Section 2: Virulence determinants in VTEC

Strains of VTEC express one or more of a family of Verocytotoxins of two
main types, VT1 and VT2.

VTs are subunit toxins comprising one A-subunit and five B-subunits.
Expression of VT1 relates to the availability of iron.
Most VTs bind to Gb3 (VT2e binds to Gb4) molecules on eukaryotic cells.

During infection with VTEC, inflammatory mediators such as TNFa and IL-1
are produced by cells of the immune system. These play a role in the
pathogenesis of human infections by increasing the number of cell-surface
receptors for VT,

VTEC 0157 and some non-0157 VTEC adhere to eukaryotic cells using a
non-fimbrial adhesin, intimin, that binds to the translocated intimin receptor,
Tir.

Non-O157 VTEC may adhere to eukaryotic cells via fimbriae or by non-
fimbrial adhesins such as STEC autoagglutinating adhesin (Saa).

VTEC may express other putative virulence factors such as
enterohaemolysin, catalase, peroxidase and/or serine protease. The role
of these factors in pathogenesis has not been elucidated yet.

2.1 Introduction

This section provides information on known and putative virulence
determinants. These cover all VTEC including those strains lacking the ability
to form attaching and effacing lesions. Knowledge of the key factors involved
in pathogenesis of VTEC is required to develop improved methods for
detection and strain characterisation as well as providing the basis for
development of intervention strategies.

2.2  Verocytotoxins
2.2.1 Introduction

The single characteristic that defines this E. coli pathotype as being VTEC is
its ability to produce Verocytotoxins (VT). These toxins were first described
by Konowalchuk and colleagues in 1977 who observed their potent
cytotoxicity against Vero cells (Konowalchuk et al. 1977). This observation
led to these toxins being termed Verotoxins or Verocytotoxins (VT). These
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toxins are structurally and functionally related to the Shiga toxin produced by
Shigella dysenteriae 1 (O'Brien and Holmes 1987), and consequently they are
often also referred to as Shiga toxins. Neutralisation studies initially identified
two antigenically distinct forms of VT, termed VT1 and VT2 (Scotland et al.
1985). Strains of VTEC may carry genes that encode production of either
VT1 or VT2 alone or together. However, strains associated with severe
human infection commonly produce VT2 alone, or VT1 and VT2 together.
Whereas production of VT1 alone is commonly associated with strains found
in animals, some EHEC groups such as 026: H11 and 0103: H2 producing
VT1 alone have been isolated from infected humans (Dr Lothar Beutin,
personal communication).

2.2.2 Structure of Verocytotoxins

Both VT1 and VT2 are compound toxins and form a family of subunit toxins
comprising one enzymatically active A-subunit (32kDa) and five binding B-
subunits (each 7.7kDa); this unique hexameric toxin assembly is classified as
a subset of the AB group termed ABs toxins (Lacy and Stephens 1998). The
B subunits form a hollow ring that mediates binding to a neutral glycolipid
receptor.

Structurally, VT1 is identical to Shiga toxin from S. dysenteriae type 1,
differing by only a single amino acid in the A polypeptide (Strockbine et al.
1988). Additionally, VT1 is neutralised by antiserum against Shiga toxin
whereas VT2 is not (O'Brien and Holmes 1987). The VT2 group shows
substantial sequence heterogeneity, especially in the B subunit where amino
acid exchanges give rise to a number of VT2 variant forms that differ in their
binding affinity to the host cell receptor compared with VT2 (Melton-Celsa and
O'Brien 1998). These variant forms include VT2c and VT2d, which are
produced by VTEC from both animals and humans (Piérard et al. 1998;
Ramachandran et al. 2001; Eklund et al. 2002), VT2e is found in VTEC
commonly associated with oedema disease in pigs (Marques et al. 1987;
Weinstein et al. 1988; MacLeod and Gyles 1990; MaclLeod et al. 1991,
Wasteson 2001), and VT2f is associated with VTEC isolated from pigeons
(Schmidt et al. 2000; Morabito et al. 2001). A further new VT2 variant, VT2g,
was isolated from a bovine VTEC strain by Leung et al. (2003). A newly
described VT2 variant toxin, VT2-NV206 (accession no. AF329817), has been
shown to be closely related to mucus activatable VT2 (Bertin et al. 2001).
Undoubtedly, other variant toxins will be described in the literature in the
future.
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Toxin neutralisation studies showed that the VT expressed by porcine strains
was neutralised by antibodies to VT2 but not to VT1. In contrast to VT2, the
VT1 family appears to be fairly homogeneous although a few variant forms of
VT1 have been reported, termed VT1c and VT1d. Most differences in
nucleotide sequence between vix1 variants and Shiga toxin were found with
strain OX3: H8, isolated from sheep (Paton et al. 1995; Koch et al. 2001,
Zhang et al. 2002a). This variant was designated vtx1c and was found much
more frequently in sheep than cattle (Brett et al. 2003). Another vtx1 variant,
termed vtx1d, was identified in a bovine strain (Burk et al. 2003). The A and B
portions of VT1 share only 55% and 57% amino acid homology with toxin
subunits of VT2 (Melton-Celsa and O'Brien 1998). A comparison of the
different VT types is presented in Table 2.1.

Table 2.1  Verocytotoxins and Shiga toxin

Toxin* | Toxin Amino acid Comments
gene* | homology to VT2
subunits %
A B
Stx stx 55 57 From S. dysenteriael
VT1 vix1 55 57 One amino acid difference from Stx
VTlc vixlc Common in ovine serogroup 0128
VTld vix1ld Isolated from bovines
VT2c vix2c 100 97
VT2 Vix2 100 100 Immunologically distinct from Stx and VT1
VvT2d | vtx2d® |99 97 Mucus activatable VT2
VT2e | vix2e 93 84 Associated with porcine oedema disease
VT2f vix2f Associated with feral pigeons
VT2g | vix2g Isolated from bovines
VT2 vt2 Closely related to mucus activatable VT2
NV206 | NV206

*The terms VT and Stx, and stx and vtx are interchangeable.
Based on Thorpe et al. (2002) and Baylis (2004) using the nomenclature in Scheutz et al. (2001).
"VT2d is reserved for toxins activatable by mucus and elastase (Melton-Celsa and O'Brien 1998).

There has been much confusion in the past over the description of toxins
suffixed by d, in particular non-activatable forms which are now designated
VT2c and activatable forms which were also designated VT2d (Scheutz et al.
2001). Previously, other forms of VT2d were reported (Pierard et al. 1998),
although these toxins were not activatable because of differences in amino
acid substitutions in the vtx2d operon. In contrast with other VT2 variants,
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VT2d has the capacity to become activated by intestinal mucus or elastase
from purified intestinal mucus, which is reported to increase the cytotoxicity of
this toxin to Vero cells (Melton-Celsa et al. 1996). Compared with VT2c, with
which it shares sequences similarities, but which is not activatable, VT2d
activatable toxin possesses two amino acid substitutions in the A, peptide,
which is the portion responsible for toxin activation (Kokai-Kun et al. 2000;
Melton-Celsa et al. 2002). These residue substitutions are believed to be
associated with activation by contributing to a recognition motif that allows
intestinal mucus or elastase to cleave the A2 peptide, reducing it in length
(Kokai-Kun et al. 2000; Melton-Celsa et al. 2002). This modified A2 peptide is
then able to interact with the 2B subunit pentamer, producing the activatable
phenotype (Melton-Celsa et al. 2002). It has been reported that the d
designation should now be reserved for the activatable VT2 toxins proposed
by Melton-Celsa (Melton-Celsa and O'Brien 1998). The VT2d described by
Piérard et al. (1998) has been assigned to the VT2c variants group according
to the nomenclature of Scheutz et al. (2001)

2.2.3 Serogroups associated with different types of VT

Associations between the type of VT and particular VTEC serogroups have
been demonstrated. For example, strains of VTEC 0157 generally express
either VT1 and VT2, or more commonly in the UK, VT2 only (Thomas et al.
1993; Thomas et al. 1996; Willshaw et al. 2001). Strains belonging to
serotypes O111: H8 or O111: H express VT1 and VT2 (Cameron et al. 1995;
Desmarchelier 1997). In early studies, VTEC belonging to serotype 026: H11
expressed VT1 only (Scotland et al. 1990) whereas later work showed that
VTEC 026 strains can produce VT2 and also VT1 and VT2 (Zhang et al.
2000). A variant of VT2 was also expressed by a VTEC strain belonging to
serotype 091: H21, isolated from a case of HUS (Oku et al. 1989). In
common with the porcine variant of VT2 (VT2e), this toxin did not demonstrate
cytotoxicity for HeLa cells (Oku et al. 1989) and is now termed VT2d
according to the nomenclature of Scheutz et al. (2001). Another VT2 variant,
termed VT2c, has been identified in VTEC of human origin including VTEC
0157. VT2c is almost identical to VT2 with differences restricted to the B
subunit. Schmidt et al. (2000) reported vtx2f, the VT variant isolated from
feral pigeons, expressed by a strain of 0128: H8. The most recent variant of
the VT2 genes is vtx2g isolated from a strain of E. coli O2: H25 (Leung et al.
2003). A variant of VT1 termed VT1c was associated with serogroup 0128.
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2.2.4 Mechanism of attachment

The majority of Verocytotoxin types recognise and bind to neutral
globotriosylceramide (Gb3) receptors found in many different eukaryotic cells
(Lingwood et al. 1987; Waddell et al. 1988). These receptors are particularly
abundant in the cortex of the human kidney. The exception to this is the VT2
variant porcine-associated toxin VT2e, which preferentially binds to
globotetraosylceramide (Gb4), the trisaccharide of Gb3 (DeGrandis et al.
1989; Furutani et al. 1990; Samuel et al. 1990; Lingwood 1996). This is
demonstrated by the low affinity of VT2e to HeLa cells that contain only small
amounts of Gb4. However, one study has shown that in the absence of Gb4,
VT2e can use Gbh3 as a functional receptor and that the distribution of Gb3
and Gb4 on the target cells is probably a determinant for the cytotoxic
response to VT2e (Keusch et al. 1995). Although the human and porcine
variants of VT2 were shown to differ in their glycolipid binding properties
(Samuel et al. 1990), the mode of action of both toxins remains the same
(Furutani et al. 1990). In a study of VT1 B subunits, up to three
crystallographically identified Gb3 binding sites per B sub-unit were shown to
be biologically significant (Bast et al. 1999). Consequently, the large number
of potential binding sites (up to 15 per pentamer) provides high avidity of the B
pentamer for the cell membrane surface.

In addition to kidney cells, Gb3 can also be detected on mammalian
erythrocytes expressing P¥ antigens. Blood group P antigens are glycan
structures expressed on erythrocytes and other tissues. The difference in
structure of the various P antigens, P¥, P, and P1, arises because of the
sequential action of a series of distinct glycosyltransferases (Varki et al.
1999); see Table 2.2 for the carbohydrate structure of blood group P antigens.
Approximately 75% of the human population express blood group P¥ antigen,
and for patients infected with VTEC 0157 it was suggested that those
individuals with the P* erythrocyte antigens may have protection from
developing HUS (Taylor et al. 1990; Lingwood 1996). This theory was
supported by a study which showed that the erythrocytes of children with HUS
have lower Gb3 levels than the erythrocytes of children with diarrhoea
secondary to VTEC infection who do not develop HUS (Newburg et al. 1993).
Studies using VT and human erythrocytes expressing P* antigens
demonstrated that these red blood cells bind VT via Gb3 receptors (Bitzan et
al. 1994). Several later studies have failed to find an association between P
blood group antigen expression and a diminished risk of the development of
HUS after infection with VTEC 0157 (Robson et al. 1994; Orr et al. 1995;
Ashida et al. 1999; Green et al. 2000). Jelacic et al. (2002) concluded from a
large study of children with HUS, that P1 blood group antigen is directly but
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weakly associated with the risk of developing HUS, but P1 expression did not
protect against development of HUS.

Table 2.2  Carbohydrate structures of Verocytotoxin receptors

Toxin Receptor Carbohydrate Structure
All VT Gb3 Galal,4Galp1,4GlcCer
VT2e only | Gb4 GalNAcp1,3Galal,4Galp1,4GlcCer
P* antigen Galal,4Galp1,4GlcCer
P antigen GalNAcp1,3Galal,4Galpf1,4GlcCer
P1 antigen Galal1,4Galp1,4GIcNAcpB1,3Galp1,4GlcCer

2.2.5 Mechanism of action

Verocytotoxins exert their action by a similar pathway to the plant toxin ricin
(Sandvig and van Deurs 2002). Once bound to the eukaryotic cell surface,
the holotoxin becomes internalised by host cells and remains active within
endosomes, although toxins may also become internalised within lysosomes,
rendering them inactive (Lingwood 1996). Depending on the cell type, the
toxin molecule can be internalised by at least two distinct mechanisms, either
via clathrin-dependent endocytosis (Sandvig 2001; Lauvrak et al. 2006), or via
clathrin-independent endocytic mechanisms (Nichols et al. 2001; Lauvrak et
al. 2004; Romer et al. 2007). Work with Stx has shown that the toxin is
capable of affecting its own endocytosis by inducing transport to clathrin-
coated pits (Sandvig et al. 1989), and apparently also by facilitating clathrin-
independent routes (Romer et al. 2007). To facilitate clathrin-dependent
entry, the toxin has been shown to stimulate a signalling cascade and induce
Syk-dependent phosphorylation of clathrin (Lauvrak et al. 2006). The ability
of the toxin to affect clathrin independent uptake does not require the cellular
signalling machinery as it was found to occur also in liposomes (Rémer et al.
2007).

The endocytosed toxin is transported retrogradely to the Golgi apparatus and
endoplasmic reticulum where the Al subunit is translocated to the cytosol.
Two disulfide bonded fragments A1 and A2 are generated by cleavage of the
trypsin-sensitive region of the toxin, located close to the COOH-terminal end
of A chain. The disulfide loop contains the sequence Arg-X-X-Arg which is a
consensus motif for cleavage by furin, a membrane-anchored protease which
has been reported to be important for the cleavage of the toxin molecule and
subsequent activation of the toxin in cells (Garred et al. 1995). Cleavage of
the Al and A2 subunits by furin occurs mainly in the endosomes, in
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agreement with the finding that the enzyme has a low pH-optimum when it
comes to cleavage of Shiga toxin (Garred et al. 1995). It should be noted that
transport of the toxin from endosomes to the Golgi apparatus is regulated by
sorting nexins, clathrin, dynamin and different kinases, and importantly the
toxin can stimulate kinases required for its own transport (Lauvrak et al. 2004;
Saint-Pol et al. 2004; Bujny et al. 2007; Popoff et al. 2007; Torgersen et al.
2007; Utskarpen et al. 2007; Walchli et al. 2008).

After translocation to the cytosol the A; portion of the toxin, which has N-
glycosidase activity, depurinates residues on the 28S rRNA portion of the 60S
ribosomal subunit (Melton-Celsa and O'Brien 1998), specifically removing the
adenine group from position 4324. As a consequence, elongation factor
1-dependent aminoacyl-tRNA is inhibited, preventing peptide chain
elongation. The resulting inhibition of protein synthesis and in some cases a
subsequent induction of apoptosis ultimately results in eukaryotic cell death
(Igarashi et al. 1987). In contrast the destination of the B fragment and the A2
subunit is not yet fully understood.

In addition to the cytotoxic events mediated by VT, early cell responses to VT
may include an independent pathway leading to apoptosis. In one study
(Ching et al. 2002), Verocytotoxins were shown to induce different degrees of
apoptosis that correlate with binding to Gb3, a process thought to involve
caspases, which are cysteine proteolytic enzymes that are known to play an
integral role in the signal transduction pathway leading to apoptosis. Although
the A sub-unit is the active component of VT, the B pentamer was reported to
induce apoptosis in certain cell lines, independently of A sub-unit activity
(Marcato et al. 2002), however this was subsequently shown to be due to
small amounts of A sub-unit in the preparations (Marcato et al. 2003a). In the
gut, apoptosis of intestinal epithelial cells decreases barrier function, possibly
providing a mechanism for these toxins to enter the blood stream. However,
the exact mechanisms associated with the activity of these toxins against host
cells have yet to be fully elucidated and remain the focus of current research.
Besides affecting the ribosome and inhibiting translation, Brigotti et al.
revealed that damage to nuclear DNA in human endothelial cells can be
induced by VT1 (Brigotti et al. 2002) and VT2 (Brigotti et al. 2007).
Furthermore, VT2 was shown to induce DNA damage faster than VT1 (Brigotti
et al. 2007).

In addition to the cytotoxic effect of VT against different host cell types, VT
may also cause proinflammatory responses by host cells. This includes
localised production of the host proinflammatory cytokines, tumour necrosis
factor alpha (TNF-a) and interleukin-1 (IL-1), which can exacerbate toxin-
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mediated vascular damage (Tesh et al. 1994). VT1 has been shown to
induce ribotoxic stress damage to 28S rRNA, resulting in altered host signal
transduction and significant subsequent cytokine release (Thorpe et al. 2001,
Smith et al. 2003). Studies have also shown that the enzymatic activity of the
toxin A subunit is essential for cytokine production (Foster et al. 2000).
Induction of interleukin 8 (IL-8) release from epithelial cells (Thorpe et al.
1999) and associated induction of host stress activated mitogen activated
protein (MAP) kinases (Thorpe et al. 2002; Smith et al. 2003) has been
demonstrated along with expression of TNF-a in various cell lines (Thorpe et
al. 1999; Thorpe et al. 2001). Both IL-8 and TNF-a have been found
systemically in diarrhoea associated HUS patients. Cytokines such as IL-1
and TNF-a can induce the expression of Gb3 on the surfaces of human
glomerular epithelial cells.

The interaction of purified VT1 and VT2 with Caco-2 (Gb3+) and T84 (Gb3-)
cell lines has been examined. It was observed that in both cell lines, although
the toxins were transported to the endoplasmic reticulum and the VT1 A
subunit was cleaved, VT exposure only caused inhibition of protein synthesis
and apoptosis in Caco-2 but not in T84 cells. This implies that in T84 cells,
there is a Gb3-independent transport route for VTs that does not induce cell
damage (Schiller et al. 2004). The interactions of VT with human intestinal
organ culture were also investigated in this study. VT2 alone, without the
presence of adhering bacteria, induced structural changes in human intestinal
mucosa. As described previously, VT2d variant toxins exist that have the
capacity to become activated by intestinal mucus or elastase from purified
intestinal mucus (Melton-Celsa et al. 1996). Strains producing the activatable
form of VT2d have been isolated from retail ground beef (Gobius et al. 2003)
and human patients (Jelacic et al. 2003).

VT1 binds with greater affinity compared with VT2; in one study (Jacewicz et
al. 1999), VT1 showed up to 50 fold greater binding affinity to intestinal
endothelial cells compared with VT2. In this same study, these cells were
shown to be 10-fold more sensitive to VT2 compared with an equivalent
amount of VT1. However, potency can depend on the cell type; for example,
VT2 has been reported to be 1,000 times more potent than VT1 for human
glomerular endothelial cells (Obrig 1998). Furthermore, despite the common
physical and biochemical properties of VT1 and VT2, studies indicate that the
toxins cross the epithelial cell barrier by different pathways with less VT2
being translocated compared with VT1 (Hurley et al. 1999). Given that strains
producing VT2 are more commonly associated with HUS and severe disease
in humans, these differences in the translocation pathways used, together
with the differences in cell receptor affinity and cytotoxicity of VT1 and VT2,
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may explain this observation. If VT2 crosses the intestinal epithelial cells less
efficiently than VT1 and shows lower binding affinity, but less is required to
cause damage to epithelial cells, more toxin may be able to enter the blood
stream where it can be transported to other organs such as kidneys and the
brain where it can cause damage (Hurley et al. 1999; Jacewicz et al. 1999).

In humans, VTs may be translocated across the intestinal epithelium without
any apparent cellular disruption and absorbed into the systemic circulation.
Initial studies by te Loo et al. revealed that VT is possibly transported in the
blood by polymorphonuclear leukocytes (PMNs), which were shown to bind
both VT1 (te Loo et al. 2000) and VT2 (te Loo et al. 2001) exclusively and
rapidly when VT was incubated in whole blood. This binding to the surface of
human neutrophils was not, however, thought to be via conventional Gb3
receptors, as these are not expressed by these cells (Macher and Klock 1980;
Macher et al. 1981). Thus it was proposed that VT could bind to the surface
of PMNs and these could act as a carrier for VTs from the intestine to target
organs. This theory was supported by others who have also reported binding
of VT to neutrophils (Tazzari et al. 2004; Brigotti et al. 2006). However, it has
been revealed that although the monocytes do play an important role in the
pathogenesis of HUS, the binding of VT to PMNs may not be specific and the
observations reported by te Loo et al. (2000) were not reproducible (Geelen et
al. 2007b). Consequently, Geelen et al. (2007a) suggested that PMNs are
probably not acting as the transporter of VT during HUS. Moreover, it was
reported that neither VT1 nor VT2 interact directly with neutrophils (Flagler et
al. 2007) although Griener et al. (2007) suggested that this observation made
by Flagler et al. could have been influenced by the sample treatment used
during the study. Despite the contradictory evidence, Gb3 independent
binding of VT2 to human neutrophils has been demonstrated by Griener et al.
(2007) indicating that binding of VT to neutrophils does occur. The precise
structure of the receptor on the neutrophil used by the toxin however, remains
unknown, although it is thought to be a glycolipid (Dr Glen Armstrong personal
communication).

Besides neutrophils, specific binding of VT2 to human serum amyloid P
(HUSAP) component in blood has been reported (Kimura et al. 2001; Marcato
et al. 2003b). This component of blood has also been shown to inhibit the
cytotoxic action of VT2 in vitro (Marcato et al. 2003b) and in vivo studies have
shown HUSAP to protect mice from the lethal effects of VT2 (Armstrong et al.
2006). Interestingly, in contrast to human neutrophils, VT2 has been shown
to bind to murine neutrophils by the classical Gb3 dependent mechanism
(Griener et al. 2007). Furthermore, whereas HUSAP appears to inhibit VT2
binding to murine neutrophils it has been reported to increase binding of the
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toxin to human neutrophils by 84.2%, which could explain why VT2 is
commonly associated with cases of HUS (Griener et al. 2007). Although
much has been learned about the structure and function of the toxins, the
precise role of neutrophils and platelets and the effect of the toxins on these
cells, together with the role of other inflammatory mediators during disease,
remain unclear (Glen Armstrong, personal communication).

2.2.6 Genetics

The vtx genes of many VTEC are generally encoded by prophages of the
lambda () family. VT2e was originally thought to be chromosomally encoded
due to lack of evidence of lysogenic conversion; however, a vtx2e converting
bacteriophage (6P27) has been isolated from a VT2e producing strain from a
patient with diarrhoea (Muniesa et al. 2000). The DNA sequence of the ¢P27
genome is not highly related to other known phages but it does have a typical
lambdoid genome structure. The vtx2e gene is also located on the phage
genome at a similar position to other toxin variants (Recktenwald and Schmidt
2002). In addition to facilitating the horizontal transfer of toxin and other
virulence-associated genes in E. coli, lambdoid phages also play an important
role in the expression of VT (Schmidt 2001). Toxin production has been
shown to be linked to prophage induction, which is closely linked to the RecA
system (Muhldorfer et al. 1996; Neely and Friedman 1998b; Matsushiro et al.
1999; Schmidt 2001). Thus the phage cycle and phage induction play a
central role in VT regulation and production by VTEC (Wagner et al. 1999).

A simplified map showing the arrangement of the prophage and vtx genes is
shown in Fig 2.1. Lysogeny requires repression of most of the lambda genes
by a repressor protein (gpcl) which binds to operator regions (o. and og),
preventing expression of c1, the repressor of the lytic cycle. In contrast, the
repressor is antagonised by the early gene product of cro (anti-repressor
gpcro) which prevents transcription of c1 from p. to pr and thus prevents
synthesis of the repressor. The balance between lysis and lysogeny is
therefore dependent on whether gpcl or gpcro occupies the operators o. and
Oor. These repressors (cl and cro) also repress expression from the genome
of an infecting phage with the same repressor-operator cassette. Bacteria
already carrying the prophage are immune to superinfection; this region of
genes is commonly referred to as the immunity region. However, in one
study, various phage groups were susceptible to superinfection by each other,
indicating differences in the repressor regions of these phages (Wagner et al.
1999). Considering vtx carriage, this immunity could be beneficial for the
increased spread of the phages and thus the vtx genes because bacteria
carrying the prophage (uninduced) would be immune to superinfection. Non-
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lysogens in the vicinity could become infected, thereby producing additional
phage and toxin (Plunkett et al. 1999).

Induction of lambda may occur spontaneously or by exposure to certain
agents which damage DNA, such as UV irradiation, mitomycin C and
fluoroquinolones which are all known to induce the SOS response and also
stimulate high levels of phage induction as well as VT production (Muhldorfer
et al. 1996; Kimmitt et al. 2000; Teel et al. 2002). This is caused by the
activation of host RecA protein, which cleaves repressor c1; this in turn leads
to transcription of the genes for the anti-termination factor Q, resulting in
expression of the late genes downstream of the strong transcription
termination site tg’ and completion of the lytic cycle. Differences in toxin and
phage production may be influenced by the genotype of the phage, with some
VT2 encoding phages having weaker repressors than others and thus being
more susceptible to RecA mediated cleavage (Wagner et al. 1999). Within
VTEC 0157 isolates, the genomes of VT converting phages may differ (Datz
et al. 1996), and in some phages, diversity in the int genes may account for
differences in their site-specific integration within the bacterial genome (De
Greve et al. 2002). Despite sequence diversity in the int genes, many vtx
carrying phages share common regulatory elements and sequence homology
with other vitx carrying phages or phage lambda (Plunkett et al. 1999).
Considering the regulation and expression of the bacteriophage genes
outlined above, the location of the vix genes on the prophage and production
of VT is particularly important.

Report No.: MB/REP/106304 Page 46 t:\2008\ch\review\se00683



Figure 2.1 Simplified map of two prophage genomes showing presumed arrangement and regulation of vtx/stx genes
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Studies with VT1 encoding prophage, VT1-Sakai (Yokoyama et al. 2000),
lambdoid phage H-19B (Neely and Friedman 1998a), and VT2 encoding
phage 933W (Plunkett et al. 1999), showed that these toxin genes were
downstream of the anti-terminator factor Q gene in the prophage genome,
directly downstream of promoter pr for the late genes and upstream of the
lysis genes, in particular the S holin gene. The following has been proposed:
toxin production is coupled with, or dependent upon, phage release during the
lytic cycle, the toxin genes are regulated by the Q protein and also lysis genes
and the toxin subunits genes are co-transcribed from the late phage promoter
pr’ (Neely and Friedman 1998b; Neely and Friedman 1998a; Plunkett et al.
1999; Wagner et al. 1999; Yokoyama et al. 2000; Wagner et al. 2001). The
presence of phage genes adjacent to vix genes may not always result in the
two being expressed together (Teel et al. 2002). If toxin expression is linked
to phage-mediated lysis, the question of how VTEC are able to survive to
cause infection is raised. Only a sub-population of bacteria carrying vtx genes
may be lysed whilst the remaining cells can be disseminated through
diarrhoea brought about by the infection, thus ensuring the spread and
persistence of the phage and the vtx genes (Wagner et al. 2001).

2.2.7 Other VT information including iron regulation

Verocytotoxins resemble Shiga toxin in that they are expressed constitutively,
and VT can be readily detected in broth culture supernatants throughout the
growth cycle. However, the quantitative expression and rate of transmembrane
secretion of VT can be influenced by environmental factors. It was initially
thought that VT was cell-associated since physical disruption of bacterial cells
was required to release this toxin (O'Brien et al. 1982; O'Brien and LaVeck
1983). However, it was later demonstrated that although VT could be detected
intracellularly, extracellular VT could also be detected in cultures of
exponentially growing bacteria (Chart et al. 1989).

In addition to phage induction and cell lysis, expression of vix1 can also be
increased by growth of lysogens in low iron concentrations (Wagner et al.
2002). Under these conditions, toxin expression but not lysis is stimulated,
resulting in accumulation of intracellular but not extracellular VT1. This
observation is related to functional promoter py«1, the activity of which is
regulated by environmental iron concentration via the iron dependent Fur
transcriptional repressor, thought to bind to a site near pyxu (Calderwood and
Mekalanos 1987). This promoter is directly upstream of the vtx1 coding
sequence, and transcription from this promoter is inducible in low-iron
conditions, terminating at t,«1 just upstream of the lysis genes (Wagner et al.
2002). Under iron restricted conditions, production of VT1 has been shown to
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be increased fivefold (Wagner et al. 2002). Conversely, it has been shown
that culturing VTEC under iron restriction can result in growth retardation and
decreased VT production compared with growth in iron-replete media (Chart
et al. 1987). These findings were supported by Weinstein et al. (1988) and
Chart et al. (1989) who suggested that VT2 was distinct from VT1 in not being
regulated by iron.

The expression of different non O157 VTEC possessing vtx2 variant genes has
been investigated recently (Zhang et al. 2005). Six of 37 strains with vtx2d or
vitx2e did not secrete detectable VT. These non-secreting strains produced
significantly less vix mMRNA than secreting strains with vtx variant genes. Thus
expression appears to be controlled at the level of transcription.

2.3 Colonisation factors
2.3.1 LEE Pathogenicity island/Type lll secretion system
2.3.1.1 Introduction

Strains of VTEC 0157 and also some non O157 VTEC express a non-fimbrial
adhesion mechanism that confers what has been termed the attaching and
effacing (A/E) phenotype. Much of the work on A/E lesions has been studied
using enteropathogenic E. coli (EPEC) (reviewed by Blank et al. 2002).
Several genes have been implicated in A/E lesion formation, all of which were
located originally on a 35 kb pathogenicity island (PAI) termed the locus of
enterocyte effacement (LEE) (McDaniel et al. 1995; Elliot et al. 1998). Whilst
structurally similar, there are some important functional and regulatory
differences between EPEC and VTEC LEE and these will be discussed later.
The LEE has a G+C content of 38.36%, which is considerably lower than that
of the E. coli chromosome (50.8%, Blattner et al. 1997) and therefore provides
good evidence that the LEE region was acquired from an organism other than
E. coli. The adhesion process involves the expression of a non-fimbrial
adhesin, intimin, which enables bacteria to adhere to gut epithelial cells by a
translocated intimin receptor (Tir) produced by the bacterium itself and
exported by other secreted proteins.

The detection of patients’ antibodies specific for some of the proteins involved
in the attaching and effacing processes suggested that this method of
bacterial adhesion occurs in vivo during pathogenesis (Chart et al. 1998b;
Paton et al. 1998).
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Figure 2.2 Organisation of the Locus of Enterocyte Effacement (LEE) in E. coli O157: H7
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The majority of LEE genes are in five major polycistronic operons (see Figure
2.2) designated LEE1 through LEE4 and tir (Elliott et al. 2000). The LEE of
E. coli O157 and other VTEC have the same distinct regions and genes found
in EPEC, for example genes (espA, espB and espD) for secreted proteins
involved in signal transduction and A/E activity at one end, and genes
encoding a type Il secretion system at the other. The third region contains
eae, the gene encoding intimin and its associated receptor gene, tir. Ina
previous study (Elliott et al. 1999), it was demonstrated that unlike EPEC,
cloning of the LEE from VTEC O157: H7 into E. coli K12 did not result in the
A/E phenotype unless fragments of EPEC LEE were also present. This study
suggested functional and regulatory differences between the LEE from EPEC
and VTEC.

In most EPEC and VTEC strains, the LEE is inserted at the selenocysteine
tRNA (selC) locus (McDaniel et al. 1995), whilst in other species, including
some EPEC and VTEC strains, the insertion site may vary, for example,
insertion into pheU (Kaper 1998; Sperandio et al. 1998). Differences in the
size of the LEE observed between an EPEC and a strain of O111: H- VTEC
may be due to multiple recombination events as indicated by the number of
insertion sequences in this region (Sperandio et al. 1998). The structure and
arrangement of the LEE in E. coli O157: H7 (strain EDL933) and EPEC has
been shown to be similar, with greater than 95% identity between most of the
genes encoding the translocation complex (less than 2% difference), although
greater divergence (up to 34%) was found in genes that encode proteins that
interact with the host including espB, espD, espA and tir (Perna et al. 1998;
Crawford et al. 2002).

2.3.1.2 Type lll Secretion Systems (TTSS)

The LEE encodes a type Il protein secretion system (TTSS) which transports
proteins from the bacterial cell to the cytoplasmic membrane of the host cell
where they interfere with host cell signalling cascades. Type lll secreted
proteins are not subjected to N-terminal processing during secretion, and are
therefore secreted directly from the cytoplasm, through the inner and outer
membranes without an intermediate step in the periplasm (Crawford et al.
2002).

Several proteins termed Esc (E.coli secretion apparatus) encoded by the LEE
are components of a TTSS. In EPEC, there are several key virulence
proteins encoded by genes of the LEE which are secreted or translocated via
the TTSS. These can be divided into two functional groups, the first of which
are components of the extracellular translocation apparatus and comprise
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three secreted proteins: EspA (25kDa), EspB (38kDa) and EspD (40 kDa).
EspA is the major component of a large filamentous sheath-like structure,
termed a needle complex (NC) or EspA filament, and is a characteristic
feature of TTSS (Buttner and Bonas 2002). The needle complex is transiently
present on the bacterial surface where it connects the bacteria to the host
cells to form a pore, or translocon. The second group of LEE-encoded
proteins, the effector proteins, are secreted through the needle complex
during the early stage of attaching and effacing lesion formation (Knutton et
al. 1998). The needle complex is expandable and its elongation is controlled
by the amount of EspA present (Sekiya et al. 2001).

The translocated effector proteins perform specific functions after introduction
into, and sub-localisation within the host cell. The damage caused by these
proteins may include changes to the cytoskeleton, induction of apoptosis or
modification of intracellular signalling leading to disruption of the host cell
response (Blank et al. 2002; Feldman and Cornelis 2003). The effector
proteins include Tir, EspF, EspG and MAP (mitochondria-associated protein).
The translocation apparatus protein EspB may also be classed as an effector
protein. EspF is involved in the disruption of the tight junction barrier, possibly
through manipulation of the actin-cytoskeleton, and is also involved in the
induction of host cell death. An espF mutant produced typical AE lesions
without any associated microvillous elongation (Shaw et al. 2005). It was
suggested that EspF may also play a role in brush border modelling. EspH is
a modulator of the host actin-cytoskeleton affecting filopodia and pedestal
formation. EspG targets and functions are still unknown and EPEC strains
deficient in EspG are indistinguishable from the wild type (Shaw et al. 2005).

The TTSS chaperone proteins are encoded by the ces genes of the LEE.
These interact with specific effector or translocator proteins of the TTSS, for
example CesT with Tir, CesD with EspD and possibly EspB and CesF with
EspF (Crawford et al. 2002). The precise functions of the chaperones are not
fully understood.

2.3.1.3 Intimin

The best studied adhesin in EPEC and VTEC is intimin. Intimin is a 94 kDa
outer membrane adhesin protein encoded by the E. coli attaching and
effacing gene (eae) in the LEE (Li-Ching et al. 1997). Intimin, which shows
sequence similarity to invasin found in Yersinia (Jerse et al. 1990), is required
for intimate adherence of EPEC to host cells at the site of A/E lesions and
therefore plays an important role in virulence and host cell invasion. Intimin
plays a key role in activation of signal transduction pathways, induced by
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products of the TTSS, and subsequent pedestal formation (Phillips et al.
2000). The N-terminus of intimin anchors to the protein in the EPEC outer
membrane and the C-terminus binds to the translocated intimin receptor (Tir),
with the binding activity localised on the C-terminal 280 amino acids (Int280)
of the peptide (Frankel et al. 1994). The interaction between intimin and Tir
provides the signal to trigger the assembly of actin into pedestals within the
host cells.

Besides the interaction with Tir, the N-terminus of intimin, which is highly
conserved, resembles eukaryotic adhesion molecules and may interact with
other receptor molecules (Frankel et al. 2001; Sinclair and O'Brien 2002),
although this aspect of host cell interaction has yet to be fully investigated.
The C-terminus, by comparison, is highly variable even within serogroups of
EPEC and VTEC. There are several intimin types in EPEC and VTEC, of
which five (a,,9,€,y) are recognised on the basis of antigenic structure and
DNA sequence differences; some specifically expressed by EPEC, others in
VTEC and some in both pathotypes (Adu-Bobie et al. 1998a; Oswald et al.
2000; Frankel et al. 2001). Based on the analysis of the DNA sequence of the
C-terminal amino acids of different intimins, VTEC and EPEC strains are
reported to possess many different types or subtypes of intimin-coding genes
(Oswald et al. 2000; Tarr and Whittam 2002; Zhang et al. 2002b; Blanco et al.
2004; Blanco et al. 2005). See Table 2.3 for examples.

Table 2.3  Intimin gene types

Gene GeneBank Accession No.
al AF022236

a2 AF530555

B1 AF453441

B2 AF043226

v1 AF071034

y2/ 6 AF025311

o/K u66102

€ AF116899

4 AF449417

n AJ308550

[ AJ308551

A AF530557

J AJ579305

v AJ579306

4 AF116899, AJ582912

n2 AJ879900, AJ879898, AJ879899
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Phillips and Frankel (2000) showed that intimin contributes to host tissue
specificity with strains expressing intimin o adhering only to small intestine,
while those with intimin y colonise Peyer’s patches. These studies have since
been extended (Phillips and Frankel 2000; Reece et al. 2001; Fitzhenry et al.
2002). The tropism of different E. coli 0157 strains has been examined and
two patterns of association in in vitro organ cultures have been observed:
these are restricted to follicle-associated epithelium (FAE); and restricted to
ileal villi and FAE.

Based on intimin types, different serotypes and pathotypes of E. coli can be
grouped into different clonal or host associated groups (Adu-Bobie et al.
1998b; Oswald et al. 2000). A variant of the intimin gene, designated & (ix)
and found in two strains belonging to serotype O80: H" in cattle, has been
reported (Blanco et al. 2004). Examples are shown in Table 2.4.

Table 2.4  Association of Intimin types and serotypes

Intimin type | Associated Serotypes/Serogroups Comments

o 0127: H6, O55: H6, O142: H34 and O142:
H6

B 0119: H6, 0119: H2, O111: H2, O114: H2, | (Adu-Bobie et al. 1998b)
0128: H2 and 026: H11. Also detected in | (McGraw et al. 1999)
a strain of E. coli (RDEC-1) 0O15: H11 (Beutin et al. 2005)
pathogenic for rabbits

v 0O55: H7 and 0157: H7, O157: H’, (Oswald et al. 2000)
O145:NM, O145: H28

d 086: H34 (Adu-Bobie et al. 1998b)

€ 08, 011, 045, 0103, 0121 and 0165 (Oswald et al. 2000)

4 080: H’ (Blanco et al. 2004)

2.3.1.4 Translocated intimin receptor (Tir)

In addition to encoding intimin, the LEE locus also contains genes encoding
the 78 kDa receptor for intimin termed the ‘translocated intimin receptor’ or
Tir. It was originally thought that the receptor for intimin was derived from the
host cell, and the candidate for this was a 90 kDa tyrosine-phosphorylated
protein (Hp90) (Donnenberg et al. 1997). However, later studies revealed that
this protein was actually of bacterial origin and was translocated into the
plasma membrane of the host cell by the bacterial TTSS via the needle
complex (Kenny et al. 1997; DeVinney et al. 2001). Frankel et al. (1998)
suggested that Tir consists of three functional regions comprising an
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extracellular domain that interacts with intimin, a transmembrane domain and
a cytoplasmic portion that induces actin polymerisation.

There are important differences between the regulatory proteins involved in
pedestal formation by EPEC and VTEC O157: H7 (Campellone and Leong
2003) (see Fig 2.3). Studies with EPEC have shown that once Tir enters the
host cell it becomes tyrosine-phosphorylated, a step involving several host
cell tyrosine kinases (Bommarius et al. 2007). Phosphorylated Tir recruits the
SH2/3 adaptor protein Nck, which is essential for pedestal formation
(DeVinney et al. 1999b). Other host factors involved in the induction of
pedestal formation include N-WASP and the Arp2/3 complex (Kalman et al.
1999). On the other hand, VTEC O157: H7 Tir is also translocated to the host
cell membrane via the TTSS, but is not tyrosine phosphorylated (DeVinney et
al. 1999b). Thus, tyrosine phosphorylation is not required for pedestal
formation in VTEC. The explanation for this difference is that EPEC Tir
carries a tyrosine residue (Y474) which is phosphorylated in the host cell,
whereas Tir in VTEC lacks this residue and generates pedestals
independently of tyrosine phosphorylation (Campellone et al. 2002). In
EPEC, the Tir-mediated binding of Nck, a host adaptor protein, has been
shown to be recruited to the sites of actin polymerisation in EPEC. Nck has
been implicated in actin signalling and is necessary to initiate actin assembly.
In contrast, VTEC can form pedestals independently of Nck (Campellone et
al. 2002; Campellone and Leong 2003). There are also other regulatory
proteins with undefined roles in pedestal formation that are present in EPEC
but absent from VTEC (Goosney et al. 2001; Campellone and Leong 2003).
Recently, Garmendia et al. (2004) described a Tir-cytoskeleton coupling
protein (TccP), a novel VTEC effector translocated into the host cell with Tir
that displays a Nck-like coupling activity facilitating actin polymerisation.
When expressed in EPEC, TccP was shown to restore actin polymerisation
activity following infection of an Nck-deficient cell line. A similar effect was
also seen using TccP on infected human intestinal explants ex vivo. A study
by Campellone et al. (2004) independently identified a TTSS translocated
protein, termed EspFU, which couples Tir to the cytoskeleton.

Tir adopts a hairpin-loop structure in the membrane with N-terminal and C-
terminal domains projecting into the host cell cytoplasm (DeVinney et al.
1999a). This serves as the focus for the actin reorganisation beneath the
EPEC pedestal. The extracellular loop of Tir then binds to the C-terminus of
intimin, establishing intimate attachment to the host cells and subsequent
pedestal formation and progression to the clinical features of infection.
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Fig 2.3 Diagram showing the differences between the regulatory
proteins involved in pedestal formation by EPEC and
EHEC 0157

EHEC O157 EPEC O127:Hé6

\ J
Intimin —z

Ty ———
N-WASP % ccP

Arp2/3 complex

Acin — |H

Image kindly provided by Dr. Gadi Frankel, Imperial College of Science
Technology & Medicine, UK.

2.3.1.5 LEE gene regulation

In EPEC, and in some strains of VTEC, including O157: H7, the LEE is
regulated by the LEE-encoded regulator gene, ler, which is essential for the
formation of A/E lesions (Mellies et al. 1999; Elliott et al. 2000). Presence of
ler increases the level of intimin in O157 VTEC and it regulates intimin-
independent adherence to HEp-2 cells (Ogierman et al. 2000). In EPEC, the
transcriptional activator PerC, encoded by a 90 kb ‘E. coli adherence factor’
(EAF) plasmid, regulates many of the genes on the LEE including ler.
However, EAF plasmids have not been detected in VTEC and it has been
suggested that quorum sensing may be involved in the regulation of ler
(Sperandio et al. 1999; Elliott et al. 2000). The LEE has also been reported to
be regulated by epinephrine and norepinephrine (Sperandio et al. 2003).
Recent work by Porter et al. (2005) has shown that activation of the LEE by
LEE1 promoters in EPEC and VTEC strains can be triggered both by PerC
from EPEC and PerC-like proteins (termed PerC1 or PchABC) isolated from
VTEC.
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2.3.2 Other adhesins

There is often a strong association between severe human disease,
particularly HC and HUS, and the capacity of VTEC to produce intimin
mediated A/E lesions (Boerlin et al. 1999). In one study (Paton et al. 1997),
90% of HUS isolates and 70% of diarrhoea isolates were shown to be eae
positive. In a later study (Beutin et al. 1998), eae positive VTEC were found
in 60.7% of patients with severe disease, whilst eae negative VTEC were
associated with 39.3% of the patients with uncomplicated clinical symptoms.
Enhanced capacity of VTEC to adhere to intestinal cells is one of the factors
which distinguish VTEC implicated in cases of severe disease from those of
less clinical importance. This has been demonstrated experimentally by
comparing differences in adherence to epithelial (Henle 407) cells between
VTEC from HUS cases and those from contaminated foods (Paton et al.
1997).

Despite the strong association between severe human disease and the
capacity of VTEC to produce A/E lesions, there have been reports of HUS in
patients infected by eae negative VTEC (Paton and Paton 1998; Paton et al.
1999). In one study with a strain of eae negative 0113: H21 (Dytoc et al.
1994), it was shown that this piliated strain adhered to both HEp-2 and rabbit
ileal brush border membranes in vivo, but it did not produce cytoskeletal
rearrangement and A/E lesions although it still displayed microvillus
effacement. This suggests that other factors besides intimin are capable of
facilitating this adhesion phenotype. Besides intimin, other adhesins and
attachment mechanisms can facilitate cellular attachment, although their role
in colonisation and pathogenesis has not been fully elucidated. Among the
factors implicated in adherence are fimbriae, lipopolysaccharide and outer
membrane proteins (OMP) (Nataro and Kaper 1998; Paton and Paton 1998;
Law 2000).

For the majority of strains of E. coli, fimbriae are the main structures involved
in adhesion. In 1987, (Karch et al.) described a fimbrial structure expressed
by strains of E. coli O157: H7 which was associated with the presence of a 60
MDa plasmid, termed pO157. These fimbriae were reported to have a protein
subunit of 16 kDa and to mediate adhesion of E. coli O157: H7 to Henle 407
intestinal cell monolayers. The role of these novel fimbriae in the
pathogenesis of human infections was implicated when Karch et al. (1987)
detected antibodies to the 16 kDa fimbrial protein subunits in the sera of some
patients. However, the importance of the pO157-encoded fimbriae was cast
into doubt when Junkins and Doyle (1989) demonstrated that the presence of
plasmid pO157 was not crucial for adhesion of E. coli O157: H7 to Henle 407
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cells. The role of plasmid pO157 in adhesion became even more uncertain
when Toth et al. (1990) reported that although pO157 was required for
adhesion to Henle 407 cells, the fimbriae were not actually involved in
adhesion. Further studies have all concluded that there is little evidence to
support the role of pO157 encoded fimbriae in adhesion (Enami et al. 1999;
James and Keevil 1999; Roe et al. 2001). Strains of VTEC belonging to
serogroups 026 and 0118 (Roe et al. 2001) have been reported to possess
fim genes, required for the expression of type-1 fimbriae which are
characterised by exhibiting mannose-sensitive haemagglutination.

In a survey of VTEC, including LEE negative strains, a novel fimbrial gene
cluster (IpfAo113) related to long polar fimbriae in VTEC O113: H21 was
reported to be common in eae negative VTEC, as well as being present in
eae-positive strains (Doughty et al. 2002). Deletion of this gene from VTEC
0113: H21 resulted in decreased adherence to epithelial cells and it was
suggested that Ipfo113 could function as an adhesin in eae negative VTEC.
However, further work on these long polar fimbriae suggests that they only
have a modest effect on adherence (Torres et al. 2002; Jordan et al. 2004;
Torres et al. 2004).

A VT2 producing strain (98NK2) of 0O113: H21 has been reported to adhere
efficiently to Henle 407 cells despite the lack of eae (Paton et al. 1999). It
was subsequently reported that the 90kb plasmid of this strain carried a gene
responsible for an autoagglutinating adhesin of approximately 55 kDa which
was designated STEC autoagglutinating adhesin (Saa) (Paton et al. 2001).
The saa gene is carried only on the large plasmid of LEE negative VTEC in
association with the enterohaemolysin gene, which is carried on the same
large plasmid (Paton et al. 2001). PCR was developed for the saa genes
(Paton and Paton 2002) and they were detected in VTEC belonging to
serotypes O91: H21, Ol105ac: H18, O128ab: H8, O134: H25, 0163: H19 and
0173: H21 (Jenkins et al. 2003), and O76: H21 (Kumar et al. 2004). There
was not a significant association between saa and VTEC for patients with
HUS or diarrhoea (Jenkins et al. 2003).

A novel type IV pilus biosynthesis locus (pil) is also carried on the large
plasmid of strain 98NK2; pil directs expression of long thin pili of this O113:
H21 strain, although it did not appear to be involved in adherence, despite its
presence in eae-negative VTEC and its absence from eae positive strains
belonging to 026, 0111 and 0157 serogroups (Srimanote et al. 2002).

Willshaw et al. (1992) described the adhesion properties of 48 VTEC strains
belonging to serogroups other than 0157 and O26. Thirteen strains exhibited
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localised adhesion to HEp-2 cells and hybridised with the eae probe; three
strains exhibited a type of ‘aggregative’ adhesion but did not hybridise with the
EAQQEC probe; and four strains showed diffuse adhesion (three of serogroup
0128 and a 0153 strain) although the numbers of adhering bacteria were
small. Putative adhesins have been detected in other non-0157 VTEC
strains. Scotland et al. (1994) examined VTEC from ten different serotypes
that were all shown to be eae negative. Adhesion to Caco-2 cells was shown
with strains of serogroups 091, 0118 and O128 with patterns of attachment
being described as ‘aggregative’ (091), ‘diffuse’ (O118) and ‘chains’ (0128).
The strain (E41509) showing this latter pattern was serotype 0128: H2 and
produced VT1 and VT2. Strain E41509 was examined in more detail by
Woodward et al. (Food Standards Agency 2005) using transposon
mutagenesis. One of the mutants (Tn pho A66), which displayed poor
adhesion to Caco-2 cells, had multiple inserts, two in the pO128 plasmid and
one on the chromosome. This mutant was also unable to adhere in BALB/c
mice oral inoculation studies. Further work is required to study this putative
novel adhesin and to examine its distribution in other strains of VTEC. VTEC
strains of serotype O111: H2, from an outbreak of HUS, were shown to exhibit
‘aggregative’ adhesin to HEp-2 cells instead of the localised adhesion typical
of E. coli possessing attaching and effacing phenotype (Morabito et al. 1998).

Another candidate protein with adherence conferring properties is the IrgA
homologue adhesin (Iha) encoded by chromosomal gene iha. This OMP,
which shows sequence similarity to iron-regulated gene A (irgA) of Vibrio
cholerae, was discovered in E. coli O157: H7 and confirmed in other non-
0157 VTEC as well as RDEC-1, and has been shown to confer adherence
upon non-adherent laboratory E. coli (Tarr et al. 2000). The iha gene, which
is present on a chromosomal island together with a tellurite resistance locus,
was reported to be absent from nontoxigenic O55: H7 and it was suggested
that it had only recently been acquired by O157: H7.

Torres and Kaper (2003) reported that it is unlikely that one factor alone
contributes to VTEC 0157 adherence, but that multiple elements are probably
involved, including the possibility that OmpA may act as an adhesin.

2.3.3 Colonisation of VTEC in animals

Recent work has described the location of VTEC O157 colonisation in the
bovine gut. Use of immunofluorescence on the rectal mucosal surface and
scanning electron microscopy demonstrated that the region of the terminal
rectum, termed the recto-anal junction (RAJ), is the site of colonisation
(Naylor et al. 2003) and that involvement of the TTSS is required (Naylor et al.
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2005). These important studies were investigated in relation to the
identification of high shedding animals, which have been defined animals
shedding E. coli 0157 in faeces at levels >10* (Omisakin et al. 2003) or >10°
(Low et al. 2005) cfu/g. The term “super-shedders” has also been used to
describe these high shedding animals (Low et al. 2005) which probably
contribute to the high transmission rate for VTEC 0157 within herds
(Matthews et al. 2006). Abattoir studies showed that in “super-shedders”,
VTEC 0157 counts in faeces and on the mucosal surface at the terminal
rectum were >10° cfu/g (Low et al. 2005). In addition, experimental
colonisation has demonstrated that “super-shedders” can be created by oral
inoculation of calves or by direct application to the rectum. The shedding
periods are about 3-4 weeks with peak shedding of 10° to 10° cfu/gram of
faeces. These “super-shedders” are clearly very important in the transmission
of VTEC O157 in cattle and this will be discussed further in Section 6.

Stevens et al. (2002) reported that an adhesin conserved among non 0157
VTEC, denoted Efal (EHEC factor for adherence) and also known as
lymphostatin (lymphocyte inhibitory factor), plays a key role in intestinal
colonisation in calves. The efal gene was previously reported to mediate
adherence to Chinese hamster ovary cells (Nicholls et al. 2000). The calf
studies were performed with VTEC of serogroups O5 and O111. Faecal
shedding and adhesion to colonic epithelium of calves was significantly
reduced in strains carrying a mutation in the efa gene. In addition, VTEC
strains carrying a mutation in the efa gene also expressed and secreted less
LEE encoded effector proteins. This gene is also present in other non-0O157
VTEC.

Using an in vitro model Dibb-Fuller et al. (2001) concluded that adherence of
0157: H7 to bovine primary cell lines including kidney, trachea, ileum, colon,
rectum and rumen, was partly dependent on the presence of the LEE.
Studies using signature-tagged transposon mutagenesis (STM) to identify
genes required for intestinal colonisation of calves by VTEC O157: H7 (Dziva
et al. 2004) and VTEC 026: H (van Diemen et al. 2005) have subsequently
shown that that the LEE plays a major role in intestinal colonisation and that
59 different genes are required. In addition to the LEE-encoded type Il
proteins, Dziva et al. (2004) revealed that colonisation of the bovine intestine
involves multiple elements encoded outside the LEE, including a novel
putative fimbrial locus (ORFs z2199-z2206 of EDL933) conserved among
pathogenic E. coli. In VTEC 026: H" the additional genes involved in
colonisation reported by van Dieman et al (2005) included cytotoxin encoding
genes pssA, hylA (enterohaemolysin) and efa-1 (PssA and enterohaemolysin
will be discussed in more detail in Section 2.4) putative type Il secreted
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proteins unlinked to the LEE, a putative fimbrial operon and numerous genes
involved in central metabolism and transport and genes of unknown function.

Studies have shown that the translocated intimin receptor Tir is required for
intestinal colonisation of calves by VTEC O157 (Stevens et al. 2004). The
role of host and foodborne neurochemicals has been examined in VTEC
induced enteritis and adherence in the bovine gut. Norepinephrine, released
by the enteric nervous system under stress, stimulated adherence of VTEC
0157 to bovine ileal mucosa and the induction of intestinal inflammatory and
secretory responses (Vlisidou et al. 2004). This may explain the elevated
excretion of VTEC in animals subjected to stress. The ability of
norepinephrine to promote enteritis and adherence depends on intimin and
Tir. The potential of using sub-unit vaccines based on intimin and Efal for
controlling VTEC colonisation in cattle has been investigated in the UK (see
7.4.3.2).

Pigs are susceptible to natural VTEC infection and also to experimental
infections. Neonatal piglets have been used to study the virulence of VTEC
and the mechanisms of VTEC-mediated disease. In colostrum-deprived
neonatal piglets, neurological symptoms and in some cases diarrhoea
develop at two to seven days after oral inoculation with VTEC O157 or non
0157 VTEC. Experimentally inoculated piglets are colonised by VTEC and
have histological lesions in their intestines, brains and kidneys. The mucosal
barrier of the large intestine is damaged and vascular lesions are found in the
brain and kidneys of neonatal piglets (Dean-Nystrom et al. 2000). Another
study has shown that although Verocytotoxin is required for the production of
systemic disease and lesions in the brain and kidney in neonatal piglets, VT is
not required for colonisation or for the formation of attaching and effacing
lesions in the intestines. It has also been shown that different types of VT
cause similar systemic disease and brain and kidney lesions in neonatal
piglets (Dean-Nystrom et al. 2003). However, differences in the damage to
the intestines are observed with different VTs. VTEC 0157 require intimin for
colonisation, formation of A/E lesions and also production of systemic disease
in neonatal piglets. VTEC 0157 produce long polar fimbriae that assist
colonisation of the intestine in neonatal piglets (Jordan et al. 2004). However,
some intimin-negative VTEC can colonise and cause systemic disease similar
to that caused by VTEC 0157 in neonatal piglets. VT-negative E. coli 0157
were used in passive immunisation studies to determine if antibodies directed
against intimin can prevent infection by E. coli 0157. Pregnant sows were
vaccinated with purified intimin and neonatal piglets feeding from these sows
were challenged with VT-negative E. coli O157. Piglets with ingested
colostrum from intimin-vaccinated dams were protected from E. coli O157-
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induced A/E lesions and there were lower numbers of E. coli O157 in their
intestines compared with the piglets not receiving colostrum from intimin
vaccinated dams.

The presence of the saa gene has been investigated in bovine VTEC strains
as well as those of human origin. Fifty-six bovine strains were examined and
32 (57%) carried the saa gene; only two were eae positive (Jenkins et al.
2003).

Although cattle are considered to be the primary source for VTEC O157: H7,
sheep have also been implicated as a significant reservoir. Colonisation of 6-
day-old sheep by O157: H7 was investigated by Wales et al. (2001) who
showed that small, sparse, attaching and effacing lesions could be identified
in the caecum at 12 and 36 hours post inoculation, and in the terminal colon
and rectum after 84 hours post inoculation. They also proposed that
colonisation is initiated by well-characterised genes encoded by the LEE. A
study by Cookson et al. (2002) demonstrated considerable differences in the
colonisation and persistence of various strains of VTEC O157: H7 with
respect to both individual strains, and interestingly, between different animals.
Host factors were taken into consideration for these differences, but factors
other than age and diet seem to be affecting these results. They also showed
that there was little correlation between bacterial strain characteristics in vitro
and the way the strains colonised and persisted in vivo. Persistence in these
animals was reported for up to 28 days, with some strains of O157: H7 being
excreted for longer periods than others; however, A/E lesions were not
observed in any of the inoculated animals.

In addition to cattle and sheep, other animals have also been implicated in
VTEC transmission (Griffin and Tauxe 1991; Pritchard et al. 2001). Several
reports have also cited goats as a potential source of O157: H7 infection and
a recent study by La Ragione et al. (2005) showed that after O157: H7
inoculation of conventionally reared 8-week old goats, bacteria could be
cultured from intestinal tissue samples taken at 24h post infection, but that
abundant multifocal A/E lesions were only seen after 96h incubation. This
study also assessed the importance of intimin on bacterial colonisation and
showed that, although there were differences in shedding numbers of intimin-
deficient strains, these strains were still able to persist until the close of the
experiment. This indicates that in addition to intimin-dependent mechanisms,
there are also likely to be intimin-independent mechanisms of bacterial
colonisation.
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2.4  Plasmid-borne putative pathogenicity factors

The majority of E. coli O157: H7 and other VTEC strains possess a large
(c92kb) plasmid (pO157) which, together with intimin, is associated with
strains responsible for severe human infection (Nataro and Kaper 1998).
Sequencing of pO157, from VTEC O157: H7 strain EDL933, has revealed a
number of putative virulence genes and several insertion sequence (1S)
elements (Burland et al. 1998). This 92kb F-like plasmid comprises 100 open
reading frames (ORF’s). This section describes observations on properties
encoded by the plasmid pO157 and also by other plasmids present in VTEC
strains.

2.4.1 Enterohaemolysin

The ability of strains of E. coli to express haemolysins (proteins which lyse
erythrocytes) has been long established (Cavalieri et al. 1984), and two main
types of E. coli haemolysin have been detected most frequently. One

form, termed a-haemolysin, is synthesised and actively exported from the cell
during bacterial growth. It is chromosomally encoded (Beutin 1991), and
produces large clear zones of haemolysis detectable after 4 to 6h incubation
on blood plates prepared with washed and unwashed erythrocytes (Karch et
al. 1998). The other main E. coli-associated haemolysin, termed -haemolysin,
remains cell-associated and is released only on bacterial death and cell
degradation (Smith 1963). A role for iron in the regulation of expression of
haemolysin was implicated when Lebek and Grunig (1985) showed that high
concentrations of iron reduced haemolysin production. The observation that
ferric iron chelators increased toxin production by certain strains of haemolytic
E. coli confirmed that levels of available ferric ions influenced the synthesis of
particular E. coli haemolysins. In E. coli, the expression of many iron-controlled
genes is negatively regulated at the transcriptional level by a global repressor
protein called Fur (ferric uptake regulation) which uses the ferrous ion as a co-
repressor. The Fur protein is a product of the fur gene and in 1987, Grunig and
co-workers demonstrated that strains of E. coli with fur gene sequences
produced a-haemolysin depending on the availability of iron (Grunig et al. 1987).
Strains that did not contain the fur gene produced toxin independently of iron
concentration, suggesting that the production of a-haemolysin is only regulated
by the fur locus in certain strains of E. coli (see also Section 2.2.7).

An additional type of plasmid-encoded haemolysin, termed enterohaemolysin,
has also been observed in strains of VTEC, including those belonging to
several serotypes including 026: H11, O111: H, and O157: H7 (Beutin et al.
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1988; Beutin et al. 1989; Beutin 1991). This haemolysin is characterised by
production of small turbid zones of haemolysis, which are only evident after
overnight incubation of cultures on blood plates containing defibrinated
washed erythrocytes (Beutin et al. 1988). Enterohaemolysin has been
reported as being genetically related to E. coli a-haemolysin (Schmidt et al.
1995), having a similar molecular mass of approximately 110 kDa and a
requirement for calcium ions for haemolytic activity (Beutin et al. 1989). The
close association between the enterohaemolysin phenotype and VT
production in E. coli was subsequently reported (Beutin et al. 1989). The
genes encoding enterohaemolysin (hly CABD) are on the pO157 plasmid
(Schmidt et al. 1995; Burland et al. 1998) and these are necessary for the
synthesis and transport of the enterohaemolysin.

The precise role of enterohaemolysin in the pathogenesis of VTEC infections
is not fully understood; however, toxicity is thought to arise from the insertion
of HIyA into the cytoplasmic membrane of the target mammalian cell,
disrupting permeability control (Schmidt et al. 1996). As with other RTX
(repeats in toxin) toxins, haemolysins are made as an inactive precursor
which undergoes post-translational maturation before export by the type |
secretory pathway (Koranakis and Hughs 2002). The inactive prohaemolysin
(proHIyA), encoded by hlyA, is activated by HlyC and the mature HIyA is
secreted by the type | mechanism. There is some evidence to suggest that
haemolysins, including VTEC enterohaemolysin, require calcium ions which
bind to the glycine-rich repeats of the toxin, allowing them to interact with the
mammalian cell membrane (Koranakis and Hughs 2002). However, studies
by Chart et al. (1998a) showed that the expression of enterohaemolysin was
not affected by the availability of calcium ions. They did however observe that
increased haemolysis occurred around bacteria growing deep in sheep blood
agar tubes, suggesting that expression might be affected by the presence of
atmospheric oxygen, although oxygen scavengers failed to influence
enterohaemolysin production. Interestingly, they also showed that maximal
expression of enterohaemolysin resulted from culturing strains of E. coli on
L-agar plates containing guinea pig erythrocytes in an atmosphere comprising
8% carbon dioxide, 40% hydrogen and 52% nitrogen at 37 °C for 16h,
followed by 6h in air at 21 °C. Production of enterohaemolysin was shown to
be influenced by the availability of iron (Chart et al. 1998a), but whether
expression of enterohaemolysin is also regulated by Fur remains to be
determined. There is also a good association (89%) between the production
of VT and the production of enterohaemolysin which has been exploited as a
diagnostic feature for the isolation of VTEC (Beutin et al. 1989). Association
between the presence of the enterohaemolysin genes and severe human
disease has been reported, although the correlation was less than that found
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between eae and severe human disease, so the presence of
enterohaemolysin alone has limited value for diagnostic purposes and
screening (Gyles et al. 1998; Boerlin et al. 1999). A very small number of
patients with HUS caused by VTEC O157 produced serum antibodies to
enterohaemolysin (Schmidt et al. 1994; Jenkins and Chart 1999) suggesting
that enterohaemolysin is expressed during pathogenesis.

Production of an enterohaemolysin (Ehlyl) associated with a temperate
bacteriophage in EPEC 026, which is genetically and serologically distinct
from a-haemolysin, has been described (Beutin et al. 1990). In addition,
another unrelated enterohaemolysin, termed Ehly2, which is also encoded on
a temperate bacteriophage of E. coli O26: H11, has been reported (Beutin et
al. 1993). However, Ehlyl and Ehly2 should not be confused with the VTEC
specific plasmid encoded haemolysin also termed enterohaemolysin (EhlyA),
which is genetically related to a-haemolysin. The genes encoding these two
haemolysins are reported to share only approximately 60% nucleotide
sequence similarity (Schmidt et al. 1995) and there are other important
differences. Unlike a-haemolysin, enterohaemolysin does not show activity
against lymphocytes (Bauer and Welch 1996) and there is reported to be little
or no secretion of enterohaemolysin into broth supernatant (Schmidt et al.
1995). It was proposed by Schmidt et al (1995) that a disruption in the operon
was the possible reason for the apparent defective secretion which is also
responsible for the enterohaemolysin phenotype. The complete sequence of
pO157 (Burland et al. 1998) has revealed a frame shift error at the start of
hlyC which supports this theory. Another type of haemolysin expressed by
strains of Shigella flexneri 2a and encoded by the she gene has been
described for strains of E. coli O157: H7 (del Castillo et al. 2000). This
haemolysin was shown to be a secreted protein toxin of 34 kDa, but its role in
pathogenesis has not been established.

The ability of bacteria to acquire iron from host tissues during infection has
been shown to be a major virulence factor (Griffiths and Chart 1999) and
pathogenic bacteria have evolved high-affinity iron sequestering mechanisms
to out-compete host iron proteins such as transferrin (Bullen and Griffiths
1999). Due to the insolubility of ferric iron in an aerobic atmosphere, bacteria
and the mammalian host have evolved specialised mechanisms for obtaining
and transporting ferric ions (Neilands 1995). Most strains of E. coli express
the high-affinity iron uptake mechanism involving the catechol siderophore,
enterobactin (Neilands 1995). Enterobactin has one of the highest known
affinities for ferric ions, with a formation constant of 10°? (Harris et al. 1979)
and can remove ferric ions from human transferrin which has a considerably
lower formation constant of 10*® (Bullen and Griffiths 1999). Indeed, the
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affinity of enterobactin for iron is so high that the enterobactin molecule, a
trimer of 2,3-dihydroxy-N- bezoyl-L-serine (Neilands 1995), must be
chemically disrupted to remove bound ferric ions (Langman et al. 1972).
Bacteria, including certain strains of E. coli, may also express the
hydroxamate siderophore, aerobactin (Neilands 1995). Strains of E. coli
which express aerobactin are frequently associated with extra-intestinal
infections (Griffiths and Williams 1999) and, although having an iron-binding
affinity lower than enterobactin, this siderophore has the advantage of being
reusable (Griffiths and Williams 1999). In common with strains of S.
dysenteriae type 1, VTEC O157: H7 do not express, and cannot use
aerobactin (Lawlor and Payne 1984; Struelens et al. 1990; Torres and Payne
1997 Chart unpublished). A study by Torres and Payne (1997), showed that
strains of E. coli 0157 could use haem and haemoglobin as sources of iron.
Haeme-utilisation involved a 69 kDa iron-regulated outer membrane protein,
expression of which was controlled by the Fur locus. Whether strains of
VTEC 0157 rely on the acquisition of iron from haem or on an enterobactin-
mediated iron uptake mechanism during pathogenesis remains unknown.
However, the close association between these bacteria and the aerobic gut
mucosa suggests that VTEC O157 are in an iron-restricted environment and
that specific iron gathering mechanisms are required.

2.4.2 Catalase/peroxidase (KatP)

The plasmid, pO157, in E. coli 0157: H7 strain EDL 933, contains the katP
gene which encodes a VTEC catalase-peroxidase (Brunder et al. 1996). This
is a bifunctional periplasmic enzyme which protects the bacteria against
oxidative stress, a condition which may arise through the response of immune
cells of the host organism. The benefits of VTEC having the katP genes on a
plasmid are not clear although it is thought that KatP may enhance virulence
by providing additional protection to the infecting bacteria. In E. coli, this
enzyme is produced in addition to chromosomally encoded catalase (Beutin
2000).

2.4.3 Extracellular serine protease (EspP)

In 1997, Brunder et al. described a novel protein secreted by VTEC 026 and
VTEC 0157, and identified it as an extracellular serine protease termed EspP.
EspP belongs to the SPATE family of proteins along with EspC, a secreted
protein in EPEC, to which it is homologous (Karch et al. 1998; Dutta et al.
2002). These proteins share proteolytic activity against both pepsin and
coagulation factor V (Dutta et al. 2002) and are termed autotransporters (type
IV secreted proteins) because they mediate their own secretion through the
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outer membrane. In addition to EPEC associated EspC, EspP has also
displayed amino acid homology with proteins of other pathogenic bacteria,
such as IgA1 proteases from Neisseria spp. and Haemophilus influenzae.
Also in 1997, Djafari et al. described a protease termed ‘protease secreted by
STEC’ A or PssA, that appears to share similarities with the protein EspP
reported by Brunder et al. (1997). This protein, encoded by pssA, is located
on the same large plasmid as the Ehly operon and, in addition to its serine
protease activity, it is also cytotoxic for Vero cells (Djafari et al. 1997). Whilst
the role of EspP in virulence has not been fully established, the protease has
been shown to cleave pepsin A and human coagulation factor V, and it was
suggested that this protease might be involved in pathogenesis (Brunder et al.
1997). Cleavage of coagulation factor V could decrease the coagulation
reaction and influence the clotting cascade, resulting in prolonged bleeding
which may ultimately contribute to the mucosal haemorrhage in patients with
VTEC associated HC (Karch et al. 1998; Law 2000). The proteolytic and
cytotoxic activity may also contribute to tissue destruction and aid access of
the bacteria to the target cells in the host. The detection of antibodies to the
serine protease in sera from patients with haemorrhagic colitis, demonstrated
that this protein was expressed in vivo during pathogenesis and therefore
makes expression of this protease a potential pathogenic property. The
plasmid pO157 is a dynamic structure and contains transposons, prophages
and parts of other plasmids as the result of recombination events. Thus the
plasmid-encoded determinants are distributed unevenly among VTEC 0157
strains. The hly operon and the type |l secretion system are present in
virtually all isolates whereas katP and espP were detected in approximately
two thirds of strains.

2.4.4 Recently described plasmid-mediated cytotoxin

Paton et al. (2004) have described a new family of potent ABs cytotoxins
produced by VTEC 0113: H21 and other VTEC strains. This is a lethal
subtilase cytotoxin that is unrelated to any previously described toxin. It
comprises a single 35kDa A subunit and a pentamer of 13kDa B subunits.
The A subunit is a subtilase-like serine protease located on the large virulence
plasmid in O113: H21 strain 98NK2. Injection of this purified toxin was shown
to be fatal in mice, resulting in extensive microvascular thrombosis in addition
to necrosis in the brain, kidneys and liver. The subAB sequences were
detected in 32 of 68 VTEC strains including three O157: H strains but were
not present in the two VTEC O157 genome sequences (Paton et al. 2004).
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2.5 Other pathogenic mechanisms

Besides VT, strains of VTEC 0157 and other VTEC carry a varied repertoire
of additional putative virulence determinants (Law 2000), that may, or may
not, play a direct role in pathogenicity. Whilst some genes, for example the
LEE, have been fully characterised and extensively studied in EPEC as well
as VTEC, patrticularly strains of VTEC 0O157: H7, the exact role of others
remains unclear, although some genes share sequence homology with known
virulence genes identified and studied in other pathogens. Consequently,
although similar in structure and possible function, their precise role remains
to be determined. A brief overview of some of these putative virulence
determinants is given below.

2.5.1 Large clostridial toxins

Sequencing of pO157 by Burland et al (1998) revealed a large ORF (L7095)
encoding a protein of 3169 amino acids with similarities within the first 700
residues with the N-terminal domain of a family of toxins known as the large
clostridial toxins (LCT). This includes ToxA and ToxB of Clostridium difficile,
comprising a C terminal domain that functions in toxin entry into the cell and
an N-terminal glucosyltransferase that results in alteration of the cell
cytoskeleton through modification of G-proteins. Other known LCTs include o
toxin of C. novyi and cytotoxin L of C. sordelli. Sequence similarities between
L7095 with known LCT sequences indicate a putative function as a cytotoxin
and a role in intestinal damage (Burland et al. 1998; Law 2000).

2.5.2 Quorum sensing in VTEC

It has been suggested that intestinal colonisation factors could be regulated
by quorum sensing. This term is used to describe apparent cell-to-cell
signalling via the production of compounds known as autoinducers that
enables one bacterium to ‘sense’ its own population as well as those of other
species in its environment. It is therefore conceivable that signals produced
by non-pathogenic E. coli in the gut could play a role in pathogenesis by
VTEC and the induction of colonisation by low numbers of these pathogens.
In one study (Sperandio et al. 1999), it was demonstrated that Ler (first gene
of LEE1 operon) is activated by quorum sensing and that expression of the
LEE operon encoding the TTSS, Tir and intimin could be regulated by quorum
sensing in both EPEC and VTEC. In a later study (Elliott et al. 2000), it was
demonstrated that Ler also regulates expression of proteins encoded outside
the LEE, including those involved in fimbrial expression and adherence
phenotypes. Consequently, Ler has been reported to be a global regulator of
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virulence gene expression in EPEC and VTEC. The role of quorum sensing
in E. coli 0157 and other bacteria and its possible role in foodborne disease
and spoilage is the subject of a review (Smith et al. 2004).

Besides quorum sensing it has also been proposed that non-pathogenic
intestinal bacteria could also play a role in contributing to severe disease in
humans. A study by Gammage et al. (2003) indicates that the presence of
phage susceptible flora may influence the amount of Stx2 produced during
infection. Gammage et al. also reported that 10% of intestinal E. coli
appeared to be susceptible to the stx2 (vix2) encoding phage whereas one
isolate appeared to reduce the amount of toxin produced. Given these
findings, the role of intestinal flora in the progression of severe disease would
appear to warrant further investigation. Furthermore, it has been proposed
that altering the susceptibility of intestinal flora to the phage could also be
used to control the severity of disease caused by VTEC (Gamage et al. 2003).

2.5.3 EAST1

Although Enteroaggregative E. coli heat-stable enterotoxin 1 (EAST1) was
first described in Enteroaggregative E. coli (EAggEC), sequences
homologous to the gene encoding EAST1 (astA) are also found in the
chromosome of many VTEC strains, including O157: H7 (Savarino et al.

1996; Kaper et al. 1998; Nataro and Kaper 1998), although its role in
pathogenesis is not fully understood. Two copies of the astA gene are found
on the chromosome of VTEC strains (Savarino et al. 1996) although two types
of mutations in the gene have been reported that may switch off translation
and prevent expression of the toxin in VTEC (Yamamoto and Taneike 2000).

2.5.4 Cytolethal distending toxin

Cytolethal distending toxins (CDT) represent a family of toxins that are found
in a number of bacterial pathogens. In E. coli there are five toxins (CDT-I,
CDT-II, CDT-lll, CDT-IV and CDT-V) encoded by cdt genes (Pickett et al.
1994; Scott and Kaper 1994; Péres et al. 1997; Toth et al. 2003). The toxins
cause the death of eukaryotic cells by arresting the eukaryotic cell cycle in the
G, or G, phase (Péres et al. 1997). The most recently described CDT is
CDT-V which was identified in SF-O157: H" strain 493/89 by Janka et al
(2003). In the investigation by Janka et al. (2003), the presence of cdt-V in
87% of SF VTEC O157: H and 6% of VTEC O157: H7 strains was revealed.
In a study of non-O157 VTEC serotypes associated with human disease by
Bielaszewska et al. (2004) chromosomally encoded sequences homologous
to cdt-V were discovered in serotypes O73: H18, 091: H21 and 0113: H21
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and plasmidborne sequence homologous to cdt-1ll in strains of 0153: H18 (all
strains were eae-negative). Subsequent work by Bielaszewska et al. (2005)
revealed that CDT-V can cause irrersible damage to human endothelial cells
and may therefore contribute to the pathogenisis of VTEC-mediated disease.

Friedrich et al. (2006) reported that cdt-V has been found in 4.9% of VTEC
0157: H7 strains belonging to 5 phage types, the most common being PT 14
(15.6%) and PT34 (23.1%). A study of the prevalence of CDT (cdt-I to cdt-V)
amongst VTEC by Orth et al. (2006) showed that cdt-1ll and cdt-V are the two
CDT genes found in VTEC. Their distribution in this study appeared to be
restricted to a limited number of serotypes, these being SF O157: H, O91.:
H21, O76: H21 (cdt-V), O158: H40, 0128: H8, 0127: H40, O119: H4 and
0118: H11 (cdt-1ll). The role of CDT in VTEC-mediated disease, however,
remains unclear.

2.6 Gapsin knowledge

. Limited information at present exists on the exchange of virulence
genes between VTEC and also the spread of vtx genes from VTEC to
other bacteria.

o Development of a model for human VTEC infection so that possible
treatments can be evaluated. Animal studies have enabled intestinal
inflammatory and secretory responses to be measured. Renal and
neurological damage have been investigated in pig models.

o Studies of the in vivo phenotype of E. coli 0157 and other VTEC.

Although we are developing an understanding of how VTEC evade
the hostile conditions experienced during passage through the human
gut, how they adhere to the human intestine and the pathogenesis of
disease, we know very little of the actual in vivo phenotype. A clear
understanding of the physical form these bacteria take during
pathogenesis might provide insight into, for example, common
antigens which are only expressed in vivo.

. The ability of VTEC to exist in the environment has a direct effect on
the potential to cause human disease, and yet we know only little
about the in vivo phenotype of organisms in the environment.

o How does the gene expression of VTEC in ruminants compare with
that in vitro? This may identify new determinants that would be
applied to development of control strategies.
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VTEC adhesion mechanisms, other than the LEE-encoded process.

The adhesion mechanism encoded by the LEE locus, as expressed
by VTEC O157 and certain other VTEC, is becoming understood,
however, comparatively little is known about the other adhesion
mechanisms expressed by VTEC.

New genetic techniques should be applied to establishing a better
understanding of how VTEC colonise the ruminant intestine.

In addition to adhesion factors, further understanding is required for
type 11l secretion systems (TTSS). For example, how TTSS are
regulated by both specific and global regulators.

Our understanding of the immunological response to VTEC in man is
limited. There are age-related effects in terms of infection by VTEC
0157.

What is the nature and efficacy of immune responses to VTEC in
cattle? Can such studies be applied to vaccine development?

The difference between VTEC 0157 and non-O157 VTEC is not fully
understood. For example, it is not known if the infectious doses for
non-0157 VTEC are the same (i.e. low) as those reported for strains
of E. coli O157: H7. If these non-O157 VTEC have a low infectious
dose, like those belonging to serotype O157: H7, and they are
commonly found on raw meats, it is not known why there are not
more human VTEC infections.

Do VTEC that cause human disease possess characteristics lacking
in many of the isolates from animals and the environment?

Control of toxin production and other virulence factors in vivo.

What is the receptor/mechanism for the binding of VT to neutrophils?
What is the role of neutrophils, platelets and effector proteins in HUS?
What is the role of enterohaemolysin in pathogenesis?

Identification of key host factors related to susceptibility to VTEC
infection.
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The role in pathogenesis of the recently described subtilase cytotoxin
produced by certain VTEC.

Investigation of the prevalence of colonisation factors identified in
animal studies, in VTEC, both 0157 and non O157. How distinct are
the mechanisms of VTEC 0157 and non O157 VTEC that are
responsible for colonisation in animals?

Study of the immunological response to recently identified
colonisation factors in man and animals.

Clarification of potential virulence determinants between the different
lineages of VTEC O157.

Identification of more effector proteins encoded within or outside the
LEE. These may exert effects on virulence.

Studies on the epidemiology of the evolution of virulent strains.

Investigation of the role of putative virulence genes in colonisation of
key food-producing animals. This will help to inform the design of
vaccines for control of VTEC in animals.

Does in vivo passage of VTEC increase the infectivity for other
animals and humans? If there is adaptation of VTEC, how can we
detect it and can intervention strategies be derived to interrupt the
transmission cycle?

Investigation of the effects of diet and stress on the carriage, virulence
and excretion of VTEC in animals.

What is the contribution of non-pathogenic intestinal bacteria to VT
production by VTEC and their role in disease progression in patients

that develop severe disease?

What role does quorum sensing play in the low infective dose and
virulence of VTEC?

Do other intestinal flora and their susceptibility to vtx encoding phage
contribute to progression of severe disease in humans?

What role, if any, does CDT play in VTEC-mediated disease?
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