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Abstract
Previously, we showed that the Shiga toxin type 2 (Stx2)-expressing Escherichia coli O157:H7
strain 86-24 colonized mice better than did its isogenic stx2 negative mutant. Here, we confirmed
that finding by demonstrating that Stx2 given orally to mice increased the levels of the 86-24 stx2
mutant shed in feces. Then we assessed the impact of Stx2-neutralizing antibodies, administered
passively or generated by immunization with an Stx2 toxoid, on E. coli O157:H7 colonization of
mice. We found that such antibodies reduced the E. coli O157:H7 burden in infected mice and, as
anticipated, also protected them from weight loss and death.
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1. Introduction
Escherichia coli O157:H7 is a food- and water-borne pathogen that can cause diarrhea,
bloody diarrhea (known as hemorrhagic colitis), or in a fraction of cases, a life-threatening
sequela called hemolytic uremic syndrome (HUS). In a 1999 publication, Mead et al.
reported that in the United States E. coli O157:H7 was associated with an estimated 73,000
cases of intestinal disease each year and that about 3% of infected individuals required
hospitalization. The rate of HUS that followed E. coli O157:H7 infection in that 1999 report
was estimated as about 4%, and the number of individuals who died of HUS annually was
listed as 61 [1]. Approximations of E. coli O157:H7-associated HUS and hospitalization
rates from 2000–2006 were over 6% and nearly 42%, respectively [2]. That the severity of
the most recent outbreaks of E. coli O157:H7 in the United States has increased even further
is indicated by the fact that >50% of ill persons required hospitalization and >10% of
infections led to the development of HUS [3–5].

Shiga toxins (Stxs, also called Vero toxins) made by E. coli O157:H7 and other serotypes of
E. coli (collectively called Shiga toxin-producing E. coli or STEC) are considered to be
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responsible for the development of HUS [6]. Stxs are potent AB5 (one A polypeptide with
enzymatic activity and 5 copies of a B or cell-binding polypeptide) cytotoxins. These toxins
are N-glycosidases that inhibit protein synthesis by the depurination of a critical ribosomal
residue important for protein elongation (reviewed in [7]). There are two serologically
distinct groups of Stx: Stx1 and Stx2 (reviewed in [8]). The expression of both toxins is
associated with human disease, but more recent outbreaks in the United States seem to be
associated with STEC that produce Stx2 or a variant of Stx2 [9].

The Stxs are known to act systemically and therefore must transit from the site of STEC
colonization in the gastrointestinal tract to the circulatory system (reviewed in [10]). That
Stx may also act locally was suggested by an investigation from our laboratory in which we
demonstrated that Stx2-expressing E. coli O157:H7 strain 86-24 adhered better to HEp-2
cells in culture and colonized to a greater extent in a mouse model of single organism
infection than did its isogenic stx2 null mutant [11]. In that same report, we also
demonstrated in vitro that Stx2 increases cell-surface expression of nucleolin, a eukaryotic
receptor for the E. coli O157:H7 adhesin intimin [12,13]. This latter result led to the
speculation that Stx2 may augment E. coli O157:H7 adherence through its capacity to
increase the number of receptors available for intimin-dependent adherence. Intimin is an
outer membrane protein of E. coli O157:H7 and is the primary mediator of adherence for the
bacterium [14,15]. Although the E. coli O157:H7 type III secretion system (TTSS) product
called Tir (for translocated intimin receptor), is the critical receptor for E. coli O157:H7
intimin after its injection into the eukaryotic cell, our previously published in vitro and in
vivo data strongly suggest that nucleolin may play a role in the initial binding of the
organism to the target cell surface before Tir is injected [13,16].

In this study, we first sought to extend our observation that the wild-type E. coli O157:H7
strain 86-24 colonizes at higher levels in vivo than does its isogenic 86-24 stx2 mutant by
feeding mice Stx2 and then assessing whether the 86-24 stx2 mutant colonized better than in
animals not fed the toxin. We found that pre-treatment with toxin did enhance the capacity
of E. coli O157:H7 to colonize mice with an intact commensal flora. We then tested the
impact of anti-Stx2 neutralizing antibody administered passively or induced by active
immunization on colonization. We found that anti-toxin not only, as expected, protected
mice from the morbidity (as reflected by weight loss) and lethality of E. coli O157:H7
infection, but also reduced the level of colonization by the E. coli O157:H7 challenge strain.

2. Materials & Methods
2.1 Bacterial strains

Wild-type E. coli O157:H7 strain 86-24, first isolated in 1986 during an outbreak in
Washington State believed to be linked with contaminated beef products [17], was used for
all experiments. E. coli O157:H7 strain 86-24 produces Shiga toxin type 2 (Stx2) only. We
made use of a toxin null mutant isogenic to strain 86-24, TUV 86-2. Both the wild-type and
the isogenic mutant TUV 86-2 were generously provided by Dr. Arthur Donohue-Rolfe of
Tufts University [18]. To aid in recovery and differentiation of the bacterium from normal
flora in vivo, strains of both the wild-type and mutant resistant to nalidixic acid (NalR, 25
µg/mL) were used in this investigation. Bacteria were taken directly from a freezer stock
and grown on Luria Bertani (LB) plates with nalidixic acid. Subsequently, a single colony
was inoculated into LB broth supplemented with nalidixic acid for use as a starter culture.
For infection of mice, bacterial starter cultures were diluted 1:100 into larger broth cultures
and were grown overnight with aeration prior to concentration by centrifugation and
resuspension to 40× in 20% glucose-phosphate buffered saline (PBS).
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2.2 Anti-Stx2, normal rabbit serum, and immunoblot procedure
Polyclonal rabbit anti-Stx2 serum [19] was used in passive immunization studies and as a
primary probe for the detection of Stx2 toxin or toxoid in immunoblot assays. Normal rabbit
serum (NRS, purchased from Rockland Immunochemicals, Inc., Gilbertsville, PA) was used
as a control in passive immunization experiments and immunoblot analyses.

Prior to use in animals, samples of the anti-Stx2 antiserum and NRS were pre-cleared
against a laboratory strain of E. coli (to remove non-specific anti-E. coli antibodies) as
follows. Two volumes of an overnight culture of DH5α were harvested by centrifugation (10
minutes at 5,000 rpm), washed three times in PBS, and resuspended in one volume of the
serum sample. This mixture was allowed to incubate end-over end at 37°C for ~2 hours and
then the bacteria were pelleted by centrifugation. The resulting supernatant that contained
the pre-cleared serum was filtered through a 0.22 µm syringe filter. The filtrate was tested
for sterility by spotting 100 µL of the material onto LB agar followed by overnight
incubation of the plate at 37°C.

For immunoblot analyses, samples were either spotted directly onto nitrocellulose with the
use of a dot blot manifold or electrophoretically mobilized into a sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE). Samples run by SDS-PAGE were transferred to
nitrocellulose with a semi-dry transfer apparatus. Once samples were applied to
nitrocellulose, the blots were rinsed in PBS-Tween (PBST) then blocked overnight with 5%
dry milk in PBST. Blots were washed in PBST prior to incubation in primary antibody (anti-
Stx2 or NRS at a dilution of 1:5,000) for ~2 hours. Blots were washed again and incubated
for an additional hour in secondary antibody conjugated to horseradish peroxidase (goat
anti-rabbit-HRP, Bio-Rad, Hercules, CA). After a final wash, blots were incubated with
Amersham Bioscience’s enhanced chemiluminescence (ECL) Plus Western blotting
detection reagents (Amersham Bioscience, GE Healthcare Bio-Sciences Corp., Piscataway,
NJ). Blots were then developed onto Kodak XAR-5 film (purchased from VWR
International, West Chester, PA) using a Series XXXV A Rapid Processor (Ti-Ba
Enterprises, Inc., Rochester, NY).

2.3 Mouse infection model
For all experiments, we used an intact commensal flora (ICF) mouse model to study E. coli
O157:H7 colonization and pathogenesis [20]. In this E. coli O157:H7 oral infection model,
moderate levels of intestinal colonization can be established. Moreover, such manifestations
of disease as weight loss and death are evident in at least 30% of E. coli O157:H7-
challenged ICF animals. Lastly, renal tubular damage is evident in some infected animals as
is an elevation in the level of blood urea nitrogen; these latter two findings are indicative of
kidney damage.

The details of the model in brief are as follows. Six week-old female BALB/c mice were
purchased from Charles River Labs (Wilmington, MA). The mice were housed in filter-top
cages, in a temperature-, light-, and humidity- controlled room. Animals were provided
access to food and water ad libitum. To ensure colonization with E. coli O157:H7 upon
infection, animals were fasted overnight prior to infection; additionally, water access was
restricted 2 hours before infection and returned thereafter. All animal experiments were
approved by the Institutional Animal Care and Use Committee at the Uniformed Service
University of the Health Sciences.

Mice were infected orally either by pipette feeding or intragastric administration (IG,
gavage) with ~109 CFU of E. coli O157:H7 strain 86-24NalR (wild-type) or TUV 86-2 NalR
(stx2 mutant) (at a feeding dose of 109 CFU, oral infection by pipette feeding or IG results in
essentially equivalent colonization levels [20]). Animals were monitored for E. coli
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O157:H7 colonization by enumeration of the number of challenge organisms in their feces.
Fecal pellets were suspended in PBS (1:10 dilution by weight), homogenized with a wooden
stick, and debris pelleted by slow speed centrifugation. The resultant fecal supernatants were
diluted and plated on sorbitol MacConkey Agar (SMAC) supplemented with nalidixic acid
to determine the colony-forming-units (CFU) shed/g feces. In many experiments animals
were housed individually after infection to prevent secondary infection from hyper-shedding
animals.

2.4 Stx2 toxin and toxoid
Toxin feeding experiments were done with a histidine-tagged Stx2 protein (called Stx2-6H)
that was generated and purified as previously described [11]. The resulting toxin was tested
for activity on Vero cells and found to be about 10-fold less toxic than purified Stx2 without
the tag. Nevertheless, the specific activity of Stx2-6H was still high [8 × 107 50% cytotoxic
doses (CD50)/mg protein].

The clone for expression of a fully inactive Stx2 toxoid with a similar C-terminal 6-histidine
tag (Stx2 Y77S E167D-6H) was created as follows. Splicing by overlap extension (SOE)
PCR was used to introduce a mutation into the clone that expressed Stx2 E167D-6H [11] so
as to ultimately generate a second amino acid change in that toxoid (Y77S). The DNA
segments to be linked together with nucleotide changes were amplified by PCR from the
Stx2 E167D-6H clone template [forward primer 2Y77S
(TCAGTGGCCGGGTTCGTTAATACGG); reverse primer pTrcR
(CCAGGCAAATTCTGTTTTATCAGACCGC); forward primer pTrcF
(GACAATCTGTGTGGGCACTCGACCGG); reverse primer 2Y77SR
(CCGTATTAACGAACCCGGCCACTGATAAATTATTTTGCTCAATAATCAGACGAA
GATGGT)]. These upstream and downstream fragments were then connected by SOE PCR
with pTrcF and pTrcR as primers. The resulting PCR product was subjected to a double
restriction enzyme digest and ligated into pTrcHis2C. Transformants were screened by PCR
for the presence of the mutated DNA. That the plasmid DNA inserts from those
transformants that were positive by PCR were indeed those of the mutant genotype was
confirmed by sequencing. The toxoid was expressed and purified in a similar manner to that
of Stx2-6H protein described previously [11].

2.5 Toxin feeding and O157:H7 challenge studies
A crude preparation of Stx2 was made by sonically-disrupting a concentrated overnight
culture of 86-24. The lysate was clarified by centrifugation and then filter sterilized. The
concentration of Stx2 in the lysate was estimated by comparison with purified Stx2 on
Western blot. The lysate was then adjusted to contain 0.1 µg, 1 µg, or 10 µg of Stx2 in 20%
glucose-PBS. We selected those toxin amounts based on our knowledge of the load of
bacteria present within the cecum of an infected, ICF mouse, 105–106 CFU of E. coli
O157:H7 86-24NalR (data not shown); that level of bacteria produces approximately 0.1 µg
of Stx2 in vitro. As we thought there might be loss of toxin during transit to the site of
infection, we used 1-, 10-, and 100-fold doses (0.1 µg, 1 µg, or 10 µg) of Stx2 to maximize
the chance that sufficient toxin was available to affect colonization. Prior to infection and
daily thereafter, groups of three mice were fed 20% glucose-PBS alone or one of the lysates
that contained Stx2. Mice were infected by pipette feeding with either the wild-type or the
stx2 mutant bacteria. Colonization was monitored over the first 9 days post-infection.
Colonization levels are reported as the geometric mean (GM) of CFU/g feces after
normalization by inoculum load. Specifically, daily CFU counts were normalized to wild-
type inocula by division of the CFU of the strain inoculum over the CFU of the inoculum of
wild-type.
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For the studies in which mice were given purified Stx2, five µg of pure Stx2-6H in Non-Fat
Dry Milk (NFDM) or NFDM alone was administered orally, once daily by pipette to groups
of 5 mice on days -1 through 7 and again on days 11 through 21. Mice were than challenged
with a concentrated culture of E. coli O157:H7 strain 86-24NalR or TUV 86-2 NalR given
orally by pipette feeding. Colonization was monitored by fecal shedding (see section 2.3.1)
and reported as geometric mean (GM) of CFU/g feces, normalized by inoculum level (see
above).

2.6 Assessment for presence of anti-Stx2 serum in the feces of mice
Animals were given a single intraperitoneally (IP)-administered dose of the polyclonal
rabbit Stx2 antiserum (described above in section 2.2). Fecal pellets were collected from
infected (n=8) and uninfected (n=8) animals at various times post-infection (1, 2, 3, 4, 5
days) and analyzed for the appearance of the Stx2 antibody by an anti-Stx2 ELISA (see
section 2.10). Fecal material was also assessed for the presence of toxin by a commercially-
available ELISA kit (Premier EHEC ELISA, Meridian diagnostics, Cincinnati, OH) as per
the manufacturer’s protocol.

2.7 Passive immunization with anti-Stx2 antiserum or normal rabbit serum
Mice were injected IP with 200 µL of the polyclonal rabbit anti-Stx2 antiserum (described
above in section 2.2) or 200 µL of NRS (pre-cleared and filter-sterilized as for the
polyclonal anti-Stx2). Mice were then intragastrically infected with wild-type strain
86-24NalR. Animals received two doses of anti-serum (anti-Stx2 or NRS), 24 hours apart
prior to infection (at either -24 and -1 hour or at -48 and -24 hours, depending on the study).
Following infection, colonization was monitored by fecal shedding (see section 2.3).

2.8 Active immunization with an Stx2 toxoid
Prior to immunization, serum and fecal material were collected from the various groups to
serve as a pre-immunization control. Groups of 11 animals were then immunized IP with
either 5 µg of the toxoid Stx2 Y77S E167D-6H or PBS mixed 1:1 with the adjuvant
TiterMax Gold (TiterMax USA, Inc., Norcross, GA). Animals received an initial injection
followed by five boosts at three week intervals.

Three weeks after the fifth boost animals received a final dose of concentrated antigen (200
µg of toxoid in a total volume of ~100 µL) by intragastric (IG) administration. To generate
this antigen, purified toxoid was further concentrated by use of a Centriplus centrifugal
filtration device with a molecular weight cut-off of 10 kDa (Amicon Bioseperations,
Millipore, Billerica, MA). The final toxoid concentration was determined by bicinchoninic
acid (BCA) assay (Pierce, Thermo Fisher Scientific, Rockford, IL) in conjunction with an
immunoblot analysis that included toxin standards.

After each IP boost and the single IG immunization, fecal pellets and blood from tail vein
bleeds were collected from each animal to determine serum and fecal anti-Stx2 titers by a
neutralization assay and an ELISA (see sections 2.9 and 2.10). Animals were then infected
by gavage with greater than 109 CFU of E. coli O157:H7 strain 86-24NalR and colonization
was monitored (see section 2.3).

2.9 Assessment of Stx2-neutralizing antibody capacity in fecal supernatants
Fecal samples were diluted 1:10 by weight into PBS, homogenized, and large debris
pelleted. Fecal supernatants were removed, further diluted 1:10 into PBS, and filtered
through a 0.80 µm or 0.45 µm syringe filter followed by a 0.22 µm syringe filter. The
filtered fecal supernatant material was stored at −20°C prior to use.
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The fecal supernatants were analyzed by a Vero cell neutralization of cytotoxicity assay for
the presence of anti-toxin antibody. Each fecal sample was pre-incubated (at the 1:100
dilution) with 8 pg of Stx2 diluted into sample at a 1:1 ratio for a final concentration of 4 pg/
100 µL for 2 hours at 37°C. Vero cells were then overlaid with 100 µL of the sample/toxin
mixture and incubated 40–48 hours at 37°C 5% CO2 prior to fixation and staining in crystal
violet. The wells in the Vero plate were read at 630 nm on a spectrophotometer.

2.10 Determination of fecal and serum anti-Stx2 ELISA titers
Serum was obtained from the blood collected prior to E. coli O157:H7 infection. Fecal
samples were obtained and processed as described in section 2.9. Microtiter plates (96-well
U-bottom) were coated with purified Stx2 (100 ng/well) in PBS overnight. Plates were
blocked with 3% bovine serum albumin (BSA) for at least 16 hours prior to use. Before
addition of samples, plates were washed in PBST. Separately, serum samples were diluted
1:50 in PBS then further serially diluted at 1:5 increments. Fecal samples were serially
diluted 1:2 in intervals from a filtered, 1:100 stock dilution (see section 2.9) or from a fecal
supernatant obtained from feces diluted 1:10 by weight (see section 2.6). The sample
dilution series was incubated on the pre-blocked, washed plates at 37°C for 2 hours (serum)
or at 4°C overnight (fecal). Next, plates were washed in PBST and a 1:3,000 dilution of
secondary antibody, either goat anti-mouse IgG or goat anti-mouse IgA both conjugated to
HRP, was added to each appropriate well. The plates were then incubated at room
temperature for 1 hour and subsequently washed in PBST. Substrate solution [3,3’,5,5’-
tetramethylbenzidine (TMB) peroxidase enzyme immunoassay (EIA) substrate kit, Bio-Rad
Laboratories, Hercules, CA] was added to the wells of the washed plates and incubated for
15 minutes before the reaction was stopped with 1N sulfuric acid. The plates were then read
on a spectrophotometric plate reader at a wavelength of 450 nm. For this assay, polyclonal
mouse anti-Stx2 serum was used as a positive control.

2.11 Statistical analyses
Statistical analyses were calculated through application of the statistical software program
SPSS v16 (SPSS Inc., Chicago, IL). Specific analyses were performed as described below.

For evaluation of the colonization levels of E. coli O157:H7 wild-type or toxin mutant in the
lysate feeding experiment, all data were transformed to a log base 10 scale to meet the
assumption for normality. A two-way analysis of variance (ANOVA) was done with the log
base 10 CFU/g feces as the dependent variable and both group and day as fixed factors.
Main effects of both group and day were investigated.

For most other statistical assessments of colonization levels, individual animals were
monitored over time and repeated measures (RM) ANOVA was used to appraise differences
in colonization levels among the groups. The RM ANOVA was estimated by a linear mixed
model approach to incorporate all available data (to include results obtained from animals
that died prior to the conclusion of the study). In these analyses, group was the between
subjects factor and day was the within subjects factor. Differences on various days post-
infection were then analyzed by means of a one-way ANOVA, with the data split by day
post-infection. For the latter analysis, group became the independent variable.

In the evaluation of the systemic effects of passive immunization, the proportion of infected
animals that shed toxin in their feces over time was compared by the Log Rank test.

For an assessment of the effect of vaccination on serum and fecal responses by ELISA, we
first made use of a nonparametric statistical test on related samples (the Wilcoxon signed-
rank test) as our samples failed to meet the assumption for normality even after transforming
the data to log base 10. Additionally, we compared the IgG titers, IgA titers, and %
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neutralization values between the vaccinated and unvaccinated animals by the Mann-
Whitney nonparametric statistical test.

3. Results
3.1 Role of Stx2 in E. coli O157:H7 colonization

In our previous study on the impact of Stx2 on colonization of mice by E. coli O157:H7, we
found that when a mixture of wild-type 86-24NalR and the toxin null mutant TUV86-2NalR
were fed to the animals, toxin produced by the wild-type bacteria complemented the defect
in the colonizing capacity of the mutant [11]. Based on that observation, we hypothesized
that Stx2 given orally to mice would increase intestinal colonization of a toxin null mutant
(Note: US Recombinant DNA guidelines forbid the complementation of such a mutant by
transformation with a plasmid that expresses Stx2 holotoxin [21]). To test this theory, we
did a preliminary study to determine whether crude toxin preparations supplied exogenously
would complement the colonization defect of the toxin null mutant. For that purpose, we fed
groups of 3 mice varying dilutions of an Stx2-containing lysate of 86-24NalR such that
animals received no toxin (20% glucose-PBS), 0.1 µg, 1 µg, or 10 µg of crude Stx2 prior to
infection. The following day, we challenged lysate-treated or 20% glucose-PBS-treated mice
orally with TUV86-2NalR and 20%glucose-PBS-treated mice with wild-type 86-24NalR as a
control. We continued to administer the Stx2-containing lysates or 20% glucose-PBS alone
to the animals daily thereafter while we monitored levels of O157:H7 shed in the feces as a
surrogate for intestinal colonization (Fig. 1A). Although in this experiment colonization of
either wild-type or the toxin null mutant at day 1 was not as high as expected, we were still
able to confirm our previous finding that the mutant alone colonized to a lesser extent than
did the wild-type alone (p=0.001). In addition, each lysate that contained toxin increased
colonization by the mutant strain (p≤0.001).

To ensure that Stx2 alone was responsible for the increased colonization of TUV86-2NalR
when animals were given the 86-24 lysate, animals were fed 5 µg of purified Stx2-6H in
NFDM (mutant treated group) or NFDM alone (mutant or wild-type control groups). As
with the lysate-treatment experiments toxin was given 1 day before infection to prime the
gastrointestinal tract. The mice were then orally infected by pipette with greater than 109

CFU of either wild-type 86-24NalR or the isogenic toxin null mutant, TUV 86-2NalR. In
addition, animals continued to receive toxin in NFDM or NFDM alone (depending on the
infection group).

One day after infection, the groups appeared comparably colonized with E. coli O157:H7
organisms, i.e., they shed between 107 – 108 CFU/g feces (Fig. 1 B). In fact, during the first
week post-infection, colonization levels were similar [except at day 2 where the wild-type
GM CFU/g feces was greater than the mutant (p=0.034)]. This was likely due to the high
rate of initial colonization by both strains in this experiment. However, the bacterial load in
the mutant-infected, NFDM-alone-treated group began dropping at day 9 and continued to
decline, so that by day 12 post-infection this group had colonization levels below the
detectable limit. As expected, the wild-type toxin-producing strain colonized to higher levels
than did the toxin null mutant throughout the remainder of the experiment. Moreover, when
toxin was supplied exogenously with the mutant, significantly higher levels of colonization,
comparable to that of wild-type, were achieved than with the mutant alone from days 9–17
of infection. Specifically, on days 11–14 CFU levels were higher in the animals fed purified
toxin when compared to the mutant alone by nearly 2 logs or greater (p≤0.025 for days 11–
14). Thus, while there was not an obvious difference in colonization pattern early in
infection (except at day 2; see above), at later time points toxin administration resulted in
increased colonization levels for the stx2 mutant. We speculate that the large number of
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bacteria present during the first week of infection obscured the beneficial effects of toxin on
colonization.

3.2 Impact of passively administered anti-Stx2 serum on O157:H7 colonization
Since exogenously supplied Stx2 increased colonization of TUV86-2, we next tested the
impact of passively administered polyclonal rabbit anti-Stx2 serum on colonization by wild-
type E. coli O157:H7 strain 86-24NalR. First we confirmed that this antiserum [19] both
recognized Stx2 in a Western blot and neutralized the cytotoxic activity of Stx2 toward Vero
cells (data not shown). Additionally, when animals received two doses of the antiserum, the
anti-Stx2 could be detected in the feces from the majority of animals on day 1, but the
number of mice with anti-Stx2 in the feces declined over time (data not shown). However,
anti-Stx2 was still detectable in the feces up to 5 days post-immunization in 3/10 mice [day
5 was the latest time point assessed (data not shown)]. The detection of the anti-Stx2
antiserum in the feces of animals after IP administration indicated that at least a portion of
antibody provided by this route transited to the gastrointestinal tract. Thus, we felt confident
that we could assess the role of passively administered toxin-neutralizing antibody on
colonization by wild-type E. coli O157:H7. In a first experiment to examine the effect on
86-24 colonization by the anti-Stx2 serum, groups of 5 animals were inoculated IP with two
doses of either NRS or anti-Stx2 antibody and, later, infected by IG administration with
about 2 × 109 CFU of E. coli O157:H7. Colonization levels of the animals were monitored
by fecal shedding twice daily through day 4 and then once daily from days 5–7 (Fig. 2). The
groups demonstrated a comparable level of initial colonization as reflected by the shedding
of approximately 107 CFU/g feces on day 1 post-challenge. However, on days 3–5 post-
infection, animals that received the anti-Stx2 antiserum had lower geometric mean
colonization levels than did control mice (p<0.05). By day 7 post-infection, the colonization
levels of both groups had dropped to just over 103 CFU/ g feces. We repeated these studies
on two occasions and found a similar trend (data not shown).

3.3 Local and systemic impact of passively administered anti-Stx2 serum on toxicity of
Stx2 delivered by E. coli O157

In the above study, a severely moribund infected animal within the NRS group was
sacrificed to prevent undue suffering. We suspected that this mouse died due to the
production of Stx2 by the infecting bacteria. Therefore, in a separate study we asked
whether we could demonstrate neutralization of toxin made in vivo in the gut by the
passively administered anti-Stx2 antibody. To address that question, groups of 8 mice were
administered anti-Stx2 serum or NRS (as a control), challenged IG with 86-24NalR, and
feces from the animals were collected for 5 days following infection. Supernatants of these
fecal samples were evaluated by ELISA for rabbit anti-Stx2 antiserum or Stx2. Anti-Stx2
antibodies were detected in the feces of infected animals that received anti-Stx2 serum but,
as expected, not in the feces of animals that received NRS (Fig. 3A). There was also a
difference in detection of Stx2 in the feces of animals from both groups (Fig. 3B). Fewer
mice given anti-Stx2 antibody had detectable Stx2 within their feces on day 1 post-infection
than did mice given NRS. Moreover, by day 2 post-infection, mice given anti-Stx2 antibody
had no detectable Stx2 in their feces while a portion of mice administered NRS still had
measurable levels of Stx2 through day 3 of infection (Fig. 3B). Thus, a greater proportion of
infected mice given NRS shed Stx2 in their feces over time in comparison to animals given
anti-Stx2 (p=0.032). These findings suggest that the anti-Stx2 antibody at least partially
bound the toxin produced at the site of infection within the gastrointestinal tract.

In the experiment described above, animals that received NRS lost weight [in comparison to
mice given anti-Stx2 serum (Fig. 4A)] and 7 of 8 mice succumbed to infection between days
4 and 5 (Fig. 4B). Overall, the cumulative lethality data from all passive transfer
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experiments were as follows: 12/38 mice given NRS and then infected with 86-24NalR died
versus 0/43 mice treated with anti-Stx2 serum and then challenged with the bacterium.
Therefore, passively administered anti-toxin antibody not only reduced the bacterial burden
of E. coli O157:H7 in the gut but also protected the infected animals from Stx2-mediated
death.

3.3 Effect of active immunization with Stx2 toxoid on serum and fecal anti-Stx2 responses
and on colonization

Next, we assessed the impact of active immunization with an Stx2 toxoid on E. coli
O157:H7 colonization. From a pilot study, we knew that a lengthy immunization protocol
would be required to detect an Stx2-neutralizing antibody response in the feces and that such
a response was necessary to reduce colonization by the challenge strain (data not shown).
Therefore, mice were given Stx2 Y77S E167D-6H over a series of inoculations (see
Materials and Methods for details of procedure). Fecal and serum samples obtained after
boosts number 5 (last IP immunization) and 6 (IG administration) were then analyzed for the
presence of anti-Stx2 antibodies by ELISA and by the capacity to neutralize Stx2 on Vero
cells (Fig. 5). High titers of anti-Stx2 IgG antibodies were present in the sera from all
vaccinated mice by boost 5 with lower level titers seen in the unvaccinated animals (Fig. 5A,
p<0.001). Much lower ELISA titers of anti-Stx2 IgG (Fig. 5B) and IgA (Fig. 5C) antibodies
were detected in fecal homogenates, with no significant difference observed between the
vaccinated and unvaccinated groups. In addition, antibodies were only detected from the
feces of a proportion of the animals (Fig. 5B and C). Furthermore, IG administration of a
concentrated amount of toxoid antigen (boost 6) did not result in significantly increased
ELISA titers (Fig. 5B and C). Nevertheless, the fecal homogenates from some of the
vaccinated animals after boost 5 and more of the mice after boost 6 had the capacity to
ablate the cytotoxicity of Stx2 on Vero cells (Fig. 5D), an indication of Stx2-neutralizing
antibody in those samples. In fact, the difference in % neutralization of fecal homogenates
between the vaccinated and unvaccinated groups was near statistical significance following
boost 6 (p=0.065).

Following the detection of toxin-neutralizing antibodies in the feces, mice were infected
with 2.8 × 109 CFU of wild-type strain 86-24NalR and colonization was monitored by fecal
shedding (Fig. 6). Fecal shedding of 86-24NalR on day 1 post-infection was comparable
between groups. Thereafter, the vaccinated group showed a steady decline in colonization
levels out as far as two weeks post-infection, and the bacterial burden of the group remained
below 103 CFU/g feces for the remainder of the experiment. The unvaccinated group
displayed an overall decline in colonization levels past day 3 post-infection but also seemed
to undergo cyclical rebounds in colonization levels (seen on days 3, 7, 10, 16, and 17) before
the GM CFU/g feces in that group finally dropped below 103 on day 22 and remained there
for the duration of the experiment. Thus, as was seen with passive immunization, active
immunization against Stx2 resulted in decreased colonization levels (p=0.048 by mixed
model, RM ANOVA; one-way ANOVA demonstrated statistical differences from the
control on days 3 and 10) and a shorter duration of colonization (p=0.047) as compared to
the controls. However, unlike the passive experiments, no systemic disease (emaciation, fur
ruffling, unsteady gait, or death) was apparent in any of the mice. This absence of an
obvious toxic effect from Stx2 may reflect the fact that these mice were considerably older
and, thus, heavier (presumably with a lower toxin to body weight ratio) than the animals
used in the passive immunization experiments.

4. Discussion
Three major findings were derived from this investigation. First, we demonstrated that Stx2
provided exogenously to mice challenged with an E. coli O157:H7 stx2 mutant enhanced the
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intestinal colonizing capacity of that mutant. Second, we showed that Stx2-neutralizing
antibodies administered passively to mice reduced the burden of wild-type, Stx2-expressing
E. coli O157:H7 and protected animals from death. Third, we provided evidence that active
immunization with an Stx2 toxoid resulted in toxin-neutralizing antibodies in the gut and
reduced the level of wild-type, Stx2-expressing E. coli O157:H7 shed in the feces over time
compared to unvaccinated, infected controls.

The notion that Stx plays a role in colonization came from work that suggested a rabbit
diarrheagenic E. coli strain transfected with a phage that encodes Stx1 not only caused more
serious disease than the control strain, but was also more enteroadherent [22]. In 2006, our
laboratory presented evidence that Stx2 plays a role in E. coli O157:H7 adherence in vitro
and colonization in vivo [11]. Subsequently, other investigators reported that Stxs can
augment colonization of E. coli O157:H7 [23–28]. Conversely, several groups of researchers
found no such role for toxin [29–33]. However, in those latter studies, a variety of factors
may have affected the results. For example, introduction of the organism by a route that
bypassed most of the gut [31] or the use of animals with no or reduced flora [33] could
preclude detection of a role for toxin. Additionally, the conclusions in some of the reports
are based on either a single time-point post-infection [29] or a limited temporal analysis
[32,33]. Finally, in one instance the authors excluded a role for Stx in gut adherence yet only
measured colonization levels of an Stx-negative E. coli O157:H7 strain without inclusion of
a wild-type toxigenic strain for comparison [30].

The findings described here and elsewhere suggest that Stxs can promote bacterial
colonization by E. coli O157:H7 [11,23–28]. The discovery that toxin plays a role in
colonization by bacteria appears to be generalizable to a broader group of toxin-producing
enteric microbes. In fact, there are reports of a role in gastrointestinal colonization for heat-
labile toxin of enterotoxigenic E. coli (ETEC) [34,35], the accessory toxins of Vibrio
cholerae [36], VacA toxin of Helicobacter pylori [37,38], and, most recently, Clostridium
difficile transferase (CDT) toxin of C. difficile [39]. The mechanisms by which toxin directly
or indirectly promote colonization in the gastrointestinal tract likely differ among these
pathogens and are not fully understood. Some possible explanations include: a toxin-
mediated increase in the level of a bacterial receptor on the surface of eukaryotic cells (as
we have suggested for the effect of Stx2 on a eukaryotic intimin receptor, nucleolin), the
capacity of toxin to directly function as a bacterial adhesion molecule, an indirect increase
of/exposure to receptor as a result of toxin-mediated cell death, a toxin-promoted host-cell
cytoskeletal change required for bacterial adherence, and/or a dampening of the host
response in favor of initial colonization [35,36]. Regardless of the mechanism, toxin
production may either be required to augment colonization or simply provide a competitive
advantage to the toxin-producing bacterium (see review by [38]).

Because Stx plays a role in both colonization and systemic disease, we propose the use of
either toxoid vaccination or passive administration of anti-Stx antibodies to reduce or
prevent STEC-mediated disease in people. The transfer of specific antibodies or anti-serum
to patients is a well-established strategy to prevent or treat certain infectious disease agents
or toxins (reviewed in [40,41]). That anti-Stx2 antibody might be of use in the treatment of
the serious consequences of E. coli O157:H7 infection was first demonstrated by
Wadolkowski et al. in a mouse model [42]; in that and other early studies, such antibody
was given before infection [42–44]. In subsequent evaluations of the efficacy of such
passive therapy, anti-Stx antibodies were shown to provide protection against STEC-
mediated illness and death even when given up to 4 days after bacterial challenge [44–47].
In this study, we found that anti-Stx2 antiserum administered IP prior to E. coli O157:H7
challenge prevented both weight loss and death of the infected mice. We also found that
such treatment decreased the likelihood that mice would become highly colonized with E.
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coli O157:H7. To the best of our knowledge, the latter observation is a novel finding about
the impact of passively administered anti-Stx antibodies in an animal model.

Several groups of investigators, including our own, have reported that active immunization
with an Stx toxoid by parenteral [48–50] or oral routes [51] protects animals from the
systemic manifestations of STEC disease. In a more recent paper by Zhu et al., StxB1 was
used to immunize rabbits through a transcutaneous procedure. The animals were then
challenged with an Stx1-producing rabbit diarrheagenic E. coli strain [52]. Immunized
animals demonstrated systemic protection in the form of enhanced weight gain and a
reduction in the histopathological effects of intoxication and also showed a statistically
significant decrease in enteroadherent bacteria on the surface of their cecal tissues when
compared to both naïve and adjuvant-alone-treated controls [52]. The later finding is
consistent with our observation that active immunization against Stx2 resulted in decreased
levels of E. coli O157:H7 colonization of mice after infection when compared to mock-
vaccinated control.

In sum, our results suggest that a toxoid-based vaccine against STEC would be beneficial for
two reasons. First, such a vaccine would prevent the systemic toxicity due to the Stxs that
can lead to such serious consequences as HUS. Second, a toxoid-based vaccine would
reduce the bacterial burden of E. coli O157:H7 in the gastrointestinal tract if infection
should occur and would thus decrease the level of toxin made in vivo as well as the
likelihood of person-to-person transmission of this serious food-borne pathogen.
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Figure 1.
Colonization levels of E. coli O157:H7 stx2 mutant in mice following oral infection in the
presence or absence of Stx2 provided in trans. (A) Mice infected with the stx2 mutant of
strain 86-24 were orally administered sterile toxin-containing lysate of wild-type strain
86-24 adjusted to contain 0.1 µg (▲), 1.0 µg (♦), or 10 µg (▼) of Stx2. Lysate was given
prior to and daily following infection. Control groups included mice that received 20%
glucose-PBS alone and were infected with the wild-type (●) or the stx2 mutant (■).
Colonization was monitored over a period of 9 days by the CFU shed/g feces. Analysis of
the average CFU/g feces indicated that the group infected with wild-type or the groups
infected with the stx2 mutant that received toxin-containing lysate had significantly higher

Mohawk et al. Page 15

Vaccine. Author manuscript; available in PMC 2011 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



levels of colonization (p≤0.001) than the group fed the stx2 mutant alone. (B) Mice orally
infected with the stx2 mutant of strain 86-24 were fed 5 µg of purified toxin in NFDM (▲).
Control groups of both wild-type (●) and stx2 mutant- (■) infected mice were given NFDM
alone. Mice were provided toxin or NFDM alone prior to and following infection on days 0–
7 and days 11–21. Colonization was monitored over a period of 23 days and is reported as
the GM CFU shed/g feces. The error bars represent the 95% confidence interval. A mixed
model RM ANOVA revealed that the stx2 mutant-infected group that received purified Stx2
had statistically higher levels of colonization on days 11–14 (p≤0.025). For all experiments
the limit of detection was 102 CFU/g feces (marked by an arrow).
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Figure 2.
Impact of passively administered anti-Stx2 neutralizing antibodies on E. coli O157:H7 strain
86-24 colonization level. Mice received polyclonal rabbit anti-Stx2 serum (▲) or NRS (■)
twice by IP administration prior to infection. Colonization was monitored following
infection, twice daily for the first 4 days, and then once daily through day 7. Colonization
was determined by enumerating the CFU shed/g feces and is reported for each animal (n=5).
The dashed lines represent the GM for the anti-Stx2 (gray) and the NRS (black) treatment
groups. Asterisks indicate specific days when statistically different colonization levels were
observed. The limit of detection was 102 CFU/g feces (marked by an arrow).
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Figure 3.
Post-infection detection of passively administered anti-Stx2 antibody or Stx2 produced by
the infecting wild-type E. coli O157:H7 strain 86-24. The group of mice given NRS is
depicted by black bars and the animals administered anti-Stx2 are represented by gray bars.
(A) Percentage of mice (n=8) from the NRS and anti-Stx2 administration group with
detectable anti-Stx2 antibody shed into the feces after E. coli O157:H7 infection. No
detectable anti-Stx2 antibody was seen in the feces of mice administered NRS. (B)
Percentage of mice (n=8) from the NRS and anti-Stx2 administration group that shed
detectable levels of Stx2 into the feces post-infection.
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Figure 4.
Effect of passive administration of rabbit anti-Stx2 serum or NRS on weight and survival of
mice following E. coli O157:H7 infection. Groups of 8 animals received either two IP
injections of anti-Stx2 antibody (▲) or NRS (■) prior to oral infection with wild-type E. coli
O157:H7 strain 86-24. (A) Weight was monitored following infection and is displayed as
the average of the group in grams. Animals that succumbed to infection were subsequently
listed at their last recorded weight. Bars indicate the standard error of the mean. (B)
Percentage of animals surviving by day post-E. coli O157:H7 infection.
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Figure 5.
Evaluation of anti-Stx2 antibody response in serum or fecal filtrates by ELISA and in fecal
filtrates by the capacity to neutralize Stx2 on Vero cells. Samples were obtained from mice
following the last IP-immunization (boost 5, B5) and again after IG administration (boost 6,
B6) of toxoid (▲) or PBS (■). (A) Serum IgG titers of Stx2 antibodies in vaccinated or
mock-vaccinated mice. (B) Fecal IgG titers of Stx2 antibodies in vaccinated or mock-
vaccinated mice. (C) Fecal IgA titers of Stx2 antibodies in vaccinated or mock-vaccinated
mice. (D) Percent neutralization of 4 pg of Stx2 (~ 1–2 50% cytotoxic doses or CD50s) by
fecal filtrates from vaccinated or mock-vaccinated mice.
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Figure 6.
Effect of active immunization with Stx2 toxoid on E. coli O157:H7 colonization levels.
Mice were vaccinated with Stx2 toxoid (▲) or mock-vaccinated with PBS (■). Colonization
was monitored daily following infection for the first 21 days, then every other day through
day 35, and then weekly through day 63 post-infection. Colonization was determined by
enumeration of the CFU shed/g feces and is reported for each animal (n=10–11/group). The
lines represent the GM for the vaccinated (gray) and the mock-vaccinated (black) group.
The limit of detection was 102 CFU/g feces (marked by an arrow).
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