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Human enterohaemorrhagic Escherichia coli (EHEC) infection most commonly arises,
either directly or indirectly, from cattle, which act as a reservoir host for these bacteria.
In man, EHEC disease can be severe, whereas EHEC do not normally cause disease in
cattle. Verotoxins (VTs) are the main virulence factors in human disease but no role for
VT has been ascribed in cattle; however, this study shows for the first time that VT
receptor is expressed by the bovine intestinal tract. VT bound to crypt epithelial cells of
the small (ileum and jejunum) and large (caecum and colon) intestine independently of
the animals’ age. VT also bound to discrete cell subsets in the bovine kidney and to
submucosal lymphoid cells but not to vasculature. Analysis of tissues for isoforms of the
VT receptor, Gb3, confirmed the presence of the receptor in the bovine intestinal
epithelium and kidney. A distinct pattern of Gb3 receptor isoform mixtures was
observed in the bovine kidney. This, together with the general absence of receptors on
vasculature, could contribute to the apparent resistance of cattle to systemic effects of
VT. Expression of Gb3 on the bovine intestinal epithelium, together with previously
described effects, may affect EHEC colonisation in its reservoir hosts and hence the

potential for distribution to man.

Introduction

Enterohaemorrhagic Escherichia coli (EHEC) are a
subclass of verotoxigenic E. coli (VTEC) [1], among
which those belonging to serogroup O157 have been
successful in the widespread colonisation of cattle
[2, 3]. E. coli O157 has emerged as a significant cause
of severe food-borne disease in man [4] with outbreaks
occurring regularly [5—8]. Although E. coli O157 can
cause severe diseases in man (e.g., haemorrhagic colitis
and haemolytic uraemic syndrome), infection in cattle
is normally asymptomatic [2, 3, 9]. It is possible that
the lack of disease in cattle may have aided its spread;
however, the basis for the success of EHEC in
colonising cattle and their asymptomatic carriage
remains undefined.
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Multiple factors are involved in EHEC virulence in
man. These include Esp proteins (encoded by locus of
enterocyte effacement; LEE) [10], intimin and Tir (also
encoded by LEE) [11], plasmid-encoded determinants
[12] and verotoxins (VTs), which are considered to be
responsible for the severe damage in EHEC infection
in man. VTs represent a family of bacterial compound
toxins, the prototype of which is present in Shigella
dysenteriae type 1 [13]. The holotoxin (c. 70 kDa)
comprises a single 32-kDa A subunit and five B
subunits arranged as a pentamer [14]. In VTEC there
are two main classes of verotoxins (VT1 and VT2)
which are encoded on lysogenic bacteriophages that
can be carried by strains in various combinations [15].
Targeting of VT and susceptibility is dictated primarily
by expression of the globotriaosyl-ceramide (Gb3)
family of glycolipids [16] which have been shown to
be necessary in mediating cytotoxicity [17,18]. VT
binds specifically to the galabiose terminal disaccharide
moiety of globotriaosyl ceramide-Gb3 (Gala1-4-Galf1-
4 glucosyl ceramide) [19,20], also known as CD77
[21]. Gb3 may be distributed in different cell and tissue
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types in different hosts, thus defining the pathology of
VT-induced diseases. Expression of Gb3 in the cell
membrane generally reflects sensitivity to the cytotoxic
activities of VTs ultimately leading to cell death, for
which the following mechanisms have been proposed.
The A subunit of VTs catalytically inactivate the 28S
RNA of 60S ribosomal subunits leading to an
inhibition of cellular protein synthesis [22,23].
Furthermore, the holotoxin and the B subunit pentamer
are capable of inducing programmed cell death
(apoptosis) through a pathway independent of the
suppression of protein synthesis [24]. VTs can induce
necrosis [25], apoptosis [26, 27] or both in several cell
types depending on the circumstances. Therefore,
current evidence indicates that VT is a potent
cytolethal toxin.

E. coli O157 has become widely distributed in cattle
populations and factors that increase the success of
EHEC in colonising cattle consequently increase the
threat to human health. The successful colonisation by
EHEC of cattle and their apparent resistance to disease
caused by EHEC are the subject of much speculation.
VT genes are retained in at least 95% of cattle isolates
[3,28,29], hence VT may confer some selective
advantage in this host. VT is produced in the intestine
of cattle [30, 31] and, although it does not appear to
cause overt damage (as it does in man), may possess
other important function(s).

The distribution of VT receptor along with other
receptor characteristics is important in determining
whether VT may be of significance in the interaction
between EHEC and cattle. The present study examined
tissues from cattle of two different age groups for VT
receptor with a larger sample size than the study
reported previously [32]. Bovine tissues were examined
in detail for Gb3 by immunohistochemical and
biochemical approaches. VT receptors have a novel
distribution in cattle, an important finding that is in
contrast to the conclusions of the previous study [32].
This suggests that VT may have a role in colonisation
of cattle and these possible roles are discussed.

Materials and methods
Preparation of verotoxin

VT1 was prepared as described previously [20]. After
removal of endotoxin by passage through a polymyxin
B column, the concentration of VT1 was adjusted to
0.165 mg/ml in PBS and stored in small volumes at
—70°C.

Animals and tissue sampling

Tissues were obtained from 1- and 10-month-old cattle
(n = 3 for both age groups) submitted for routine post-
mortem examination (UK) or presented at abattoir
(Canada). Necropsy commenced immediately following

euthanasia and within 15 min of death duplicate tissue
samples (rumen, jejunum, ileum, caecum, colon and
kidney) were frozen in liquid nitrogen (for glycolipid
extraction) or mounted in OCT (Merck) and frozen in a
slurry of dry ice in isopentane (for immunohistochem-
ical detection of VT receptor). Histopathological
assessment of haematoxylin and eosin (H&E)-stained
sections indicated no pathological alterations in in-
testinal or renal samples; thus these samples were
further processed for Gb3 analysis or immunohisto-
chemical analysis of VT1 binding.

Immunoperoxidase detection of VTI binding to
bovine tissue

Sections (6 um) of frozen autopsy material derived
from 1- and 10-month-old cattle (n = 3 for both age
groups) were cut with a Leica RM2155 microtome,
mounted on to Biobond-coated slides (British Biocell
International) and frozen at —70°C until used. Air-dried
frozen sections [33] of rumen, jejunum, ileum, caeccum,
colon and kidney were blocked sequentially with
Peroxidase Block (DAKO), avidin, biotin (15 min each)
and finally normal goat serum (NGS) 1% in phosphate-
buffered saline (PBS) for 20 min, with extensive
washings with PBS between each step. Sections were
overlaid with VT1 (50 or 200 ng/ml), mouse anti-VT1
(1 in 250) and biotinylated anti-mouse IgG (1 in 500)
(Jackson Laboratories) for 30 min each. VT binding
was detected with a Vectastain Elite Universal ABC
elite kit (Vector Laboratories) and visualised with 3,3'-
diaminobenzidine tetrachloride (DAB; Vector Labora-
tories); the sections were counter-stained with haema-
toxylin. Sections were observed with a Leica DMLB
epifluorescence microscope under incident illumination.

Glycolipid extraction from bovine tissues

Tissues of both 1- and 10-month-old cattle were
homogenised (1 g/ml) in PBS and the glycolipids were
extracted with 20 volumes of chloroform:methanol
(C:M, 2:1 v:v) overnight. A Folch partition against
water was performed with each of the extracts [34].
The lower phase was dried and saponified with 1M
NaOH in methanol for 2h at 37°C to remove
phospholipids from the mixture. The dried lower phase
was dissolved in C:M 98:2 v:v and separated by silica
chromatography according to the method described by
Boyd and Lingwood [35]. The Gb3 present was
detected by thin-layer chromatography (TLC) overlay
binding with VT1.

Assay of Gb3 content by VTI1 TLC overlay

Samples (20-50 ug/ml) of the glycolipid extracts of
bovine tissue were separated by TLC (C:M:water
65:25:4 v:viv) in parallel with appropriate standards
(0.5 ug/ul), ie., glucosylceramide (GlcCer; Sigma);
lactosylceramide (LacCer); Gb3 and Gb4. The plates
were dried and blocked with gelatin (1% in water) at



37°C overnight. They were then washed three times
with 50 mM Tris-buffered saline (TBS), pH 7.4, for
5 min and incubated with VT1 100 ng/ml for 1 h at
room temperature. After further washing with TBS, the
plates were incubated with mouse anti-VT1 antibody
(2 ug/ml) [36] followed by horseradish peroxidase-
conjugated goat anti-mouse IgG (1 in 2000) (DAKO)
for 1 h at room temperature. Finally, after washing the
plates with TBS, 4-chloro-1-naphthol peroxidase sub-
strate was added to localise toxin binding. A similar
plate was prepared and sprayed with orcinol to
determine total glycolipid content.

Results
Localisation of VTI1 binding in bovine tissues

Frozen tissue sections from the rumen, jejunum, ileum,
caecum, colon and kidney from 1- and 10-month old
cattle (three of each age) were incubated with purified
VTI, either 50 ng/ml or 200 ng/ml. Immunohistologi-
cal examination of the jejunum, ileum, caecum and
colon from both age groups identified VT1 bound to a
subpopulation of epithelial cells (Figs. 1 and 2 show
representative examples). Specifically, toxin binding
localised to the crypts adjacent to the submucosa, a
binding pattern that was observed with both concentra-
tions of VTI. Non-specific binding of secondary
antibody (with or without binding of primary antibody)
to the sections as assessed by incubation without VT1,
was not observed in any of the tissues examined
(negative control, data not shown).

During histological examination of intestinal tissues
from animals of both age groups, binding to sub-
epithelial cells was also observed. VT1 attached to
cells present in lymphoid aggregates within the lamina
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Fig. 1. Immunohistochemical localisation of VT1 binding to
bovine intestinal epithelium. VT1 binding localised to crypt
cells adjacent to the submucosa in tissue samples from jeju-
num, ileum, caecum and colon. This section of caecum from a
10-month-old cow was overlaid with VT1 200 ng/ml and is
representative of results obtained with intestinal tissues of
cattle aged both 1 month (n = 3) and 10 months (n = 3). A

similar binding pattern was observed with the lower concentra-
tion of VT1.
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Fig. 2. Immunohistochemical localisation of VT1 binding to
bovine lymphoid tissue in intestinal submucosa. This section
of ileum was overlaid with VT1 200 ng/ml derived from a 1-
month-old calf and is representative of results obtained with
ileum from cattle aged both 1 month (n = 3) and 10 months
(n = 3). Parallel sections of ileum treated with VT1 50 ng/ml
showed identical receptor distribution (not shown). Similar
results were obtained with sections of the colon and caecum
(n = 3). Lymphoid aggregations in the subepithelium were
stained with VT1 (arrow).

propria, a feature that was particularly evident in the
ileum from both age groups (Fig. 2).

The results with kidney sections from 1- and 10-month-
old cattle, obtained with a well-established method for
detection of the Gb3 receptor [33], show a similar
binding pattern to that recently reported with acetone-
fixed sections [32]. Although Gb3 could be solubilised
from tissue by acetone treatment, as kidney retained
receptor in the previous study [32], this treatment is
presumably insufficient to remove all the glycolipids
from this tissue (in contrast to intestine). Predominant
staining was apparent in the convoluted tubules and
collecting ducts within the renal cortex, with a
complete absence of binding to the renal glomeruli
and blood vessels (Fig. 3). VT1 binding to vasculature
was not observed in the bovine jejeuum, ileum,
caecum, colon and kidney (n = 3 for both age groups).

Expression of VTI receptor

Bovine intestinal samples were further examined for
VT receptors by extraction and isolation of glycolipids
from mucosa. Glycolipids (20—50 ug/ml) from each
tissue extract were analysed by a thin-layer chromato-
graphy (TLC) VT overlay assay. Two bands (which are
mixtures of isoforms) of Gb3 to which VT bound were
identified in enteric (jejunum, ileum, caecum and
colon) mucosa. Fig. 4a shows results from caecum
and colon which are representative of all intestinal
sites. VT bound to glycolipid bands from bovine
intestinal mucosa which migrated at the same positions
as those in the control Gb3 sample (human adult
kidney). The extraction of the Gb3 receptor from these
sites correlated with the VT1 binding observed in these
tissues by immunohistochemistry.
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Fig. 3. Immunohistochemical localisation of VT1 binding to
bovine kidney. This section overlaid with VT1 200 ng/ml was
derived from a 1-month-old calf and is representative of results
obtained with kidney from cattle aged both 1 month (n = 3)
and 10 months (n = 3). A similar binding pattern was observed
with the lower concentration of VTI. Binding of VT1 was
detected mainly in the renal cortex, with predominant staining
apparent in the convoluted tubules and collecting ducts. The
absence of binding of VT1 to glomeruli (arrow) and blood
vessels is evident.

Kidney from these animals was also examined for the
expression of Gb3 receptor. A triplet of bands was
observed indicating three isoform mixtures of Gb3
receptor (Fig. 4b). One band of Gb3 in the kidney of
both age groups of cattle was absent in the correspond-
ing human tissue. In contrast to man, there were no
tissue- and age-related differences in toxin binding in
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Fig. 4. VT receptor isolation from intestinal mucosa and bo-
vine kidney. Glycolipids from 1- and 10-month-old cattle
(three animals of each age) were analysed by TLC and the VT
receptors were identified by toxin-binding overlay assay. (a)
Lane 1, human adult kidney (2 ug/ml); 2, 3, colon of 1- and
10-month old cattle (20-50 ug/ml); 4, 5, caecum from 1- and
10-month-old cattle (20-50 ug/ml). (b) Lane 1, human adult
kidney (2 ug/ml); 2, kidney from 1-month-old cow (20—
50 ug/ml); 3, kidney from 10-month-old cow (20-50 ug/ml).

cattle. VT1-binding glycolipids were extracted and
quantified in three independent experiments and the
above findings are representative of the results
obtained.

Discussion

Cattle are the main reservoir of E. coli O157 and other
EHEC [37, 38]. In this host, infection is asymptomatic,
although in man infection is serious and potentially
fatal. Among the many virulence factors of EHEC,
verotoxins (VTs) are the main factors responsible for
the severe features of disease in man. Cattle are
frequently colonised by VT-positive E. coli and as VTs
can be detected in cattle faeces [30, 31] these animals
are presumably less sensitive to VT toxicity. It has been
suggested recently that this refractory nature of cattle
may correspond to absence of VT receptor (Gb3) in
most cattle tissues [32]; however, findings presented
here contradict this suggestion and demonstrate that
cattle do express VT receptor in a novel tissue and
cellular distribution.

Immunohistochemical analysis of VT binding to tissue
sections demonstrated localisation to epithelial cells in
the crypt regions adjacent to the submucosa of
jejunum, ileum, caecum and colon from both 1- and
10-month old cattle. The presence of receptor in these
sites was confirmed by lipid extraction and TLC
overlay assay. These findings contrast with a previously
published report that bovine intestinal epithelium lacks
Gb3 [32]. However, the two studies differ in details of
experimental procedures: the age of animals selected
for investigation, tissue quantities and glycolipid
isolation protocols and the preparation of tissue for
immunohistochemistry. Notably, the present study used
animals aged 1 and 10 months from both Scotland and
Canada, whereas the study of Pruimboom-Brees et al.
[32] used only a single colostrum-deprived neonatal
(<24 h) calf to isolate VT receptors, and this animal
may not be representative. Also, in the present study,
snap-frozen tissue was used in a well-established
procedure for assessing VT binding to tissue [33],
whereas in the other study [32], tissue was acetone-
fixed. This process, in addition to permeabilising cells,
may solubilise Gb3 and could account for the apparent
absence of receptor suggested by that study. In the
present study, this receptor distribution was reproduci-
ble on triplicate samples from six animals of different
geographic origins. It must be concluded that VT
receptor is present on bovine intestinal epithelium,
localising specifically to a subpopulation of crypt cells.

Crypts are composed of mixed populations of cells
including immature proliferating cells and differen-
tiated cell types [39]. A subset of proliferating cells
migrate towards the luminal surface and differentiate
[39], acquiring the enzymic and morphological charac-
teristics of the mature apical epithelium. Results



showed that apical cells do not bind VTI1, which
presumably corresponds with loss of this receptor as
these cells migrate and differentiate. Correlation be-
tween cellular proliferation/differentiation and VT
binding has been demonstrated previously [40—42].
The binding of VT to bovine intestinal epithelium
contrasts with the absence of receptor in human
intestinal epithelium [43, 44] and, because of the noted
activities of VT, this may be of significance during
colonisation of cattle.

In addition to localisation at intestinal epithelium, VT1
also bound to submucosal lymphoid aggregates. There
is growing evidence that VTs may target the immune
system of the host. For instance, cattle lymphocytes
showed a lower lymphocyte proliferation response after
infection of calves with VTEC strains [45] and, more
recently, Ferens and Hovde [46] reported a variety of
immunomodulatory activities of VT1 through suppres-
sion of mononuclear cell activation and lymphocyte
proliferation. Similar activities of VT are seen against
lymphocytes from other sources, e.g., man [21,47].
Therefore, VT may modulate immune responses and
hence affect pathogen—host interaction. To act as a
modulator of immune responses VT would need to gain
access to submucosal sites. The presence of VT
receptors on a subpopulation of epithelial cells may
prevent toxin translocation and it remains to be
determined whether VT crosses the bovine intestinal
epithelium and gains access to submucosal tissues.

VT bound to bovine kidney in a pattern that resembled
that described in human adult kidney [33], i.e., tubules
and collecting ducts. This distribution corresponds to
reduced susceptibility to HUS as a consequence of
toxicity of systemic VT. Receptor localisation was
similar to that observed in a previous study [32], in
which acetone fixation was applied. This procedure
may solubilise Gb3 and other glycolipids; however, as
kidney retained receptor in that study, this treatment is
presumably insufficient to remove all glycolipids from
this tissue. Intestine, in contrast to kidney, does not
apparently retain Gb3 after acetone treatment. The
differences resulting from this treatment may be due to
a variety of structural and compositional differences
between intestinal mucosa and kidney, which may
account for the tissue-specific variation. Important
among these may be receptor isoform(s); e.g., bovine
kidney expressed a third form of Gb3 (Fig. 4), which
was not detected in mucosal samples.

In man, in addition to targeting kidney, VTs also affect
intestinal vascular cells as human endothelial cells
express Gb3 [48, 49] leading to haemorrhagic colitis
[50]. VTI1 binding to capillaries was not observed in
the bovine jejunum, ileum, caecum, colon or kidney, in
corroboration of previously published observations
[32]. This was not unexpected as FACS and immuno-
fluorescence microscopy (unpublished results) with
CPAE cells, a bovine pulmonary artery endothelial cell
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line, indicated that these cells lack Gb3. The general
scarcity of VT binding to blood vessels and kidney
glomeruli may limit systemic effects of VT and further
contribute to the absence of overt pathogenicity of E.
coli O157 in cattle.

Binding of toxin correlates with the expression of the
various forms of Gb3, the VT receptor. To assess
receptor forms in bovine tissues, glycosphingolipid
species were isolated and analysed by a TLC VT
overlay assay. Two VT-binding Gb3 bands were
identified in enteric samples and three in kidney, with
neither tissue showing age-related alterations. Thus,
specific receptors in bovine intestine are responsible for
the binding of VT1 to cells in tissue sections.

Intestinal epithelium in animals which do express
epithelial Gb3 varies in susceptibility to VT toxicity
[51-54]. VTs possess functions in addition to cyto-
toxicity, which could influence bacterium—host inter-
action. Firstly, by targeting crypt cells VTs may affect
epithelial development. Infection of ruminants with E.
coli O157:H7 has been shown by others [55] to reduce
epithelial shedding which correlated with prolonged
colonisation; the noted role of VT in suppressing
cellular metabolism could contribute to this reduced
cell turnover. Also, it has been demonstrated that VTs
can elicit cytokines as a consequence of interaction
with intestinal epithelial cells [56,57] as well as
directly affecting immune function. Thus, VTs may
act as immunomodulators by influencing expression of
mediators of inflammation, innate and adaptive im-
mune responses.

There are several possible roles for VTs, which may
affect both cellular physiology and host defences and
thus influence colonisation and other outcomes of
infection. All VTEC, and not just EHEC, contain VT-
encoding bacteriophage(s). Strains belonging to these
types possess a range of other factors associated with
virulence [1] and heterogeneity among these, particu-
larly serotype-dependent variation, could account for
the differences in pathogenicity for cattle shown by
various EHEC and VTEC serotypes. The effects of VT
on bovine epithelial cells are of great significance to
the success of colonisation, dissemination and persis-
tence of these organisms in cattle reservoirs.

This study and others indicate possible roles for VT,
however, the precise function(s) of VT in cattle remain
to be fully defined and will require further evaluation
of effects of VT on bovine intestinal mucosa. Never-
theless, it can be concluded that the different
consequences of E. coli O157 infection in man and
cattle involve a multiplicity of host and bacterial
factors. Among those, the disparity between cattle and
man in the distribution of VT receptor on intestinal
epithelium is a fundamental difference which could
contribute to the differing consequences of E. coli
0157 infection in these two hosts.
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