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Escherichia coli O157:H7 and other Shiga toxin (Stx)-producing E. coli (STEC) bacteria are not enteroin-
vasive but can cause hemorrhagic colitis. In some STEC-infected individuals, a life-threatening sequela of
infection called the hemolytic uremic syndrome may develop that can lead to kidney failure. This syndrome is
linked to the production of Stx by the infecting organism. For Stx to reach the kidney, the toxin must first
penetrate the colonic epithelial barrier. However, the Stx receptor, globotriaosylceramide (Gb3), has been
thought to be absent from human intestinal epithelial cells. Thus, the mechanisms by which the toxin
associates with and traverses through the intestine en route to the kidneys have been puzzling aspects of STEC
pathogenesis. In this study, we initially determined that both types of Stx made by STEC, Stx1 and Stx2, do in
fact bind to colonic epithelia in fresh tissue sections and to a colonic epithelial cell line (HCT-8). We also
discovered that globotetraosylceramide (Gb4), a lower-affinity toxin receptor derived from Gb3, is readily
detectable on the surfaces of human colonic tissue sections and HCT-8 cells. Furthermore, we found that Gb3
is present on a fraction of HCT-8 cells, where it presumably functions to bind and internalize Stx1 and Stx2.
In addition, we established by quantitative real-time PCR (qRT-PCR) that both fresh colonic epithelial
sections and HCT-8 cells express Gb3 synthase mRNA. Taken together, our data suggest that Gb3 may be
present in small quantities in human colonic epithelia, where it may compete for Stx binding with the more

abundantly expressed glycosphingolipid Gb4.

Shiga toxins (Stxs) are highly potent ribotoxic virulence fac-
tors associated with the worst pathological manifestations of
infection by Escherichia coli serotype O157:H7 and other Stx-
producing E. coli (STEC) bacteria. Two major types of Stxs are
produced by STEC, Stx1 and Stx2, and an organism may pro-
duce one or both toxins. Stx1 and Stx2 share enzymatic and
structural features but are immunologically distinct. More than
110,000 cases of STEC infection are estimated to occur each
year in the United States, and about 75,000 of those cases are
caused by E. coli O157:H7 infection. Many individuals infected
with E. coli O157:H7 present with severe abdominal pain and
bloody diarrhea, of which the latter may be caused by the
action of Stxs on endothelial cells that line the small blood
vessels (microvasculature) in the gastrointestinal tract (4, 26,
42, 44). In some patients, STEC infection leads to a serious
sequela called the hemolytic uremic syndrome (HUS). The
HUS is characterized by a triad of clinical features that include
thrombocytopenia, hemolytic anemia, and acute kidney fail-
ure, and it occurs most frequently in children less than 10 years
of age (2, 12). Of note, HUS associated with E. coli O157:H7
infection is a major cause of acute kidney failure in children in
the United States and worldwide (6, 61). One hypothesis for
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how the renal injury occurs in HUS is that blood-borne Stx
induces apoptosis in endothelial cells in the glomerular micro-
vasculature (19). Thrombi then form in these damaged blood
vessels, a characteristic pathological feature of the HUS.
Death of renal tubular cells has also been linked to Stx pro-
duction in humans and in mouse models of E. coli O157:H7
infection (7, 34, 56).

How Stx moves from the lumen of the bowel to the blood
vessels that lie below the surface of the gastrointestinal tract to
reach the kidneys has not been determined. Presumably, the
toxin breaches the epithelial barrier of the colon at or near the
site of colonization by the noninvasive E. coli O157:H7. How-
ever, the colonic epithelium has been reported to lack globotri-
aosylceramide (Gb3), the established and preferred receptor
for Stx1 and Stx2. The consensus in the literature that the Stx
receptor, Gb3, is not present in the human colonic epithelial
cells was originally based on conclusions that were drawn from
analysis of the general glycolipid composition of the human
large intestine (17, 52). In those studies, glycolipids from either
mucosal scrapes or the entire mucosal layer were examined by
thin-layer chromatography (TLC). Although these mucosal
specimens were reported to contain small but measurable lev-
els of Gb3, the samples included not only epithelial cells but
also Gb3-enriched endothelial cells. Therefore, evidence of the
presence of Gb3 on the cell surface of large bowel epithelial
cells was inconclusive. In another investigation, trace amounts
of Gb3 were found in epithelial cells isolated by sequential
washes of colon tissue with buffer that contained EDTA and
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reducing agent to gently remove cells layer by layer; however,
again, nonepithelial cell contamination could not be ruled out
(16). Holgersson et al. ultimately concluded that large bowel
epithelial cells do not express “glycolipid-borne Galal-4 Gal
sequence” (components of Gb3) based on the failure to detect
Gb3 on the cell surface with Gb3-specific antibody (16). Nev-
ertheless, some of these early studies do suggest that Gb3 may
be present in trace amounts in colonic epithelia. These find-
ings, however, appear to have been discounted by many in the
field, who assert, based on the negative immunodetection by
Holgersson et al. described above (16) and findings of subse-
quent studies (36, 48), that Gb3 is not present on the colonic
epithelium (29).

Given the presumed lack of colonic epithelial Gb3, a num-
ber of theories have been promulgated to explain how Stx is
able to penetrate the epithelial barrier to reach the blood-
stream (29). Two related hypotheses are as follows: (i) Stx
follows a paracellular course and moves between cells during
immune cell infiltration that follows infection (55), or (ii) Stx
transits to the bloodstream from the bowel lumen through
possible “holes” in the mucosa that result from attachment-
and-effacement (A&E) lesions and Stx damage (33). A third
hypothesis is that Stx moves by a transcellular route from the
lumen to the vasculature in the lamina propria, such as through
an alternative but undefined trafficking pathway that does not
involve Gb3. In support of the latter conjecture, Stx was found
to transcytose polarized tissue culture cells that appeared to
lack Gb3 in the absence of cellular damage (1). However, in a
human organ culture model, Stx-mediated intestinal epithelial
damage was observed (48), a finding that seems to support the
second hypothesis above. A fourth premise to explain how Stx
crosses the mucosal barrier in the absence of Gb3 on entero-
cytes is that an alternative receptor exists (11). Such a putative
receptor could either mediate Stx-induced cytotoxicity and
thus cause a breach in the epithelial barrier or allow transcel-
lular movement of the toxin across the epithelial cell. However,
evidence in support of an alternative receptor to Gb3 is not
strong. Rather, accumulated data suggest that Gb3 is the sole
functional receptor for all Stxs (19, 22, 24, 27, 32, 34, 40, 43, 50,
51, 59), and they can be summarized by 4 lines of evidence.
First, cellular cytotoxicity is directly proportional to cell surface
Gb3 content (21, 46, 47). Second, Gb3 provided to resistant
cells via liposomes induces Stxl sensitivity in those cells,
whereas Gb4 does not (58). Third, Gb3 expression appears to
correlate with clinical manifestations of STEC disease. The
highest Gb3 content is found in the microvascular glomeruli
and proximal tubule cells of the kidney, consistent with renal
pathology in HUS (41). Other Gb3-rich regions include the
colonic microvascular endothelia, with its associated lamina
propria (bloody colitis) (21), and endothelial vasculature of the
cerebellum (neurological symptoms) (46). This link between
high Gb3 content and Stx toxicity is also seen in animal models.
In rabbits, intravenous administration of Stx1 or Stx2 produces
vascular lesions in those tissues with high concentrations of
Gb3, i.e., the intestine and the central nervous system (47).
Furthermore, rabbit kidneys lack Gb3, and no tissue injury is
observed there (7). Fourth, Gb3 synthase knockout mice are
resistant to Stx effects, although in these mice, other glyco-
sphingolipids, including Gb4, are eliminated as well (43).

In this study, we asked whether Stxs could bind to sections of
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FIG. 1. Globotetraosylceramide (Gb4) synthesis pathway (38). The
synthesis of Gb4 requires globotriaosylceramide (Gb3) as a substrate.
Biosyntheses of Gb3 and Gb4 are accompanied by intracellular trans-
port, presumably by a vesicle-bound exocytotic membrane flow, from
the endoplasmic reticulum (ER) through the Golgi cisternae to the
plasma membrane (57). Abbreviations: LacCer, lactose-ceramide;
GlcCer, glucose-ceramide.

human colonic epithelia and if so by what receptor(s). Based
on our initial observation that small amounts of Stx1 and Stx2
were capable of binding to the surface of colonic epithelia, we
investigated the possibility that small amounts of Gb3 are
present on colonic epithelial cells. Here we present the novel
finding that Gb3 synthase mRNA can be detected in epithelial
cells isolated by laser capture microdissection (LCM) from
normal human colonic tissue sections and that Gb4, a glyco-
sphingolipid derived from Gb3 (Fig. 1), is expressed in this
tissue. Furthermore, we demonstrate that while both Stx1 and
Stx2 can bind to the epithelial surfaces of those normal human
colonic tissue sections, Stx1 binds at relatively higher levels. In
addition, we demonstrate that the cytotoxicity of Stx1 and Stx2
for the human colonic cell line HCT-8 can be enhanced 20- to
60-fold by genetically manipulating the cells to increase the cell
surface Gb3 content. Collectively, these data suggest that small
amounts of Gb3 may mediate Stx uptake in normal colonic
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tissue, an event that leads to cell death, and that abundant Gb4
may compete with Gb3 for Stx binding.

MATERIALS AND METHODS

Toxins. Stx1 and Stx2 were purified by immunoaffinity chromatography from
supernatants of E. coli K-12 strains carrying recombinant plasmids that encode
the toxins (39).

Maintenance and transfection of cell lines. A human colorectal carcinoma cell
line, HCT-8 (American Type Culture Collection [ATCC], Manassas, VA), was
maintained in RPMI-1640 medium (ATCC). Vero cells were maintained in
Eagle’s minimal essential medium (EMEM) (Lonza, Inc., Walkersville, MD).
Phoenix cells, a retroviral packaging cell line, were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Lonza). All media were supplemented with
10% heat-inactivated fetal bovine serum (FBS) (Life Technologies, Carlsbad,
CA), penicillin (10 U/ml), gentamicin (100 wg/ml), and streptomycin (10 pg/ml).
Cells were grown at 37°C in a 5% CO, atmosphere. To generate the stable
HCT-8 Gb4 synthase RNA interference (RNAi) knockdown cell line, HCT-8
cells were infected with small hairpin RNA (shRNA)-containing retroviral par-
ticles from the supernatant of transfected Phoenix cells. Four different plasmids
that contained 29-mer shRNAs against Gb4 synthase mRNA (B3GALNTI,
HuSH constructs; Origene, Rockville, MD) were transfected separately into
Phoenix cells, following the manufacturer’s protocol. The Phoenix cells are a
“packaging” cell line used to generate infectious retroviral particles that contain
the shRNA. The four Gb4 synthase mRNA-complementary shRNA target se-
quences that we tried are as follows: CGAGTAGGATGTCACTGAGATCCC
TCAAA, CACACTTCGAGAGCATTCAAACTGCTCTC, AGGAGTATCCT
TTCAAGGTGTTCCCTCCA, and TGTCTGTCAACTGAGACGTGTGATTG
CAG. Following the transfection step, cells were grown in RPMI-1640
supplemented with 1 wg/ml puromycin for 4 days until they were 90% confluent.
Next, the medium was replaced with RPMI-1640 supplemented with 10% FBS,
and the cells were incubated at 37°C in a 5% CO, atmosphere for 12 h. The
culture supernatants that contained retroviral particles were harvested, and 4
pg/ml polybrene (Sigma-Aldrich, Inc., St. Louis, MO) was added to increase
retroviral infectivity. The supernatants were overlaid on HCT-8 cells grown to
about 50% confluence and were incubated for 24 h to permit retroviral infection
of HCT-8 cells. The culture medium was then replaced with RPMI-1640 sup-
plemented with 10% FBS and 7.5 pg/ml puromycin to maintain selection against
HCT-8 cells that did not contain integrated retroviral nucleic acid. The trans-
fected cells were maintained for 2 weeks, and individual cells were isolated by a
cloning disk procedure to generate clonally pure, stable cell lines (5).

Antibodies. Primary antibodies used in this study included the following:
mouse monoclonal IgG 1Al anti-StxAl, developed and characterized in this
laboratory (unpublished results), mouse monoclonal IgG 13C4 anti-Stx1B (53),
mouse monoclonal IgG 11F11 anti-StxA2 (45), rabbit polyclonal anti-Stx1 (un-
published), rabbit polyclonal anti-Stx2 (60), rat monoclonal IgM CD77 anti-Gb3
(GeneTex, Inc., Irvine, CA), and rabbit polyclonal GL-4 anti-Gb4 (Matreya
LLC, Pleasant Gap, PA). Secondary antibodies used were as follows: Alexa Fluor
488 goat anti-mouse IgG, Alexa Fluor 488 goat anti-rat IgM, Alexa Fluor 488
goat anti-rabbit IgG, (Life Technologies), and horseradish peroxidase (HRP)-
conjugated goat anti-rabbit Ig (Bio-Rad, Hercules, CA).

Immunofluorescent staining of human tissue. Two normal human colonic
tissue specimens obtained from an 18-year-old male donor (Biochain, Inc., Hay-
ward, CA) and a 74-year-old male donor (Bioserve, Inc., Beltsville, MD) were
used to assess Gb3 and Gb4 levels and to determine Stx1 and Stx2 binding
patterns. Tissue specimens were either serially sectioned and acetone fixed on
glass slides (Biochain) or sectioned (6 pm) from fresh tissue (Bioserve) and fixed
to slides; both sets of slides were frozen for later use. The slides were thawed,
blocked with FBS, and incubated with 2 g of either Stx1 or Stx2 for 1 h at room
temperature. The sections were washed with phosphate-buffered saline (PBS)
and fixed with 10% percent formalin, and the bound toxin was detected with a
cognate mouse monoclonal primary antibody (diluted 1:50 in PBS) and an Alexa
Fluor 488 anti-mouse IgG secondary antibody (1:250 dilution in PBS). For Stx1
and Stx2 detection, tissue sections were blocked as above, and then a 1:1 mixture
of monoclonal anti-StxAl-anti-Stx1B (1A1-13C4) at a 1:50 dilution in PBS was
used to detect Stx1, whereas monoclonal 11F11 anti-StxA2 (1:50) was added to
detect Stx2. Sections were incubated with primary antibody overnight at room
temperature. Sections were washed with PBS, and Gb3 or Gb4 was detected with
an Alexa Fluor 488-conjugated anti-mouse IgG secondary antibody (1:250 dilu-
tion in PBS). To delineate individual cells within the tissue, sections were coun-
terstained with 0.01% Evans blue dye for 5 min, followed by extensive washing
with PBS.
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Immunofluorescent staining of cells. To detect levels of Gb3 and Gb4 on the
surfaces of HCT-8 cells and Vero cells, 1 X 10° cells/ml were seeded onto glass
coverslips in a 6-well dish (3 ml/well) and grown to ~75% confluence. The
seeded wells were gently washed with PBS and then blocked with PBS containing
3% bovine serum albumin (BSA) for 30 min. Rat monoclonal anti-Gb3 (diluted
1:50 in PBS), rabbit polyclonal anti-Gb4 (diluted 1:50 in PBS), or PBS (negative
control) was added to the appropriate wells, and specimens were incubated
overnight at 37°C. The cells were then washed three times with PBS. The cognate
secondary Alexa Fluor 488 antibody was added (diluted 1:250 in PBS) to each
coverslip and incubated for 30 min at room temperature. Cells were washed
three times with PBS and counterstained with 0.01% Evans blue dye. The stained
cells were assessed with a BX60 fluorescent microscope (Olympus, Center Val-
ley, PA). Binding of Stx1 or Stx2 to cells was determined by incubation with Stx1
or Stx2 (200 ng/ml PBS) for 1 h. Samples were blocked with 3% BSA, washed
three times with PBS, and fixed for 10 min with 10% percent formalin. Staining
of cells was then carried out as described above for sections of human colon.

Flow cytometry. HCT-8 cells were grown to near confluence in T-75 flasks,
washed once with PBS, and detached from each flask by incubation with 3 ml
0.05% trypsin-EDTA (Life Technologies) for 20 min at 37°C. Clumps of cells
were dispersed by two passages through a 25-gauge needle. Next, cells were
counted with a hemocytometer by a standard method. Aliquots of 3 X 10° cells
were incubated at 4°C for 30 min in 1.5-ml microcentrifuge tubes and then
pelleted by centrifugation. The prechilled cells were resuspended in 0.3 ml of a
1:50 dilution of anti-Gb3 or anti-Gb4 in 4% BSA in PBS (BSA-PBS) and further
incubated at 4°C for 1 h. Cells were pelleted by centrifugation, washed once with
0.7 ml cold BSA-PBS, resuspended in 0.3 ml cognate secondary Alexa Fluor
antibody (5 pg/ml in PBS), and incubated at 4°C for 30 min with end-over-end
rotation. Finally, cells were washed once with 0.7 ml cold BSA-PBS, pelleted by
centrifugation, and fixed in 0.5 ml 1% paraformaldehyde in BSA-PBS. The
stained and fixed cells were analyzed with an LRS II flow cytometer (BD Bio-
sciences, Franklin Lakes, NJ).

HCT-8 glycolipid extraction and analysis. HCT-8 cells were seeded in tissue
culture flasks and grown at 37°C in an atmosphere of 5% CO, until the cells were
nearly confluent. Adherent cell monolayers were released from the flask by
trypsinization as described above, collected by centrifugation, and resuspended
in 0.75 ml PBS. The HCT-8 lipids were extracted overnight at room temperature
by mixing the cell suspension with chloroform-methanol (2:1 ratio). The aqueous
phase was discarded, and the organic phase with extracted lipids was allowed to
air dry. The concentrated lipid fraction was suspended in a small volume of
chloroform-methanol (2:1 ratio) for further processing. HCT-8 lipids were sep-
arated by normal-phase high-performance liquid chromatography (HPLC), fol-
lowing a previously described method (23) with slight modifications. Extracted
material (0.025 ml) was injected onto a Lichrosorb silica HPLC column (ES
Industries, West Berlin, NJ) and eluted with a mixture of isopropanol (Mallinck-
rodt Baker, Inc., Phillipsburg, NJ), hexane (optical grade; Fisher Scientific,
Pittsburgh, PA), and water applied in a linear gradient with starting and ending
ratios of 50:50:1 and 55:40:5, respectively, for each solvent. Eluted material was
collected in 20 separate fractions of 1.5 ml each over a 30-min period. Fractions
were dried using a speed-vac and resuspended in 0.02 ml of chloroform-methanol
(2:1 ratio). A sample of each HPLC fraction was applied to the bottom of a silica
gel sheet (EMD Chemicals, Inc., Gibbstown, NJ), and fractionated lipids were
subjected to TLC in a glass tank with a mixture of chloroform, methanol, and
water (65:35:8). A purified glycosphingolipid standard (Matreya) was also added
to the plate for comparison. After the solvent front reached the top of the plate,
the gel matrix was air dried and treated with orcinol (Acros Organics, Morris
Plains, NJ) to visualize the separated carbohydrate and glycolipid components of
each fraction. Fractions that appeared to contain Gb3 and Gb4 based on glyco-
lipid mobility in TLC were subjected to mass spectral analysis to positively
identify the molecules. For each HPLC fraction analyzed, 1 pl was applied to a
matrix-assisted laser desorption ionization (MALDI) slide (Applied Biosystems,
Carlsbad, CA) along with 5 to 10 mg/ml gentisic acid (Sigma-Aldrich) as the
energy-absorbing molecule. MALDI-time-of-flight (TOF) mass spectrometry
was performed with a Voyager-DE STR mass spectrometer (Applied Biosys-
tems). Analysis of the spectra was accomplished with the software program
Explorer (Applied Biosystems).

ELISA to detect Stx binding to purified Gb3 and Gb4. Purified Gb3 or Gb4
glycosphingolipids (Matreya) in 100% ethanol were deposited in wells of a
96-well Immobilon 2HB plate and dried overnight in a laminar flow hood. Wells
were washed in 0.1 ml PBST (1X PBS, 0.05% Tween) at 4°C for 1 h, the wash in
each well was decanted, and unbound sites on each well were blocked by addition
of 0.2 ml PBST-Block (PBST and 3% BSA). Plates were incubated at 4°C for 2 h,
and wells were washed twice with 0.15 ml PBST-0.2% BSA per well. Stx1 or Stx2
(20 ng) was added in PBST-0.2% BSA (0.1 ml per well) and incubated for 1 h
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at room temperature. Wells were washed three times with 0.2 ml PBST-0.2%
BSA before addition of 0.1 ml rabbit polyclonal anti-Stx1 or anti-Stx2 antibody
(1:5,000 in PBS). Plates were incubated for 1 h at room temperature. After each
well was washed three times with 0.2 ml PBST-0.2% BSA, 0.1 ml goat anti-
rabbit-HRP antibody (diluted 1:2,000 in PBS) was added to each well. Plates
were incubated for 1 h at room temperature. Again, each well was washed
three times with 0.2 ml PBST-0.2% BSA. To detect signal, 0.1 ml tetra-
methylbenzidine (TMB) peroxidase substrate solution (Bio-Rad, Inc.) was
added to each well. Plates were incubated for 30 min at room temperature
before reactions were stopped by the addition of 0.1 ml 1IN H,SO,. Signal was
read and quantitated at 405 nm with an ELx800 absorbance microplate reader
(Biotek, Inc., Winooski, VT).

LCM. A normal human transverse colon tissue specimen (Bioserve), obtained
during a colonoscopy and immediately flash frozen, was examined by a histologist
and oriented in OCT gel (Sakura Finetek USA, Inc., Torrance, CA) for section-
ing to obtain optimal apical-basolateral cross sections. Tissue was sectioned (6
uM) on polyethylene naphthalate (PEN) glass membrane slides (Molecular
Devices, Inc., Sunnyvale, CA), briefly thawed, and stained by a modified, abbre-
viated hematoxylin-eosin (H&E) staining method as follows. Thawed tissue was
sequentially transferred into the following solutions: 70% ethanol (EtOH), 30 s;
water, 20 s; hematoxylin, 15 s; water, 15 s; H&E Bluing solution (Sigma-Aldrich),
15s; 70% EtoH, 15 s; eosin, 1 s; 95% EtOH, 20 s; 95% EtOH, 20 s; 100% EtOH,
20's; 100% EtOH, 20 s; and xylene, 20 s. Slides were then air dried for 3 to 5 min.
Epithelial cells from the stained tissue slides were visualized and excised with an
Arcturus Pixcell IT laser capture microdissection (LCM) instrument (Molecular
Devices) onto LCM macro caps according to the picopure RNA isolation kit
product protocol (Molecular Devices).

Quantitative real-time PCR. RNA was isolated from tissue culture cells with
Trizol (Life Technologies), following the product protocol for adherent tissue
culture cells. RNA was isolated from laser-excised human colon tissue with the
Picopure RNA isolation kit (Molecular Devices). Total RNA was quantitated
spectrophotometrically with a Nanodrop spectrophotometer (Thermo Scientific,
Pittsburgh, PA). RNA quality was initially assessed spectrophotometrically
through the A,4(,250 ratio and later verified based on the efficiency of the real-
time PCRs. Reverse transcription of the mRNA was carried out on 500 ng total
RNA in 20 pl using the Transcriptor First Strand cDNA synthesis kit (Roche
Applied Science, Indianapolis, IN) and the random hexamer primer included in
the kit. The total RNA was denatured for 10 min at 65°C and immediately placed
on ice, and then cDNA was synthesized with the following cycling program: 25°C,
10 min; 55°C, 30 min; and 85°C, 5 min. The LightCycler TagMan master mix kit
(Roche) was used to prepare quantitative real-time PCR (qRT-PCR) mixes (20
wl) for each amplicon. Reaction mixes included 300 nM Universal TagMan
probe (Roche) with 500 nM (each) primer specific for the cognate target mRNA.
Universal TagMan probes and primers used were as follows: Gb3 synthase,
Universal Probe 44 (Roche); “Gb3 Left” primer, ATCCCCACCTCTCTGC
AAT; “Gb3 Right” primer, CCAGATCAGACCAGGAGCTT; Gb4 synthase,
Universal Probe 71 (Roche); “Gb4 Left” primer, GACCCGGTTGACCTGTTG;
“Gb4 Right” primer, GCGAGCCGAAGGTTCTTT; beta-actin control, Univer-
sal Probe ACTB (Roche); “ActB Left” primer, CAACCGCGAGAAGATGAC;
“ActB Right” primer, GTCCATCACGATGCCAGT; TBP control, Universal
Probe TBP (Roche); “TBP Left” primer, TGAATCTTGGTTGTAAACTTG
ACC; and “TBP Right” primer, CTCATGATTACCGCAGCAAA. Real-time
PCRs were carried out in 20 wl glass capillary tubes in a Roche LightCycler 2.0.
The cycling program used on all amplicons was as follows: 95°C for 30 s; 50 cycles
of 95°C for 10 s, 55°C for 30 s, and 72°C for 1 s; and 40°C for 30 s. To generate
relative and absolute values of transcript number for each sample, a standard
curve was generated for each amplicon with a dilution series of cDNA plasmids
for each gene. Accession numbers for these genes are as follows: gh3 synthase
cDNA (A4GALT), accession no. BC017068 (ATCC); gb4 synthase cDNA
(B3GALNT1), accession number BC047618 (ATCC). The LightCycler software
program, version 4.1 (Roche), was used to determine absolute and relative
quantities of given mRNA targets for each sample. The following controls were
included in all experiments: no reverse transcriptase, no cDNA template, and a
positive cDNA target. Additionally, amplification of cDNAs for the housekeep-
ing genes that encode B-actin (ACTB) (ATCC) and TATA-binding protein
(TBP) (ATCC) was run in parallel with each sample to ensure that equivalent
amounts of input RNA were used in each reaction.

Cytotoxicity assays. Vero or HCT-8 cells were seeded in 96-well plates and
allowed to grow for 24 h. Cytotoxicity assays were carried out as previously
described for Vero cells (14). Briefly, cell monolayers were overlaid with serial
dilutions of the toxin preparations and incubated for 48 h. The Vero or HCT-8
cells were then fixed in 2% formalin for 30 min, stained with 0.13% crystal violet
for 2 h, washed with water, and air dried. The cell density that remained in each
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well was then determined spectrophotometrically. The 50% cytotoxic dose
(CDsg) was calculated as the quantity of toxin that killed 50% of the cell
monolayer.

RESULTS

Stx1 and Stx2 bind to human colonic epithelial cells. To
determine whether Stx1 or Stx2 can bind to human colonic
epithelial cells, normal human colon tissue sections were incu-
bated with Stx1 or Stx2 and stained to determine toxin local-
ization in the tissue cross section (Fig. 2A and B). Although
Stx1 and Stx2 predominantly localized within the mucosal lam-
ina propria and the surrounding submucosal vasculature, as
was expected based on previous reports (48, 49), some toxin
did bind to the colonic epithelial cell surface that abuts the
luminal cavity (Fig. 2A and B, arrows). However, Stx1 binding
was more widespread than that of Stx2 on the epithelium,
lamina propria, and submucosa (Fig. 2A versus B, respec-
tively). The finding that Stx1 and Stx2 bound discretely to the
colonic epithelium surface suggested that a receptor for the
toxin was present on those cells. Next, we asked whether these
relative toxin binding patterns would be similar on a human
colonic epithelial cell line (HCT-8). To address that question,
HCT-8 cells were incubated with Stx1 or Stx2, stained, and
analyzed microscopically (Fig. 2C and D) or by flow cytometry
(Fig. 2E). The findings from the latter investigation were con-
sistent with the results from the tissue sections. Both Stx1 and
Stx2 bound to the surface of HCT-8 cells in a dose-dependent
manner, but Stx1 was associated with a greater number of cells
than was Stx2.

Gb3 and Gb4 can be detected on the surface of human
colonic epithelial tissue and on a human colonic epithelial cell
line. Because we observed binding of Stx to two different hu-
man colonic epithelial sections and since Gb3 is the established
primary receptor for Stx, we sought to reassess the possibility
that Gb3 is present on human colonic epithelia. For that pur-
pose, we probed human colonic sections with a Gb3-specific
monoclonal antibody and analyzed the sections by fluorescence
microscopy (Fig. 3A). In keeping with the previous immuno-
histochemical analyses for Gb3 reported by others (36, 48, 49),
we did not observe a positive stain for that glycosphingolipid
on the epithelia. Rather, we found that Gb3 was localized to
the submucosal vasculature and the capillary-rich lamina pro-
pria. A comparable pattern for the localization of Gb3 was
evident on a second colonic tissue sample (data not shown).
Tissues probed with an isotype-specific antibody and/or the
secondary antibody alone yielded no fluorescence. Although
no Gb3 was identified with the antibody probe we used, we
could not rule out the possibility that Gb3 was present at low
levels on the tissues, since the anti-Gb3 used has a relatively
low affinity for Gb3 (unpublished observation) and in fact the
affinity of the Stxs for Gb3 is likely much higher than that of the
antibody.

While other glycolipids and possibly proteins (10) bind the
Stxs, Gb4, a glycosphingolipid made from Gb3 (refer again to
Fig. 1), is the only other well-characterized cell surface moiety
capable of binding Stx1 or Stx2 (9, 20, 31, 59). Therefore, we
sought to determine if colonic epithelial cells contain Gb4 on
the cell surface. To this end, sections from two different human
colonic samples were assessed for the presence of Gb4 with
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FIG. 2. Stx1 and Stx2 bind to human colonic epithelial cells. (A and B) Freshly thawed normal human colonic sections were incubated with
purified Stx1 (2 pg) (A) or Stx2 (2 pg) (B), and toxin was detected with cognate mouse monoclonal primary antibody and an Alexa Fluor
488-conjugated anti-mouse IgG secondary antibody. Arrows indicate Stx binding to the epithelial surface. (C and D) HCT-8 colonic epithelial cells
were incubated with purified Stx1 (200 ng/ml) (C) or Stx2 (200 ng/ml) (D), and toxin was detected as described above. (E) Binding of Stx1 and
Stx2 to HCT-8 cells was quantitated by flow cytometric analyses. L, lumen; G, gland; M, muscularis mucosa; Ve, vein; S, submucosa.

polyclonal rabbit anti-Gb4 followed by incubation with a fluo-
rescently labeled secondary antibody. The tissue showed abun-
dant Gb4 present in a diffuse pattern on the epithelial cell
surface and in the lamina propria and submucosal layers (Fig.
3B). Similar abundant and diffuse staining for Gb4 was found
in a second normal human colonic section (data not shown).
The finding of Gb4 in the human colonic sections supports the
idea that Gb3 may also be present in those tissues, since Gb4
synthesis begins with Gb3. As a comparison to the normal
human tissue sections, HCT-8 cells were similarly stained for
cell surface Gb3 (Fig. 3E) and Gb4 (Fig. 3F). We found that
only approximately 0.01% of the HCT-8 cells were Gb3 posi-
tive, and those positive cells occurred in small clusters (Fig.
3E). In contrast to the low levels of Gb3, the majority of
HCT-8 cells stained positive for cell surface Gb4 (Fig. 3F). As
expected, the secondary control antibody did not bind to the
HCT-8 cells (data not shown).

Gb4 is more abundant than Gb3 in colonic epithelial cell
extracts. The discovery that some HCT-8 cells were Gb3 pos-
itive was further corroborated by a positive signal for Gb3
observed by thin-layer chromatography (TLC) and mass spec-

trometry (MS) analysis of HPLC-purified HCT-8 cell lipid
extracts (Fig. 4A and B). Of note, HCT-8 cell extracts exhibited
a strong signal for Gb4 by TLC (Fig. 4A). The presence of Gb3
and Gb4 in these cells was further verified by MS of the HPLC
fractions that corresponded with the Gb3- and Gb4-positive
TLC bands, respectively (Fig. 4B and C).

Stx1 and Stx2 bind to purified Gb4. To compare the relative
binding of Stx1 and Stx2 to Gb4, each toxin was incubated with
decreasing amounts of purified Gb3 (as a control; Fig. SA) or
Gb4 adhered to wells of a 96-well microtiter plate (Fig. 5B). As
anticipated from previous studies (15, 56), both Stx1 and Stx2
bound Gb3, and Stx1 bound Gb3 with a higher affinity than did
Stx2. Both toxins bound to purified Gb4 at high concentrations
of the glycosphingolipid, but the extent of Stx2 binding to Gb4
even at 5 pg was quite low (Fig. 5B). These data are consistent
with the Stx1 and Stx2 binding patterns observed by immuno-
fluorescent staining of human colon sections and HCT-8 cells
(Fig. 2).

Gb3 synthase transcript is present in normal colonic epi-
thelia. Despite our inability to detect Gb3 on the surface of the
epithelial layer of normal human colon specimens by immu-
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FIG. 3. Gb3 is present in the submucosal vasculature, and Gb4 is
abundant on the cell surface and throughout colonic epithelial cells.
Freshly thawed human colonic sections were incubated with monoclo-
nal anti-Gb3 (A) or polyclonal anti-Gb4 (B) and stained with the
appropriate secondary Alexa Fluor 488 antibody. Sections were coun-
terstained with 0.01% Evans blue dye to accentuate tissue structure. (C
to F) HCT-8 cells were grown to equivalent densities on coverslips (C
and D) and were stained to detect Gb3 (E) or Gb4 (F) as described
above.
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FIG. 4. Gb3 can be detected in HCT-8 cells. (A) Folch’s extraction-
enriched HCT-8 cellular extracts were separated by HPLC, and frac-
tions were further separated by thin-layer chromatography with puri-
fied glycosphingolipid standards run in parallel to identify Gb3 and
Gb4 species. (B and C) Mass spectrometry was carried out on the
HPLC fractions that corresponded with the appropriate Gb3- and
Gb4-containing samples, respectively, which were identified by TLC in
panel A.

nofluorescence (Fig. 3A), we did, as noted above, detect a
small percentage of colonic epithelial HCT-8 cells within a
population of cells in culture that stained positive for cell-
surface Gb3 (Fig. 3E). Therefore, we speculated that perhaps
human tissue colonic epithelial samples actually do contain
Gb3 but that the amounts of this glycolipid are below the limit
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FIG. 5. Stx1 and Stx2 bind to purified Gb3 and Gb4. Stx interac-
tions with Gb3 (A) or Gb4 (B) were determined by ELISA. Wells
contained serial dilutions of the glycosphingolipids and 20 ng Stx1 or
Stx2.

of detection by our immunofluorescence procedure. To test
this possibility, we used the highly sensitive quantitative RT-
PCR method to measure levels of Gb3 synthase transcript in
human colonic epithelial tissue. Gb3 synthase generates Gb3
from lactose-ceramide (LacCer) (see synthesis scheme in Fig.
1). Laser capture microdissection was carried out on a fresh
human tissue section to isolate the epithelial cells for analysis
(Fig. 6A and B). The amount of Gb3 synthase transcript within
the RNA isolated from the epithelia was compared to levels in
the remaining tissue section (denoted “epithelium + r” in Fig.
6), the latter of which contained endothelial cells of the mu-
cosa and submucosa, as well as other epithelial cells. Approx-
imately 20 and 120 copies of Gb3 synthase mRNA per ng total
RNA were detected in epithelial cells and the remaining tissue,
respectively (Fig. 6C). By comparison, 500 copies and 811
copies of Gb3 synthase mRNA per ng total RNA were mea-
surable in HCT-8 cells and the highly Stx-sensitive Vero cells,
respectively (Fig. 6D). Surprisingly, Gb4 synthase transcript
levels were lower than those of Gb3 synthase in all colonic
tissues (Fig. 6C) and cells (Fig. 6D) examined. In fact, we were
unable to detect Gb4 synthase transcript in the dissected co-
lonic epithelium.

A reduction in Gb4 synthase increases cell surface Gb3
expression and enhances the sensitivity of HCT-8 cells to Stxs.
Because we found Gb4 on human colonic epithelial cells and
tissue sections, we next began to address whether Gb4 can bind
the Stxs and then serve as a functional Stx receptor in human
colonic epithelial cells. To that end, we used Gb4 synthase-
specific ShRNA expression (RNAi) in HCT-8 cells to produce
a stable cell line in which Gb4 synthase levels were reduced.
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FIG. 6. Gb3 and Gb4 synthase transcripts are present in normal co-
lonic epithelia. (A and B) A freshly thawed human colonic section was
subjected to a modified H&E staining procedure to visualize tissue struc-
ture (A), followed by isolation of epithelial cells by LCM (B). (C and D)
Gb3 synthase and Gb4 synthase mRNA levels in LCM-isolated epithelial
cells (epithelium) and the remaining colonic section (epithelium + r)
(C) or HCT-8 cells and Vero cells (D) were assessed by qRT-PCR.
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FIG. 7. Gb4 synthase RNAi knockdown decreases cell surface Gb4 expression and increases cell surface Gb3 expression. (A) A stable HCT-8
Gb4 synthase-reduced (knockdown) cell line was generated, and the Gb4 synthase transcript level was measured by qRT-PCR. (B to E) Gb3 and
Gb4 cell surface levels in HCT-8 wild-type and Gb4 synthase-reduced cells were evaluated by fluorescence microscopy. Error bars represent the
range of values for three experiments. Abbreviations: scr, scrambled; kd, knockdown; WT, wild type.

The HCT-8 Gb4 synthase-reduced cells expressed 50% less
Gb4 synthase mRNA (compare with mRNA from HCT-8 wild-
type or HCT-8 scrambled [nonspecific] shRNA-expressing
cells in Fig. 7A). Immunofluorescent staining confirmed that
Gb4 cell surface levels were reduced in the HCT-8 Gb4 syn-
thase-reduced cells (Fig. 7C) compared to levels in HCT-8
wild-type cells (Fig. 7B) or scrambled shRNA-expressing con-
trol cells (not shown). Of note, Gb3 cell surface expression
increased in the HCT-8 Gb4 synthase-reduced cells compared
to that in the HCT-8 wild type (Fig. 7D and E).

To assess the effect of alterations in cell surface Gb4 levels
on Stx binding, Stx1 or Stx2 was incubated with HCT-8 cells
(Gb4 synthase-reduced cells or wild type) and then detected by
fluorescence microscopy (Fig. 8). The Stx1 binding signal and
distribution appeared similar in HCT-8 wild-type and Gb4
synthase-reduced cell lines (Fig. 8A versus B). However, Stx2
bound a larger percentage of wild-type HCT-8 cells in a pop-
ulation than it did with the Gb4 synthase-reduced cells (Fig. 8C

and D). Thus, a shift in the glycosphingolipid cell surface
population from high Gb4 and low Gb3 to lower Gb4 and
higher Gb3 did not affect Stx1 binding but did diminish Stx2
binding.

Next, we compared the level of Stx sensitivity of the
HCT-8 Gb4 synthase-reduced cells to that of the HCT-8
wild-type or scrambled shRNA-expressing cells and that of
Vero cells (Table 1). In the HCT-8 cells with reduced Gb4
synthase, the cytotoxicity of both Stx1 and Stx2 increased to
levels comparable to those in the highly Stx-sensitive Vero
cells as measured by a decrease in the amount of toxin
needed to kill 50% of cells (the CDs,). Regardless of the
Gb3 levels in the HCT-8 cells, Stx2 was less cytotoxic for the
cells than was Stx1. This relative difference in Stx1 and Stx2
cytotoxicities has previously been observed with Vero cells
(54). We propose that the enhanced Stx sensitivity of the
HCT-8 cell line with reduced Gb4 synthase is due to the
increased Gb3 levels on those cells.
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FIG. 8. Stx2 binding to HCT-8 Gb4 synthase-reduced cells is decreased compared to that to HCT-8 wild-type cells. HCT-8 wild-type and Gb4
synthase-reduced cells were intoxicated with 200 ng/ml Stx1 (A and B) or Stx2 (C and D), and toxin was detected with cognate mouse monoclonal

antibody and an Alexa Fluor 488-conjugated anti-mouse IgG antibody.

DISCUSSION

In this investigation, we demonstrated for the first time that
Stx1 and Stx2 could bind to the surface of colonic epithelial
cells in fresh human tissue sections and that Stx1 bound to this
surface at more locations than did Stx2. Similarly, we showed
that both toxins bound colonic epithelial cells (HCT-8) in cul-
ture and that Stx1 did so more extensively than did Stx2. In
addition, we presented the novel findings that human colonic
tissues and HCT-8 cells produce Gb3 synthase transcript and
express cell surface Gb4. Moreover, we discovered that Gb3
was expressed on the surface of a small subset of HCT-8 cells.
Last, we found that a reduction in the expression of Gb4
synthase in HCT-8 cells resulted in an increase in cell surface
Gb3 and a concomitant increase in sensitivity of those cells to
both Stx1 and Stx2.

We hypothesize that binding of Stx to the surface of normal

TABLE 1. Gb4 synthase RNAi knockdown HCT-8 cell line is
sensitized to Stx1 and Stx2

. CDsy” (pg)
Cell line?
Stx1 Stx2
Vero 18 35
HCT-8 80 480
HCT-8 scr. 60 1,000
HCT-8 | 1 48

“ HCT-8 scr., scrambled shRNA-containing cells; HCT-8 |, Gb4 synthase-
reduced cells.
> CDs,, dose required to kill 50% of the cell monolayer.

human colonic epithelium has not previously been reported
because of several possible factors. First, the amount of toxin
used as a probe in prior studies may have been suboptimal for
detection of the small amount of toxin bound to the epithelium
compared to that for the endothelium. In this study, 2 pg toxin
was applied to tissue sections, which is approximately a 10-
fold-greater amount than that used previously (48). Second, we
theorize that visualization of epithelial-surface binding by Stx
may be difficult to discern against the background of a strong
signal from the endothelium and/or that more-abundant/acces-
sible binding sites within the endothelium outcompete the rel-
atively few sites on the epithelial surface. Third, because co-
lonic tissue is especially susceptible to rapid degradation
outside of the host (18), Stx receptors may have been destroyed
during tissue collection in prior investigations. For our Stx
binding studies, the normal colonic tissue used was obtained
during biopsy and was flash frozen, a procedure that likely
minimized tissue degradation. Finally, variations in Stx binding
sites on the colonic epithelium may exist among different spec-
imens. We note, however, that the binding of Stx to the epi-
thelium in our investigation was detected in similar amounts
and localization in two different colonic tissue specimens.
While we did not directly detect Gb3 on the surface of
human colonic epithelia in tissue sections, we hypothesize that
at least some of these cells harbor cell surface Gb3, based on
the following observations. In HCT-8 cells, in which a subset of
the population stains positive for Gb3, and in isolated colonic
epithelial cells, we detected Gb3 synthase transcript. Likewise,
both in HCT-8 cells and in isolated colonic epithelial cells,



VoL. 78, 2010

similar strong staining of the Gb3 precursor, Gb4, was ob-
served. Further, the sensitivity of HCT-8 cells to Stxs (Table 1),
given the limited detection of Gb3 in these cells (Fig. 3),
suggests a broader proportion of subdetectable cell surface
Gb3 content. The possibility that a non-Gb3 receptor mediates
these cytotoxic effects is unlikely, since we observed a marked
increase in Stx1 and Stx2 sensitivity in Gb4 synthase-reduced
HCT-8 cells that have increased cell surface Gb3 levels (Fig. 7
and Table 1). Further support for our hypothesis that Gb3 is
present in fresh sections of human colonic epithelia is that Gb3
is present on the gastrointestinal mucosa of both rabbits and
mice, two animals that are also susceptible to the effects of the
toxin (25, 28, 37). Our data suggest that in the colonic epithe-
lia, glycosphingolipid synthesis kinetics appear to drive high
levels of Gb4 production, which, we speculate, effectively limits
the amount of detectable Gb3.

Our observation of abundant Gb4 on the surface of normal
human colonic epithelial sections and on HCT-8 cells in cul-
ture initially suggested to us that Gb4 might function as an
alternate Stx receptor on the surface of the colon, since Stx1
and Stx2 are both known to bind to Gb4, albeit with lower
affinity than that for Gb3 (35). In support of a positive Gb4-Stx
interaction on the colonic epithelium, we observed a dose-
dependent binding of Stx1 and Stx2 to HCT-8 cells in a pattern
similar to the distribution of Gb4 staining. However, our data
that showed a striking increase in the cytotoxicities of Stx1
(60-fold) and Stx2 (20-fold) for the HCT-8 cells (Table 1) with
reduced Gb4 synthase compared to those for control HCT-8
cells with scrambled shRNA (Table 1) suggest that Gb4 is in
fact not acting as a functional receptor for either Stx1 or Stx2.
Rather, these results, along with the increase in cell surface
Gb3 on the Gb4 synthase-reduced HCT-8 cells (Fig. 7),
strongly indicate that Gb3 is the primary functional receptor
for Stxs on colonic epithelial cells and suggest that Gb4 may
bind the toxins without a cytotoxic consequence. Our finding
that Stx2 did not bind more strongly to the HCT-8 Gb4 syn-
thase-reduced cell line but was more toxic to those cells is
additional evidence that for the Stxs, cell surface binding does
not correlate completely with cytotoxicity. Furthermore, the
reduced binding of Stx2 in the Gb4 synthase-reduced HCT-8
cell line likely reflects a loss of Gb4-Stx2 interaction.

We observed that more Stx1 than Stx2 bound to purified
Gb3 and Gb4, to HCT-8 cells, and to colonic tissue sections.
We noted, as have others (56), that both Stx1 and Stx2 bound
less well to Gb4 than they did to Gb3, but we found that Stx2
in particular did not bind well to Gb4 in the ELISA format. We
suspect that the differences in binding of Stx2 to purified Gb3
and Gb4 in the ELISA, compared to its interaction with
HCT-8 cells, reflect a preference of Stx2 for the cell surface
arrangement of Gb3 and Gb4. Lingwood’s group has shown
that the Stxs prefer to bind to glycosphingolipids (GSLs) that
are present in lipid rafts and that the fatty acid chain length
also plays a role in how well the toxins bind to subsets of Gb3
(8, 54). Furthermore, such a preference for Stxl1 and Stx2
binding to selected subsets of GSLs may explain why the pat-
terns of staining for Stxs (Fig. 2) were discrete compared to the
diffuse pattern of Gb4 detection by antibody (Fig. 3).

We were surprised to find that Gb4 synthase transcript levels
in HCT-8 cells and normal human colon tissue were signifi-
cantly lower than would be expected based on Gb4 immuno-
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staining. Despite our ability to accurately amplify Gb4 synthase
c¢DNA from a plasmid, multiple experiments yielded the same
low-level Gb4 synthase transcript amounts in HCT-8 cells and
undetectable levels in Vero cells. Two possible hypotheses that
may explain the low levels of Gb4 synthase transcript yet high
levels of Gb4 we observe include an unstable Gb4 synthase
transcript and/or a stable and/or efficient Gb4 synthase protein.
An analysis of the sequence of Gb4 synthase revealed the
presence of mRNA-destabilizing properties that are not
present in Gb3 synthase mRNA. Indeed, throughout the
lengthy 3’ untranscribed region (3'-UTR) (1,906 nucleotides
[nt]; average 3'-UTR is 740 nt) of the Gb4 synthase transcript,
multiple mRNA-destabilizing elements are present. Notably,
two destabilizing nonameric AU-rich elements (ARE and
UUAUUUAUDU) are located within the 500 nucleotides prox-
imal to the stop codon within the Gb4 synthase mRNA. Two or
more copies of this motif are associated with a short-lived
mRNA half-life (30). In addition to the nonameric ARE se-
quence, at least four copies of the well-characterized ARE
element AUUUA are present within the 3'-UTR of the Gb4
synthase mRNA. In contrast to the numerous potential desta-
bilizing elements within the Gb4 synthase mRNA 3’-UTR, the
Gb3 synthase transcript is devoid of any such ARE elements.
Therefore, the detection of only low levels of Gb4 synthase
mRNA is likely due to instability of the transcript. In addition,
the Gb4 synthase protein is predicted to be stable, while the
Gb3 synthase protein is most likely unstable, according to an
analysis by the ProtParam protein algorithm (13). Alterna-
tively, a mechanism of negative autoregulation of Gb3 synthase
transcription by Gb3 synthase itself (directly or indirectly)
would also explain these data. Negative autoregulatory mech-
anisms that limit the transcript amount in this manner have
been described (3). Taken together, our analysis suggests that
Gb4 synthase efficiently drives the production of Gb4 from the
available cellular Gb3 substrate in normal colonic tissue and in
HCT-8 cells. Moreover, a kinetically favorable production of
Gb4 from Gb3 would explain the relatively low levels of Gb3
we observe in cells and in colonic tissue sections. Why this
regulatory mechanism would differ between Gb3 synthase and
Gb4 synthase is not immediately apparent.

Overall, our data suggest a model in which small amounts of
Gb3 are expressed on the surface of the colonic epithelia
among abundant Gb4. We predict that Stx binding to colonic
epithelial cells occurs through both receptors. Although we did
not observe identical patterns of immunofluorescence for lo-
calization of the Stxs versus Gb3 and Gb4 on the tissue sec-
tions, those differences in staining patterns most likely occur
because the Stxs bind better to certain subsets of Gb3 and Gb4
(8). In addition, we suggest that whereas the interaction of Stx
with Gb3 results in a functional toxic event, binding to Gb4
does not and may lead to a sequestration of the toxin. The
implication that Gb3 is present on a subset of cells within the
colonic epithelial surface is significant because it suggests a
possible mechanism for Stx penetration of the epithelia. Stx-
generated apoptosis of some cells in the epithelial barrier may
allow the toxin access to the lamina propria and the associated
vasculature through a temporary lesion in the epithelium. The
toxin may then damage the Gb3-rich colonic endothelial cells
and lead to hemorrhagic colitis or, in a worst-case scenario,
systemic toxemia and the HUS. Because Stx1 binds to Gb4 at
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higher levels than does Stx2, the reason that Stx1 expression by
STEC is less likely to lead to the HUS may be that Stx1 is
bound to the Gb4 present in the gut, such that less of the toxin
binds to the functional receptor Gb3 to cause toxicity. How-
ever, because we also observed that Stx2 bound to Gb4 on
HCT-8 cells, in some cases without cytotoxicity, it may be that
the balance of Gb3 and Gb4 within the gut in an individual
host plays a role in whether that person develops the HUS.
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