
the case of EHEC, microvilli effacement (Roxas
et al. 2010). Germ-free mice have been used to
study toxin suppression and production of oth-
er virulence factors by EHEC as well as the use
of probiotics for protection against coloniza-
tion and EHEC-mediated disease (Takahashi
et al. 2004; Eaton et al. 2008, 2011). Alternative-
ly, human xenografts of the small and large in-
testine in severe combined immunodeficiency
mice have recently been proposed as a model
to evaluate T3S effector function in native tissue
and to investigate tissue tropism (Golan et al.
2011). EHEC is able to specifically interact with
human colonic xenografts, inducing A/E le-
sions and tissue damage dependent on a func-
tional T3SS (Golan et al. 2011). This type of
model has also been used to show that H7 fla-
gellin is a major factor involved in increases of
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proinflammatory chemokines in response to
EHEC infection (Miyamoto et al. 2006). An
advantage of this model is the ability to study
the immunogenic reaction of A/E pathogens in
the absence of other microbial products. How-
ever, both the xenograft and streptomycin pre-
treatment models are limited in their capacity to
assess A/E pathogen infection under physiolog-
ically relevant conditions that take into account
the complete intestinal mucosa and interactions
with the resident microflora.

A great deal of in vivo research on A/E path-
ogens has been performed using natural animal
pathogens related to EPEC and EHEC. Infec-
tion of rabbits and mice with REPEC and C.
rodentium, respectively, has been used to study
the contributions of many translocated effec-
tors and T3SS-related genes to EPEC virulence
and disease. REPEC encompasses a number of
serotypes of A/E lesion-forming, diarrheagenic
E. coli that share many virulence characteristics
with human EPEC and are capable of causing
diarrheal disease in weaned rabbits (Goosney
et al. 2000). Similar to human-specific EPEC
strains, REPEC induces A/E lesions and intes-
tinal pathology without invasion of the epi-
thelia or production of enterotoxins (Robins-
Browne et al. 1994b). The REPEC LEE has
been characterized and shares a high degree of
homology with the LEE region of EPEC (Tau-
schek et al. 2002), thereby facilitating the dis-
covery of LEE genes required for A/E lesion
formation and disease (Abe et al. 1998; Marchès
et al. 2000).

The LEE of C. rodentium is also similar to
those of EPEC and EHEC (Deng et al. 2001) and
is required to produce A/E lesions in mouse
intestinal cells (Schauer and Falkow 1993).
Functional conservation of Tir and intimin
from EPEC and C. rodentium has been shown
and confirms the usefulness of the C. roden-
tium-mouse model to study human infections
with EPEC and EHEC (Fig. 3) (Frankel et al.
1996; Deng et al. 2003). However, instead of
causing obvious diarrhea as seen with EPEC,
EHEC, and REPEC, C. rodentium infection re-
sults in colonic inflammation and hyperplasia
(Barthold et al. 1978). Despite this difference,
mouse infections with C. rodentium have con-

tributed significantly to our understanding of
A/E pathogen virulence and mechanisms of
disease in vivo. Using the mouse model 33 vir-
ulence factors were identified during a screen of
all 41 genes in the C. rodentium LEE (Deng et al.
2004). A comprehensive analysis of the C. ro-
dentium secretome has since been performed,
effectively confirming secretion of many previ-
ously identified effectors while expanding the
known repertoire of T3S proteins among A/E
pathogens (Deng et al. 2010). Although much
of the in vivo work on A/E pathogens has fo-
cused on the virulence roles of secreted pro-
teins, others have attempted to determine tissue
localization of effectors such as Tir (Deng et al.
2003), in an effort to uncover function. Infec-
tion of mice with C. rodentium mutants con-
firms a critical role in colonization and viru-
lence of the LEE-encoded effectors Tir, EspB,
and EspZ, as well as the non-LEE-encoded ef-
fectors NleA and NleB (Newman et al. 1999;
Deng et al. 2003, 2004; Gruenheid et al. 2004;
Mundy et al. 2004; Kelly et al. 2006), whereas
others are thought to contribute collectively
(Dean and Kenny 2009).

Figure 3. C. rodentium colonizes the apical surfaces of
mouse intestinal epithelial cells (IEC) in vivo. Mice
were orally infected with C. rodentium and colonic
tissues were harvested and subjected to immunofluo-
rescent staining at 6 days postinfection. Immuno-
staining was performed using a C. rodentium-specific
anti-Tir antibody (green) with DAPI (blue) as a
counterstain for host-cell nuclei. Magnification,
40�; scale bar, 50 mm. For further details, see Wlo-
darska et al. (2011).
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A/E pathogens encode a series of secreted
proteins believed to interfere with various host
inflammatory signaling pathways (Dean and
Kenny 2009; Wong et al. 2011). Thus, another
significant advantage to the use of in vivo mod-
els is the ability to assess host-generated im-
mune responses to bacterial infections. The C.
rodentium mouse model has been widely used
to explore the host immune response to patho-
genic E. coli infections (Luperchio and Schauer
2001; Borenshtein et al. 2008; Kum et al. 2010).
In susceptible mice, C. rodentium induces co-
lonic hyperplasia and intestinal inflammation
and mice often die as a result of infection,
whereas less susceptible mouse strains are gen-
erally able to clear these infections (Luperchio
and Schauer 2001) and develop a protective re-
sponse against subsequent infection (Ghaem-
Maghami et al. 2001). The role of IL-22 in reg-
ulating early control of host defense in response
to C. rodentium infection has been shown
(Zheng et al. 2008; Ota et al. 2011). Direct in-
duction of Reg antimicrobial proteins requires
IL-22 in the colonic epithelium, and survival of
IL-22 knockout mice infected with C. roden-
tium is greatly improved in the presence of ex-
ogenous mouse or human RegIIIg (Zheng et al.
2008). Mice that lack adaptive immunity of B
and T lymphocytes are unable to efficiently
clear C. rodentium infection (Vallance et al.
2002; MacDonald et al. 2003), as are mice lack-
ing the p50 subunit of nuclear factor kB (NF-
kB) (Dennis et al. 2008) and the Toll-like recep-
tor adapter protein MyD88 (Lebeis et al. 2007;
Gibson et al. 2008). Furthermore, sensitivity to
C. rodentium is strongly influenced by the pres-
ence of segmented filamentous bacteria of the
intestinal microbiota (Ivanov et al. 2009). Taken
together, these studies provide clear evidence
that both innate and adaptive immune path-
ways, as well as components of the microbiota,
have a protective role against A/E pathogen in-
fection and future in vivo work should help to
shed more light on how different branches of
the immune system respond to these infections.

Recent progress in the identification of T3SS
structural proteins and secreted effectors has
advanced our knowledge of A/E pathogenesis
substantially at the molecular level, but the rel-

evance of these proteins in EPEC and EHEC
and their functions during human infection
can only be validated through the use of human
volunteers. Adult volunteers have been used
to verify the roles of intimin, EspB, and bun-
dle-forming pili (BFP) in EPEC pathogenesis
(Donnenberg et al. 1993; Bieber et al. 1998;
Tacket et al. 2000). BFP is an EPEC-specific vir-
ulence factor but intimin and EspB are found in
the genomes of diverse A/E pathogen species
(Tauschek et al. 2002; Iguchi et al. 2009; Ogura
et al. 2009; Petty et al. 2010). Intimin and EspB
are essential for A/E lesion formation in tissue
culture (Foubister et al. 1994; Abe et al. 1997)
and intestinal damage in rabbits and mice in-
fected with REPEC (Abe et al. 1998; Marchès et
al. 2000) or C. rodentium, respectively (Schauer
and Falkow 1993; Newman et al. 1999; Deng
et al. 2004). Intestinal biopsies taken from hu-
man volunteers infected with wild-type EPEC
show destruction of the epithelial brush border
(Tacket et al. 2000), a phenotype that is repro-
ducible in tissue culture (Knutton et al. 1987).
All but one individual developed diarrhea after
consumption of the wild-type strain (Tacket
et al. 2000), whereas only one instance of diar-
rhea occurred in 10 individuals who consumed
the espB mutant (Tacket et al. 2000) and four
out of 11 who consumed the intimin mutant
(Donnenberg et al. 1993). Due to the relative
inability of most EPEC strains to colonize non-
human hosts and cause diarrhea, clinical trials
using adult volunteers are important to fur-
ther our knowledge of EPEC pathogenesis in
humans and to determine the role of specific
virulence factors in EPEC-mediated disease
(Tacket et al. 2000). However, the use of human
volunteer studies is not without its drawbacks
as the diarrhea that develops is often not repro-
ducible (Donnenberg et al. 1993) and suscepti-
bility among individual hosts is likely to vary
based on differences in immune response and
prior exposure to the pathogen. Additionally,
the tendency for EPEC and EHEC to infect
and cause disease in young children (Kaper et
al. 2004) and the varying degree of disease
severity associated with EHEC infections (Na-
taro and Kaper 1998) precludes the use of appro-
priate volunteer populations, thus making the
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identification of host resistance genes difficult.
As a result, surrogate models using related A/E
pathogens and their natural animal hosts have
given way to important advances in the patho-
genesis of EPEC and EHEC (Vallance et al.
2004).

COMPARISON OF MODELS

No model system currently in use for the study
of EPEC/EHEC pathogenesis is able to com-
pletely replicate the natural infection process
in humans. However, each model does have its
particular advantages and it is the combina-
tion of all these models that has advanced our
knowledge on A/E pathogens tremendously
over the last 20 years (Fig. 4). An area of increas-
ing interest in A/E pathogen research involves
identifying cellular receptors for T3S effectors
once inside host cells. Tissue culture methods
have been used successfully to identify a few
host targets and functions for a number of se-
creted effectors. Infection of immortalized epi-
thelial cells provides a simple and convenient
means to assess the direct relationship between
the infecting organism and the intestinal epi-
thelia in the absence of additional host and mi-

crobial factors that would normally be present
within the lumen. In comparison to nonpolar-
ized epithelial cells, Caco-2 and T84 cells are
capable of mimicking polarized enterocytes of
the small and large intestine, respectively, and
have additionally been used to study the effects
of EPEC infection on tight junction integrity
and overall intestinal barrier function (McNa-
mara et al. 2001; Dean and Kenny 2004; Thana-
balasuriar et al. 2010). Alternatively, polarized
intestinal IVOC systems also provide an excel-
lent in vitro model for studying EPEC infection
of the intestinal mucosa because A/E pathogen
exposure can be restricted to mucosal tissue
surfaces, thereby simulating natural infection
(Schüller et al. 2009). Because polarized IVOC
maintains tissue structure and membrane integ-
rity similar to in vivo systems, this method is far
more conducive to determining the significance
of effector protein distribution during infection
and modeling in vivo colonization dynamics
than infection of cell lines. However, human
intestinal specimens are not as readily available
to most laboratories as standard tissue culture
cell lines (Vallance et al. 2004). Additionally, the
short life span of cultured organ sections and
the inability of in vitro systems to metabolize

C. elegans

In vitro
organ culture

In vitro In vivo

Tissue culture
cells

Mice, rabbits

Cows, human
volunteers

Figure 4. The various model systems currently available to study EPEC/EHEC infection biology. In vitro models
such as tissue culture cells and in vitro organ culture (IVOC) are best suited to assess bacteria–host-cell
interactions such as pedestal formation, signal transduction, effector translocation, and effector function.
Alternatively, in vivo models are more appropriate for studies on bacterial virulence and host immune response.
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drug candidates render these models ineffective
for drug action studies in comparison to whole
animal models.

Cell culture methods provide important in-
formation with respect to the cellular biology of
T3S effector function, but are of limited use in
studying the interaction of A/E pathogens with
the host immune system and microbiota. Relat-
ed A/E animal pathogens, infecting their natu-
ral hosts, have come to serve as effective models
for EPEC/EHEC pathogenesis although not all
are capable of causing equivalent intestinal dis-
ease in their animal hosts. For example, mice
infected with C. rodentium tend to develop co-
lonic hyperplasia accompanied by soft stool and
rectal prolapse (Luperchio and Schauer 2001),
whereas infection of children by EPEC can re-
sult in copious and often fatal watery diarrhea
(Nataro and Kaper 1998). As natural pathogens
of rabbits and mice, REPEC and C. rodentium
provide highly relevant surrogate models to
study EPEC infection in humans. Rabbits nat-
urally develop severe and often lethal diar-
rhea in response to REPEC infection (Robins-
Browne et al. 1994a) and with the exception of
initial host-cell attachment, REPEC displays the
same pathological characteristics, host age, and
tissue specificity as human EPEC (Robins-
Browne et al. 1994b), making this one of the
most applicable models for studying EPEC in-
fection. Limitations to this model do exist, how-
ever, in that few genetic tools are available to
evaluate the host response to REPEC infection,
and due to the significant mortality resulting
from this infection, modest differences in viru-
lence are difficult to detect (Vallance et al.
2004). C. rodentium, on the other hand, natu-
rally infects mice of all ages and offers the con-
venience of several genetic and immunological
tools to study infection and host response, in-
cluding a variety of genetically manipulated
mouse strains (Vallance et al. 2004). In addition,
increasing interest on the essential role of the
intestinal microbiota in maintaining overall
gut homeostasis as well as protection against
enteric pathogens offers another level of com-
plexity to A/E pathogen infection that can only
be assessed in vivo. Disruption or elimination of
normal gut microbial communities could lead

to altered epithelial cell responses and host
susceptibility to infection (Sekirov and Finlay
2009; Wlodarska et al. 2011). Thus, a more
detailed understanding of the mechanisms be-
hind the host–pathogen–microbiota interac-
tion should lead to an improved therapeutic
approach in managing A/E pathogen infection.
Animal models provide a convenient means to
study A/E pathogens, yet the symptoms and
severity of diarrheal disease can vary signifi-
cantly between animal hosts. Although the clin-
ical outcome of EPEC or EHEC infection in
humans differs from that of C. rodentium in
mice, this model remains the best for studies
on host immune response to A/E pathogen in-
fection. However, heavier costs associated with
housing and handling of animals, as well as in-
creased complexity of the gastrointestinal envi-
ronment in comparison to in vitro infection
models, are major limitations of in vivo systems
(Table 1).

Currently, there is no vaccine available to
humans to prevent infection by EPEC or
EHEC, and the use of antibiotics for treatment
of EHEC infections is controversial as certain
antibiotics may exacerbate disease symptoms
(Panos et al. 2006), as well as induce Shiga toxin
production. Numerous EHEC outbreaks have
been traced back to ingestion of contaminated
beef and vegetable products (Nataro and Kaper
1998; Berger et al. 2010). Although a major en-
vironmental reservoir for EPEC has not yet been
determined, it is generally accepted that trans-
mission to humans occurs through contaminat-
ed food and water sources (Nataro and Kaper
1998). As a result, reducing carriage and trans-
mission of EHEC in cattle as well as bacterial
attachment to and colonization of produce are
important areas of A/E pathogen research. A
logical approach to preventing infections in hu-
mans has therefore been to immunize cattle to
reduce colonization and fecal shedding to the
environment. In vivo models such as mice, pigs,
and cattle have all been used to study essential
virulence factors conserved between EPEC and
EHEC as potential vaccine candidates (Dean-
Nystrom et al. 2002; Potter et al. 2004; McNeilly
et al. 2010; Misyurina et al. 2010; Mohawk and
O’Brien 2011). Thus, the EPEC/EHEC T3SS
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and secreted proteins offer attractive targets
for development of novel vaccines and thera-
peutics whose effectiveness can only be evaluat-
ed through in vivo experimentation.

CONCLUDING REMARKS

Diarrheagenic E. coli present a significant risk to
human health worldwide, and due to the se-
verity of symptoms associated with infections
caused by EPEC and EHEC, few opportunities
have presented themselves to study host sus-
ceptibility to these microbes and disease path-
ogenesis in the human host. For this reason, a
variety of infection models have been developed
to provide insight into our current understand-
ing of the virulence mechanisms employed by
A/E bacterial pathogens and to explore the mo-
lecular mechanisms that contribute to virulence
of pathogenic E. coli. In vitro systems are ideal
for assessing the cellular biology of T3S effec-
tor function and the bacterial–host-cell inter-
actions that contribute to initial attachment and

colonization. In contrast, in vivo infection
models are crucial to identify and differentiate
between virulence factors that may be com-
mon to all A/E pathogens and those that are
specific to EPEC and EHEC, as well as to deter-
mine the basis for host resistance or susceptibil-
ity to these pathogens to properly control the
public health burdens that they impose (Val-
lance et al. 2004).

New and rapidly evolving genomic tools are
emerging, allowing for novel revelations of how
differences in gut microbial composition and
variability of the human metagenome among
individuals correlate with human health and
disease states (Arumugam et al. 2011; Pflug-
hoeft and Versalovic 2011). In the future, global
surveys of the human metagenome should ad-
dress how the composition of the microflora
and the genome of the individual contribute
to host susceptibility to A/E pathogens, wheth-
er in a carrier state or during acute infection.
Studies of this nature should provide infor-
mation that will lead to a better understanding
of the infection process as it relates to host–

Table 1. Summary of in vitro and in vivo infection models

Advantages Disadvantages Applications

In vitro models
Cell lines Simplicity, uniformity, rapid

growth, availability of
human cells, and knockout
cell lines

Infection times limited by bacterial
overgrowth, limited ability to
assess host response, do not
necessarily represent physiology
in vivo

Effector function and
translocation, pedestal
formation, bacteria–
host-cell interactions

IVOC Enables research in human
tissues, maintains tissue
structure/membrane
integrity, similar to in vivo
system

Low availability of human tissue
biopsies, short life span of tissue
limits experimentation,
variation between samples

Host specificity, tissue
tropism, colonization
dynamics

In vivo models
Invertebrate Simple, inexpensive, rapid

generation time, availability
of knockout mutants

Cannot survive at mammalian
body temperature, no adaptive
immune system, difficult to
deliver precise inocula

Colonization and
attachment factors,
microbial virulence

Mammalian Availability of knockout mice,
can assess innate and
adaptive immune responses,
can assess pathogen
virulence

Increased cost and complexity,
subject variability, no model
replicates all aspects of human
infection

Microbial virulence, host
immune response,
effects of host
microbiota, vaccine trials

See text for references. IVOC, in vitro organ culture.
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pathogen–microbiota interplay. Currently, no
in silico models exist to directly simulate EPEC
or EHEC infection (Vallance et al. 2004), how-
ever, publication of the EPEC E2348/69 (Iguchi
et al. 2009), EHEC O157:H7 (Hayashi et al.
2001; Perna et al. 2001), and C. rodentium (Petty
et al. 2010) genome sequences has facilitated
identification of conserved and unique T3SS-
related proteins and effectors and should con-
tribute to the development of microarray data-
bases and other computer-based technologies
to identify and study A/E bacterial pathogens.

Major advances in A/E pathogen research
have been made over the years through the use
of different EPEC/EHEC infection models.
Novel adherence factors and secreted effectors
have been identified and for many of these pro-
teins, their mechanism of action and host recep-
tors have been determined. However, to fully
understand how these molecular interactions
contribute to disease, in vivo studies are re-
quired to show a direct impact by A/E patho-
gen virulence. A more detailed understanding
of how EPEC and EHEC exploit cellular func-
tions as part of the disease process could ulti-
mately lead to potential targets for new thera-
peutics to help control these significant enteric
pathogens.
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