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Enterohemorrhagic Escherichia coli
James B Kaper

Enterohemorrhagic Escherichia coli has been responsible
for an increasing number of large food-borne outbreaks of
bloody diarrhea and hemolytic uremic syndrome. Recent
developments in our understanding of the pathogenesis
of disease due to enterhemorrhagic E. coli include the
description of a pathogenicity island, a type III secretion
system and potential plasmid-encoded virulence factors.
Recent developments in our understanding of the
epidemiology include a recognition of a widening spectrum
of vehicles.
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Abbreviations
EHEC enterohemorrhagic E. coli
EPEC enteropathogenic E. coli
HUS hemolytic uremic syndrome
Stx Shiga toxin
REPEC rabbit enteropathogenic E. coli

Introduction
Enterohemorrhagic Escherichia coli (EHEC) is an emerging
pathogen that has stimulated worldwide interest in several
large food-borne outbreaks. EHEC can cause nonbloody
diarrhea, bloody diarrhea, and hemolytic uremic syndrome
(HUS) in all age groups, but the young and the elderly
are most susceptible. The most notorious E. coli serotype
associated with EHEC is O157:H7, which has been the
cause of several large outbreaks of disease in North
America, Europe, and Japan.

The most important virulence factor of EHEC is a potent
cytotoxin known as Shiga toxin or verocytoxin (VT). This
toxin was also previously known as Shiga-like toxin (SLT)
but an increasing number of reports employ the Shiga
toxin nomenclature. In addition to the toxin, a number
of other potential virulence factors have recently been
described for this pathogen. This review will focus on
new studies of the pathogenesis of EHEC-associated
disease and will also briefly review recent clinical and
epidemiologic observations. A detailed discussion of the
detection and diagnosis of EHEC infections can be found
in a current review [1•].

Pathogenesis
Shiga toxin
The most important virulence factor in the pathogenesis
of disease due to EHEC is Shiga toxin (Stx) (reviewed

in [2]). The Shiga toxin family contains two major,
immunologically non-cross-reactive groups called Stx1
and Stx2; there are multiple subtypes of Stx2 (Stx2c,
Stx2v, Stx2e etc.). This phage-encoded toxin consists of
one A subunit and five identical B subunits. The B
subunit pentamer binds to a specific cell surface glycolipid
receptor, globotriaosyceramide or Gb3; one variant, Stx2e,
binds to Gb4 (reviewed in [3•]). Shiga toxin enters
host cells via clathrin-coated pits and is transported via
the trans-Golgi network to the endoplasmic reticulum
(reviewed in [4]). The A subunit inhibits host cell protein
synthesis by an N-glycosidase activity that removes an
adenine residue from the 28S rRNA. A novel therapy for
preventing HUS has been proposed which uses a Gb3
receptor analogue to bind Stx in infected patients [5]. This
compound, called Synsorb PK, is currently being studied
in clinical trials in Canada.

Stx is presumed to translocate from the intestine to the
bloodstream, although the toxin has never been detected
in the blood of patients. Acheson et al. [6•] report that, in
a tissue culture model using polarized intestinal epithelial
cells, toxin translocation requires energy and the toxin
moves across epithelial cells without apparent cellular
damage, probably through a transcellular pathway. Stx
is cytotoxic to human renal endothelial cells and the
typical renal histopathology consists of swollen glomerular
endothelial cells and deposition of platelets and fibrin
within the glomeruli. The decreased glomerular filtration
rate leads to the acute renal failure seen with HUS. Stx
is believed to directly damage the glomerular endothelial
cells although there are also data supporting a role for
cytokines in the disease process. Increased levels of
proinflammatory cytokines such as tumor necrosis factor
(TNF)-α and interleukin (IL)-6 are expressed by murine
peritoneal macrophages in response to oral treatment with
purified Stx [7]. Several cytokines, including TNF-α, IL-1,
and TNF-β, as well as bacterial lipopolysaccharide (LPS)
have been shown to induce expression of Gb3 and increase
binding of Stx to human endothelial cells [8–10]. Recent
studies using LPS-responder and LPS-nonresponder mice
demonstrated the importance of both LPS and Stx in the
pathogenesis of disease [11•]. The relative contributions
of direct toxin action, cytokine production, and other
bacterial factors in the renal damage seen in HUS are very
active areas of research.

The various forms of Shiga toxin do not all behave
identically in vitro or in vivo. The Stx2e variant is
associated almost exclusively with pig edema disease
rather than human disease. There are epidemiological data
suggesting that strains expressing Stx2 are more often
associated with progression to HUS than strains producing
Stx1 alone [12] as well as in vitro data with cultured
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human renal endothelial cells suggesting that Stx2 is more
cytotoxic to these cells than is Stx1 [13]. Melton-Celsa et
al. [14••] showed that one variant of Stx2, Stx2vhb, showed
increased cytotoxic activity when incubated with intestinal
mucus whereas other Stx forms were not affected after
incubation with mucus. Strains expressing this Stx variant
require a lower dose for disease in mice than other EHEC
strains and the authors suggest that activation of this one
toxin form by intestinal mucus could account for the lower
LD50 values (dose at which 50% of the mice died) seen
with these strains.

Signal transduction
In addition to signals induced by Shiga toxins, other
signal transduction responses follow adhesion of EHEC
to epithelial cells. EHEC have been shown to produce in
cell culture and animal models the attaching and effacing
(A/E) histopathology that is characteristic of infection with
enteropathogenic E. coli (EPEC). EPEC is a major cause
of nonbloody diarrhea in infants. A crucial distinction
between EPEC and EHEC is that the former do not
produce Shiga toxin. The A/E lesion is characterized
by effacement of the intestinal epithelial microvilli and
intimate adherence between the bacterium and the
epithelial cell membrane. Directly beneath the adherent
bacteria, marked cytoskeletal changes are seen, including
accumulation of polymerized actin. The cellular changes
associated with the A/E lesion have been best studied
with EPEC and include increases in inositol phosphates
and intracellular calcium, activation of protein kinase
C, phosphorylation of myosin light chain, and tyrosine
phosphorylation of a 90 kDa protein inserted into the
epithelial cell membrane called Hp90 (reviewed in [15]).
Ismaili et al. [16] examined signal transduction responses
following adhesion of EHEC to human epithelial cells and
found elevated levels of inositol 1,4,5-triphosphate (IP3)
and intracellular free calcium, but not did not see tyrosine
phosphorylation activity. An inflammatory response is also
induced in response to EHEC adherence, apparently
associated with the A/E histopathology. Increased levels
of IL-8 have been reported in cultured human colon
epithelial cells infected with EHEC [17]. Studies in
rabbits show that the addition of anti-CD18 antibody
blocks the influx of polymorphonuclear leukocytes in
response to E. coli O157:H7 infection [18]. Inhibition of
this inflammatory response led to a reduction, but not
elimination, of diarrhea in this model.

Intimin
Intimin is a 94–97 kDa outer membrane protein that is
the only intestinal colonization factor yet identified for
EHEC. Intimin is encoded by the eae gene [19] and
is expressed by both EPEC and EHEC as well as by
the mouse pathogen Citrobacter rodentium and the rabbit
pathogen REPEC; the latter two pathogens also produce
A/E histopathology in their respective hosts (reviewed
in [1•]). The importance of intimin in colonization is
shown by studies in piglets using eae mutants of O157:H7

[20,21] and in volunteer studies using an eae mutant
of EPEC [22]. Intimins expressed by EPEC, EHEC,
REPEC, and C. rodentium share remarkably high homology
(>95% identity) throughout most of their sequence but
can vary considerably in sequence in the carboxy-terminal
250 amino acid residues [23•]. Intimin from different A/E
pathogens can be grouped into at least three different
classes based on the carboxy-terminal sequence [23•]. Both
human and animal strains can be found in the individual
classes and no specific sequence has been exclusively
associated with a human or animal strain.

There have been two different receptors identified for
intimin from EPEC, although studies addressing the
receptor for intimin from EHEC have not been reported.
Rosenshine et al. [24] report that intimin binds to a
90 kDa protein inserted into the epithelial cell membrane
that is tyrosine phosphorylated in response to EPEC
infection. The tyrosine phosphorylation activates the
receptor binding activity. Frankel et al. [25] report that
intimin binds to β1 intergrins, specifically α4β1 and α5β1.
The binding activity to integrins has been localized to
the carboxy-terminal 280 residues and incubation with an
RGD-containing peptide could block the adhesion. These
two reports are not necessarily mutually exclusive and it
is possible that different portions of intimin can bind to
different receptors.

A type III secretion system
A type III secretion system has recently been reported
for EHEC [26•]. The genes in this system, designated sep
[27] and esc (S Elliott et al., unpublished data), encode a
number of protein products which share homology with a
number of type III secretion system proteins from Yersinia,
Salmonella, and Shigella spp. The proteins secreted by
this pathway are called Esps (E. coli secreted proteins)
and include EspA (24–25 kDa), EspB (37 kDa) and EspD
(39 kDa) [26•,28], although the latter has been reported
only for EPEC; the espD gene is present in E. coli O157:H7
but detection of the EspD protein has not yet been
reported. A larger protein of 100–110 kDa is also secreted
extracellularly by EHEC, although not via the type III
pathway [26•]. This larger protein is the plasmid-encoded
EspP described below. The secreted proteins have been
reported not only for EHEC of the O157:H7 serotype but
also for strains of O26:H11 and O111:H-serotypes [28].
In EPEC, mutation of the espA, espB, and espD genes
inactivates the signal transduction responses induced by
EPEC and prevents formation of the A/E lesion [29–31].
The same effect is presumed to occur in EHEC, although
the phenotypes of these mutations in EHEC have not
yet been reported. The secreted proteins also engender
a strong antibody response in HUS patients [26•].

The LEE pathogenicity island
Genes for intimin, the type III secretion system, and
the EspA, B, and D secreted proteins are encoded on
a 35 kilobase pathogenicity island called the LEE, for
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locus of enterocyte effacement ([32]; S Elliott et al.,
unpublished data). The LEE is found in EPEC, C.
rodentium, REPEC, and all EHEC that contain the eae
gene. Cloning of the entire EPEC LEE into E. coli strain
K-12 confers the ability to produce the A/E lesion on
this strain [33•]. In EPEC strain E2348/69 and EHEC
O157:H7, the LEE is inserted at minute 82 on the E. coli
chromosome, at the same site (selC) where an unrelated
pathogenicity island for uropathogenic E. coli is inserted.
To determine whether the the LEE is inserted at the
same site in all EPEC and EHEC strains, Wieler et
al. [34] examined a set of EPEC and EHEC strains
that had previously been studied by multilocus enzyme
electrophoresis analysis of housekeeping proteins. The
results of this investigation indicated that the LEE can
insert into sites other than selC and that the insertion site
is correlated with the evolutionary lineage predicted by
multilocus enzyme electrophoresis. Thus, the LEE has
apparently been introduced into E. coli at multiple times
during the evolution of EPEC and EHEC, although the
possibility of an initial insertion into selC and a subsequent
intrastrain deletion and reinsertion at a different site
cannot be excluded. Some strains of EPEC and EHEC
have arisen from one evolutionary branch (called EPEC1
and EHEC1) with the LEE inserted at selC and others
have arisen from a different branch (EPEC2 and EHEC2)
with insertion at a different site. A likely evolutionary
scenario is that in each of these branches, ancestor strains
contained only the LEE inserted at the same site. These
strains then evolved into EPEC and EHEC by acquisition
of the EAF plasmid (for EPEC) or the pO157 plasmid
(for EHEC, see below), with a separate introduction of
the bacteriophage encoding Stx providing the terminal
differentiation into EHEC.

Other potential virulence factors
E. coli O157:H7 and most other EHEC associated with
human disease possess a ≈90 kilobase plasmid called
pO157 [35]. The role of this plasmid in pathogenesis is not
certain since the majority of animal studies performed with
EHEC strains lacking this plasmid show no difference
compared with the plasmid-containing parent strain. This
plasmid encodes a serine protease called EspP which
cleaves human coagulation factor V [36]. This 104 kDa
protein shares homology with a family of proteins termed
autotransporters which includes the IgA1 protease of
Neisseria gonorrhoeae, VacA of Helicobacter pylori, and
pertactin of Bordetella pertussis, among other members.
A potential role in virulence was proposed whereby
degradation of factor V could contribute to the mucosal
hemorrhage seen in hemorrhagic colitis [36]. A type II
secretion system is also encoded on this plasmid but the
secreted targets of this system have not been identified
[37]. This plasmid also encodes a hemolysin of the RTX
family [38,39]. In a collection of O111:H- EHEC strains
from Germany, this hemolysin was expressed in 88% of
strains isolated from patients with HUS but in only 22% of
patients with diarrhea but without HUS [40]. Hemoglobin

and heme released from lysed erythrocytes could serve
as iron sources and a 69 kDa outer membrane protein
(encoded on the chromosome) called ChuA has recently
been discovered in O157:H7 that is an iron-regulated
heme-transport protein [41].

Non-O157:H7 serotypes
Over 200 different E. coli serotypes have been shown to
produce Shiga toxin [42••]. By far the greatest attention
has been paid to the O157:H7 serotype because it is
the most prevalent EHEC serotype in the United States,
Canada, United Kingdom, and Japan. In many countries
of Europe as well as in Australia and Argentina, however,
other serotypes are more prevalent than O157:H7. The
difficulty arises in assessing the importance of these other
serotypes because the majority of these serotypes are
assumed to be nonpathogenic for humans [1•]. Unlike
O157:H7, which can be detected on the inexpensive
sorbitol MacConkey (SMAC) agar as a consequence of its
sorbitol-negative phenotype, detecting the non-O157:H7
EHEC serotypes requires the use of expensive Stx-based
assays. The issue of non-O157:H7 EHEC serotypes has
been specifically reviewed in two recent publications
[42••,43•].

The O157:H7 serotype has the complete range of proven
and potential EHEC virulence factors including those
encoded on the LEE pathogenicity island and the
pO157 plasmid. Two of the most important non-O157:H7
serotypes, O26:H11 and O111:H-, also usually contain the
LEE and pO157. But many other EHEC serotypes only
express Stx without any other known virulence factors. It
is thought that Stx alone is not sufficient to cause disease.
Support for this idea is provided by Samadpour et al. [44],
who reported the presence of Stx-producing E. coli of
non-O157:H7 serotypes in 23% of beef, 48% of lamb, and
63% of veal samples from grocery stores in Seattle. It is
assumed that there are additional virulence factors that
are expressed by some but not all of these serotypes that
enable them to cause disease.

Recent epidemiology
Reports of outbreaks and sporadic cases of EHEC
infection have been increasing in recent years, in part
due to better reporting and in part due to a genuine
increase in infections. Despite the increasing awareness of
EHEC infections on the part of public health officials and
the public in general, the outbreak of EHEC disease in
Japan in the summer of 1996 was a great surprise because
the size of the outbreak far exceeded any previously
reported outbreaks. Over 9000 cases were reported, which
exceeded the largest previously reported outbreak by an
order of magnitude. Molecular epidemiologic techniques,
specifically pulsed-field gel electrophoresis (PFGE) and
random amplified polymorphic DNA polymerase chain
reaction (RAPD-PCR), showed that this large outbreak
actually consisted of multiple outbreaks with the largest
cluster of cases (>6000 cases) showing PFGE and RAPD-
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PCR patterns different from those found in isolates
epidemiologically unrelated to this cluster [45]. PFGE
has also been used for routine surveillance to identify
otherwise undetected outbreaks [46•] and is being adapted
to establish national databases for rapid strain comparison.

The largest cluster of cases in Japan was linked to the
consumption of radish sprouts [47], which illustrates an
emerging trend for the epidemiology of EHEC infections.
Transmission of EHEC had initially been associated with
consumption of beef products and subsequently with
water-borne outbreaks and person-to-person transmission.
The spectrum of vehicles has widened to now include
uncooked vegetables and fruits such as lettuce and apple
juice. Many of these uncooked vehicles are contaminated
by animal feces during growth or processing but this is
not always the case. Investigation of a recent outbreak
of infection in the United States associated with eating
alfalfa sprouts implicated contaminated alfalfa seeds which
were shipped to two states where they were cultivated,
processed, and consumed [48].

The spectrum of animal reservoirs is also increasing. In
addition to cows, Stx-producing E. coli have been isolated
from a number of animal species including sheep, goats,
pigs, cats, dogs, poultry, and deer. A recent report from
the United Kingdom shows that wild birds, particularly
sea gulls, were also found to harbor O157:H7 [49]. In
this study, 0.9% of fecal samples of birds feeding at an
urban landfill and 2.9% of samples on intertidal sediments
were positive for O157:H7. The widespread distribution
of seagulls and the low infectious dose necessary to cause
disease offers additional possibilities for transmission of
disease due to EHEC.

A recent clinical report describes a potentially troublesome
development in EHEC disease. Tarr et al. [50] describe
HUS in a six-year-old girl after a urinary tract infection
with an EHEC of serotype O103:H2. The development
of HUS after this infection suggests that the human
uroepithelium, like the gastrointestinal epithelium, might
permit the absorption of Stx. The strain possesses the eae
and stx1 gene but the question of whether it may also
have additional virulence factors that allow it to colonize
the urinary tract in addition to the gastrointestinal tract is
unanswered.

Conclusions
Infections due to enterohemorrhagic E. coli are receiving
increasing attention from public health officials, infectious
disease specialists, cell biologists, and microbiologists. The
widening spectrum of vehicles, particularly foods that are
normally consumed raw, complicates efforts to control
transmission. Most of the research on pathogenesis has
focused on the Shiga toxin but there have been recent
insights into intestinal adherence factors and other poten-
tial virulence factors of EHEC. Further characterization of

these and other as-yet-undiscovered virulence factors will
be active areas of research in the future.

Note added in proof
Djafari et al. [51] have recently reported the cloning of a
gene encoding a serine protease produced by Shiga toxin-
producing E. coli (STEC). The authors call this gene pssA
for protease secreted by STEC. Examination of the pssA
gene sequence shows that it is identical to the espP gene
previously published by Brunder et al. [36]. The article by
Brunder et al. was published while the article by Djafari et
al. [51] was in press.
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