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Gastrointestinal disease caused by Shiga toxin-producing Escherichia coli (STEC) is frequently complicated
by life-threatening toxin-induced systemic sequelae, including the hemolytic uremic syndrome. We previously
constructed a recombinant bacterium displaying a Shiga toxin receptor mimic on its surface which neutralized
Shiga toxins with very high efficiency. Moreover, oral administration of the live bacterium completely protected
mice from challenge with virulent STEC. In this study, we investigated the protective capacity of formaldehyde-
killed receptor mimic bacteria, as these are likely to be safer for administration to humans. The killed bacteria
completely protected STEC-challenged mice when administered three times daily; incomplete protection was
achieved using two doses per day. Commencement of therapy could be delayed for up to 48 h after challenge
without diminishing protection, depending on the virulence of the challenge strain. Thus, administration of this
agent early in the course of human STEC disease may prevent progression to life-threatening complications.

Shiga toxin (Stx)-producing strains of Escherichia coli
(STEC) cause diarrhea and hemorrhagic colitis in humans,
which can be complicated by systemic sequelae such as the
hemolytic uremic syndrome (HUS). HUS is a life-threatening
condition characterized by a triad of microangiopathic hemo-
lytic anemia, thrombocytopenia, and renal failure, and it is a
leading cause of acute renal failure in children (5, 8, 9, 14).
STEC infection can also result in a variant form of HUS,
sometimes referred to as thrombotic thrombocytopenic pur-
pura. This diarrhea-associated disease is more common in
adults than in children. Pathological features are essentially
the same, but it differs from the typical form of HUS in that
patients are more often febrile and have marked neurological
involvement (5). The severe gastrointestinal symptoms as well
as the systemic complications associated with STEC infections
are principally caused by Stx, which is a sine qua non of viru-
lence. During infections, STEC bacteria colonize the gut and
release Stx into the gut lumen; the bacteria do not invade the
gut mucosa, but toxin is absorbed into the circulation and
targets tissues displaying the appropriate glycolipid receptor
(particularly the microvasculature of the gut, kidneys, and
brain) (6).

Development of rapid and sensitive methods for early diag-
nosis of STEC infection has created a window of opportunity
for therapeutic intervention. Indeed, STEC infection may be
detected almost a week before symptoms of HUS become
apparent (12–14). Furthermore, increased awareness during
major outbreaks will result in more patients presenting during
the prodromal stage. Contacts of persons with proven or sus-
pected STEC infection could also be treated. Unfortunately,
antibiotic therapy is contraindicated for STEC infection, be-

cause it increases free Stx in the gut lumen by releasing cell-
associated toxin and inducing toxin gene expression (14, 17).
Thus, adsorption or neutralization of Stx in the gut is a poten-
tially important alternative therapeutic strategy. STEC strains
associated with human disease produce one or more of the
recognized types of Stx (designated Stx1, Stx2, Stx2c, and
Stx2d). Although they differ in amino acid sequence and in
some biological properties, all of these Stx types recognize the
same glycolipid receptor, globotriaosyl ceramide (Gb3), which
has the structure Gala[134]Galb[134]Glc-ceramide (6). In a
recent study we exploited this specificity to develop a recom-
binant bacterium expressing a mimic of the Gb3 oligosaccha-
ride on its surface (11). This involved insertion of a plasmid
(pJCP-Gb3) carrying two Neisseria galactosyltransferase genes,
lgtC and lgtE (3), in a derivative of E. coli R1 (CWG308) which
has a waaO mutation in the outer core lipopolysaccaride (LPS)
biosynthesis locus such that a truncated LPS core terminating
in glucose is produced (4). Expression of lgtC and lgtE resulted
in the linkage of Gala[134]Galb[134] onto the terminal glu-
cose. This bacterium adsorbed and neutralized Stx1, Stx2,
Stx2c, and Stx2d with very high efficiency in vitro. Moreover,
oral administration of the live recombinant bacterium was
100% protective in a streptomycin-treated mouse model of
STEC-induced renal damage (11). Oral administration of this
novel agent to individuals diagnosed with, or at risk of, STEC
infection has the potential to adsorb and neutralize free Stx in
the gut lumen, thereby preventing absorption of toxin into the
bloodstream and the concomitant life-threatening systemic se-
quelae associated with STEC disease in humans. However,
oral administration of live genetically manipulated organisms
to humans is potentially controversial and is likely to be sub-
jected to rigorous scrutiny by regulatory authorities. In our
previous study we demonstrated that formaldehyde-killed E.
coli CWG308:pJCP-Gb3 was also capable of binding and neu-
tralizing Stx in vitro (11). Here we examine the capacity of oral
administration of killed recombinant cells to protect mice from
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otherwise fatal challenge with a highly virulent STEC strain.
We have also examined the effect of delaying commencement
of therapy on protective efficacy.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli CWG308 (4), provided by Chris Whit-
field, and construction of plasmid pJCP-Gb3 (11) have been described previously.
The Stx2-producing O113:H21 STEC strains 97MW1 and 98NK2 (13) are both
clinical isolates from the Women’s and Children’s Hospital, North Adelaide,
South Australia, Australia. Spontaneous streptomycin-resistant derivatives of
these strains used in challenge experiments were isolated by in vitro exposure to
the drug. All E. coli strains were routinely grown in Luria-Bertani (LB) medium
(7) with or without 1.5% Bacto Agar. Where appropriate, streptomycin or kana-
mycin was added to the growth medium at a concentration of 50 mg/ml.

Formaldehyde treatment of E. coli. E. coli CWG308 or E. coli CWG308:pJCP-
Gb3 cells were grown overnight in LB broth supplemented with isopropyl-b-D-
thiogalactopyranoside (20 mg/ml) and, for CWG308:pJCP-Gb3, kanamycin (50
mg/ml). Cells were harvested by centrifugation, washed, and resuspended in
phosphate-buffered saline (PBS) at a density of 1010 CFU/ml (equivalent to 20
mg [dry weight] of cells per ml). Formaldehyde was added to a final concentra-
tion of 1% (vol/vol), and the suspension was held at 4°C for 16 h. Cells were then
washed twice with PBS to remove the formaldehyde and resuspended at the
same density in sterile PBS. Complete killing of the E. coli suspensions was
confirmed by culture. Suspensions were stored at 4°C for up to 2 weeks before
use.

In vivo protection studies. The streptomycin-treated mouse model of STEC-
induced renal injury has been described previously (11, 16). Male 5 to 6-week-old
BALB/c mice were given oral streptomycin (5 mg/ml in drinking water) for 24 h
before oral challenge with 108 CFU of the streptomycin-resistant STEC, sus-
pended in 50 ml of 20% sucrose. Successful colonization of each mouse, and
maintenance at a level of at least 109 CFU/g, was confirmed by quantitative
culture of feces on MacConkey agar supplemented with streptomycin. Mice were
then given oral doses of approximately 8 mg (dry weight) of either CWG308 or
CWG308:pJCP-Gb3 (formaldehyde killed) freshly resuspended in 60 ml of 20%
sucrose–10% NaHCO3, twice or three times daily for up to 12 days. Oral strep-
tomycin was continued throughout the experiment. The survival times of mice in
each of the groups were recorded. The differences in survival rate between
STEC-challenged mice treated with killed CWG308 or CWG308:pJCP-Gb3 were
analyzed using the Fisher exact test. Kidneys were also removed from selected
mice and fixed in formalin, and hematoxylin-and-eosin-stained sections were
examined for histological evidence of renal injury.

RESULTS

In an initial experiment, we examined the degree of protec-
tion against the highly virulent STEC strain 97MW1 afforded
by oral administration of formaldehyde-killed CWG308:pJCP-
Gb3. Four groups of six mice were challenged with 97MW1 and
then treated with either killed CWG308 or CWG308:pJCP-
Gb3. The dose administered (approximately 8 mg [dry weight])
was the same as that used in our previous study for live bac-
teria, and this was given either twice daily (i.e., every 12 h, as
in our previous study [11]) or three times daily (every 8 h),
commencing immediately after challenge. Figure 1 shows that
all STEC-challenged mice treated with CWG308 died, with a
median survival time of approximately 4 days. Five of the six
mice which were treated with CWG308:pJCP-Gb3 twice daily
survived; all six mice which received three doses per day were
alive and well at the termination of the experiment. For both of
these groups, the survival rate was significantly better than that
of the corresponding control group treated with CWG308 (P ,
0.005). Histological examination of the renal cortex of kidneys
removed from CWG308-treated mice revealed extensive Stx-
mediated tubular necrosis consistent with that seen in previous
studies (10, 16). In contrast, the renal cortex of kidneys of
unchallenged healthy mice or those removed at the end of the

experiment from STEC-challenged mice treated with CWG308:
pJCP-Gb3 showed no signs of tubular necrosis (Fig. 2). The
lack of obvious renal damage in the CWG308:pJCP-Gb3-
treated mice is remarkable, given that high levels of STEC (109

to 1010 CFU per g) had been maintained in the gut throughout
the 12 days of the experiment.

We then investigated the impact of delaying commencement
of therapy on survival of STEC-challenged mice. Six groups of
four mice were challenged with 97MW1. For five of the groups,
therapy with formaldehyde-killed CWG308:pJCP-Gb3 (8 mg
[dry weight] administered every 8 h) was commenced immedi-
ately or after a delay of 8, 16, 24, or 48 h; the sixth group did
not receive treatment. As shown in Fig. 3, all mice in the
untreated group died within 4 days. All of the mice also died
when treatment with CWG308:pJCP-Gb3 was commenced 24
or 48 h after challenge, although the median survival time was
slightly longer. Only one mouse survived when therapy was
commenced after 16 h, but all mice survived when treatment
commenced either immediately or 8 h after challenge with
97MW1 (P , 0.025, compared with the untreated group).
97MW1 is a highly virulent O113:H21 STEC strain which
grows rapidly in the mouse gut and carries three stx2-related
genes (13). While levels of expression in vivo were not deter-
mined, it is presumed to be capable of releasing large amounts
of Stx2 into the gut lumen within hours of infection, and this
may contribute to the rapidly fulminant course of disease. In
humans, the lag between acquisition of STEC infection and
onset of HUS may be as much as 2 weeks, and so the above

FIG. 1. Protective efficacy of formaldehyde-killed receptor mimic
bacteria. Groups of six streptomycin-treated mice were challenged
with 97MW1 and then treated orally twice or three times daily with E.
coli CWG308 or CWG308:pJCP-Gb3 (see Materials and Methods).
The survival time of each mouse is shown.
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model may underestimate the extent to which commencement of
treatment can be delayed. Accordingly, we conducted an experi-
ment similar to that described above, using a somewhat less vir-
ulent STEC challenge strain, 98NK2. This strain, also O113:H21,
is closely related to 97MW1, on the basis of pulsed-field gel
electrophoretic analysis of genomic DNA, but it carries only one
stx2 gene (13). Nevertheless, the two strains produce similar levels
of Stx in vitro; the toxin titer in culture lysates (determined by
Vero cell cytotoxicity assay) was 8.2 3 106 tissue culture cytotoxic
doses per ml. Using 98NK2 as the challenge strain, five of eight
untreated mice died, with a median survival time of 6 days (Fig.
4). In contrast, all eight mice survived in the groups in which
treatment with CWG308:pJCP-Gb3 commenced either 0, 8, 16, or
24 h after challenge (P , 0.025). Six of the eight mice also
survived when treatment commenced 48 h after challenge.

DISCUSSION

The results of this study unequivocally demonstrate that oral
administration of formaldehyde-killed recombinant bacteria

expressing a mimic of the Stx receptor protects mice from
otherwise fatal challenge with a highly virulent STEC strain.
The dose of bacteria used was similar to that employed in our
previous study involving live recombinant cells (11). Thus, the
capacity to survive in the gut is not an essential feature of this
novel therapeutic agent. However, in order to maintain 100%
protection, it was necessary to administer formaldehyde-killed
cells three times rather than twice daily. The slight reduction in
protective efficacy observed with twice-daily administration is
probably a consequence of clearance of the toxin-binding agent
between doses. Estimates of the gut transit time for mice are of
the order of 8 h, and so at lower treatment frequencies, mice
may be unprotected for the latter portion of each treatment
period. The protective efficacy of the killed recombinant cells is
encouraging, because such a product is likely to have a more
expeditious regulatory passage to human trials compared with
live genetically manipulated bacteria, which currently are
somewhat controversial.

Commencement of therapy immediately after challenge was
100% protective, but in the human setting such early interven-

FIG. 2. Histological confirmation of STEC-induced renal injury. Kidneys were removed from an uninfected control mouse (A), a CWG308-
treated mouse which died 4 days after challenge with 97MW1 (B), and two different CWG308:pJCP-Gb3-treated mice which were alive and well
12 days after challenge with 97MW1 (C and D). Kidneys were fixed, sectioned, and stained with hematoxylin and eosin as described in Materials
and Methods and examined by light microscopy at a magnification of 3400.
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tion will be possible only for contacts of patients with con-
firmed cases, who have not yet, or have only just, become
infected with STEC. When the highly virulent challenge strain
97MW1 was used in our mouse model, delaying commence-
ment of therapy with formaldehyde-killed CWG308:pJCP-Gb3

by 16 or more h resulted in loss of protection. However, the
window of opportunity for treatment was extended to 24 to
48 h when a less virulent challenge strain (98NK2) was used.
98NK2 is closely related to 97MW1 and has a similar gut
colonization capacity in the mouse model, as judged by quan-
titative culture of feces (result not presented). The principal
difference between the two strains is that 97MW1 has three stx2

genes whereas 98NK2 has only one. Nevertheless 98NK2 has
high human virulence and was the first locus for a enterocyte
effacement (LEE)-negative STEC strain to be associated with
an outbreak of HUS (13). Moreover, 98NK2 is more virulent in
the mouse model than most O157:H7 STEC strains.

Although the median survival time of unprotected mice
challenged with 98NK2 was 6 days, compared with only 4 days
for those challenged with 97MW1, this still represents a sig-
nificant time compression relative to the kinetics of human
disease. In the mouse model, streptomycin treatment elimi-
nates endogenous gut flora prior to challenge, and the STEC
strains do not have to compete with other organisms. Under
these circumstances, the numbers of STEC in the gut increase
very rapidly to 109 to 1010 CFU per g of feces. Thus, the host
could potentially be exposed to very high levels of Stx in the
lumen almost from the outset, such that an ultimately lethal
dose is absorbed into the circulation relatively early in the
course of infection. In human disease, ingested doses of STEC

are usually very low, and the pathogen must establish coloni-
zation in competition with endogenous flora. Thus, the time
lag between actual infection and onset of systemic complica-
tions such as HUS is probably up to 2 weeks. In view of these
considerations, it seems probable that a significantly broader
window exists for treatment of human infections. This is sup-
ported by the preliminary findings of a phase II clinical trial of
a synthetic Stx-binding agent Synsorb-Pk for the prevention of
progression of STEC disease in children from diarrhea to
HUS. Treatment was associated with a 40% reduction in pro-
gression if commenced within 3 days of onset of gastrointesti-
nal symptoms (2). However, the number of patients was low,
and a statistically significant difference between treatment and
placebo groups was not demonstrable. The practical difficulties
of conducting such efficacy trials are considerable, particularly
given the low incidence of sporadic STEC cases and the un-
predictability of outbreaks. The need to target patients in the
early stage of illness is also complicated by the inevitable delays
associated with laboratory confirmation of STEC infection;
retrospective exclusion of patients whose stool samples ulti-
mately prove to be negative for STEC can upset randomiza-
tion.

In our previous study (11) we demonstrated that the in vitro
Stx-binding capacity of CWG308:pJCP-Gb3 was 10,000 times
better than that reported by others for Synsorb-Pk (1, 15). For
this reason, we would anticipate improved in vivo performance
in humans relative to Synsorb-Pk, although this can be deter-
mined only in a large-scale clinical trial. Another important
consideration is that the Stx-binding bacterium is likely to be
extremely cheap to produce on a large scale, and the formal-

FIG. 4. Effect of delayed therapy with CWG308:pJCP-Gb3 on sur-
vival of mice challenged with 98NK2. Groups of eight mice were
challenged with 98NK2, and treatment with CWG308:pJCP-Gb3 was
commenced either immediately, after a delay of 8, 16, 24, or 48 h, or
not at all. Survival time of each mouse is indicated.

FIG. 3. Effect of delayed therapy with CWG308:pJCP-Gb3 on sur-
vival of mice challenged with 97MW1. Groups of four mice were
challenged with 97MW1, and treatment with CWG308:pJCP-Gb3 was
commenced either immediately, after a delay of 8, 16, 24, or 48 h, or
not at all. Survival time of each mouse is indicated.
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dehyde treatment should preserve it such that it has a long
shelf life, particularly in dried form. Low cost and long shelf
life will permit presumptive treatment of persons with sus-
pected STEC disease, pending the results of laboratory anal-
ysis of fecal samples. This is an important consideration, since
the findings of this study indicate that early commencement of
therapy will be essential to prevent progression of disease to
life-threatening systemic complications.
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