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In May 2011, a large food-borne outbreak was traced to an unusual O104:H4 enteroaggregative Escherichia coli (EAEC) strain
that produced Shiga toxin (Stx) type 2 (Stx2). We developed a mouse model to study the pathogenesis and treatment for this
strain and examined the virulence of the isolate for Dutch belted rabbits. O104:H4 strain C227-11 was gavaged into C57BL/6
mice at 109 to 1011 CFU/animal. The infected animals were then given water with ampicillin (Amp; 5 g/liter) ad libitum. The
C227-11-infected, Amp-treated C57BL/6 mice exhibited both morbidity and mortality. Kidneys from mice infected with C227-11
showed acute tubular necrosis, a finding seen in mice infected with typical Stx-producing E. coli. We provided anti-Stx2 anti-
body after infection and found that all of the antibody-treated mice gained more weight than untreated mice and, in another
study, that all of the antibody-treated animals lived, whereas 3/8 phosphate-buffered saline-treated mice died. We further com-
pared the pathogenesis of C227-11 with that of an Stx-negative (Stx�) O104:H4 isolate, C734-09, and an Stx2� phage-cured de-
rivative of C227-11. Whereas C227-11-infected animals lost weight or gained less weight over the course of infection and died,
mice infected with either of the Stx� isolates did not lose weight and only one mouse died. When the Stx-positive (Stx�) and
Stx2� O104:H4 strains were compared in rabbits, greater morbidity and mortality were observed in rabbits infected with the
Stx2� isolates than the Stx2� isolates. In conclusion, we describe two animal models for EAEC pathogenesis, and these studies
show that Stx2 is responsible for most of the virulence observed in C227-11-infected mice and rabbits.

May 2011 marked the beginning of a large outbreak in north-
ern Germany of a food-borne illness characterized by

bloody diarrhea and the hemolytic-uremic syndrome (HUS). In
that outbreak and a related outbreak in France (1–3), nearly 4,000
individuals were affected, including over 900 cases of HUS and 54
deaths (4–6). This epidemic represented the largest outbreak of
HUS worldwide (7). Recommendations were made to abstain
from eating raw tomatoes, cucumbers, and leafy salads (7), until
sprouts were confirmed to be the vehicle of infection by case-
control, trace-back, and trace-forward studies (3, 8, 9).

The outbreak isolate produced Shiga toxin (Stx) type 2 (Stx2),
a virulence factor typically associated with the development of
HUS after presentation of bloody diarrhea. The causative agent
was further typed as an O104:H4 enteroaggregative Escherichia
coli (EAEC) strain because it encoded EAEC markers (aatA, aggA,
aggR, and aap) and carried the EAEC pAA virulence plasmid (4, 7,
10–13). The Stx2-positive (Stx2�) EAEC O104:H4 outbreak
strain also displayed resistance to several antibiotics, such as am-
picillin (Amp) and streptomycin (Str), due to a large plasmid that
encoded extended-spectrum beta-lactamases (ESBLs) and a mul-
tidrug resistance gene cluster on the chromosome (4, 7, 12, 14),
respectively.

The O104:H4 outbreak strain represents a rare combination of
EAEC characteristics and Stx2 expression; only sporadic cases of
disease associated with Stx-producing EAEC have previously been
described (in Germany [15, 16], France [17, 18], the United King-
dom [19], the Republic of Georgia [20], and Japan [21]). EAEC
without Stx causes diarrhea in persons who reside in developed
countries, such as the United Kingdom (22, 23), Switzerland (24),
and Japan (25), although EAEC is more commonly associated
with acute and persistent (�14 days) diarrhea of infants, children

(26–31), HIV-positive persons (32–34), and travelers to develop-
ing countries (35–39). EAEC isolates are a highly heterogeneous
group of bacteria (28, 40, 41), and each isolate carries a particular
subset of EAEC-associated virulence genes; no single virulence
factor is consistently associated with EAEC pathogenesis. The ad-
dition of stx2 to the EAEC virulence gene repertoire, however, has
led to a pathogen that has the capacity to cause disease on a large
scale with a potentially deadly outcome due to the possibility of
the development of HUS.

In this study, we sought to develop and characterize a mouse
model of Stx2� EAEC disease. Previous small-animal models used
to study infection with non-Stx-producing EAEC showed intesti-
nal colonization by EAEC to be intermittent and variable (42–44).
Consistent colonization by Stx-negative (Stx�) EAEC can be
achieved when mice are treated with streptomycin, although mor-
bidity and mortality are not observed in those mice (44–47). Re-
cently, Roche et al. demonstrated growth impairment, persistent
stool shedding, and colonization of intestinal tissue in the absence
of antibiotic treatment in a neonatal and weanling C57BL/6
mouse model of EAEC disease (48). Very recently, two other
groups reported infection of mice with the German Stx2� EAEC
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O104:H4 strain, but in neither case was mortality attributed to
infection reported (47, 49). Here we show that the Stx2� O104:H4
outbreak strain is virulent (causes death and consistent weight
loss) in an Amp-treated mouse model and a previously described
rabbit model of Shiga toxin-producing E. coli (STEC) pathogene-
sis (50–52). The virulence of the outbreak strain was correlated
with the presence of stx2.

(A portion of this work was presented at the 8th International
Symposium on Shiga Toxin [Verocytotoxin] Producing Esche-
richia coli Infections, Amsterdam, The Netherlands, 6 to 9 May
2012 [53].)

MATERIALS AND METHODS
Bacterial strains. Enteroaggregative E. coli (EAEC) O104:H4 strains were
kindly provided by Flemming Scheutz (Statens Serum Institut, Copenha-
gen, Denmark). The Stx2� O104:H4 strain C227-11 was isolated on 24
May 2011 from a German patient at Hvidovre University Hospital in
Denmark during the O104:H4 outbreak (10). (Note that in this report, the
use of Stx2 and stx2 refers to the prototypic Stx2a and stx2a, respectively.)
Stx2� E. coli O104:H4 strain C734-09 was isolated from a child in Africa
who presented with watery diarrhea. The stx2-bearing phage-cured deriv-
ative of C227-11 was isolated as described below. All strains used in the
studies were resistant to Amp. For each animal infection study, the chal-
lenge strain was obtained directly from a freezer stock and inoculated onto
an LB plate supplemented with Amp (100 �g/ml). The plate was then
incubated overnight at 37°C, and colonies were picked from the plate and
inoculated into LB broth without or with Amp (100 �g/ml). These broth
cultures were grown overnight at 37°C with aeration, and bacteria were
subsequently harvested from them by centrifugation. The bacterial pellets
were resuspended in phosphate-buffered saline (PBS) or 20% glucose-
PBS to a 50� to 100� final concentration.

Intact commensal flora (ICF) and Str-treated or Amp-treated mouse
models. These studies were conducted in strict accordance with the rec-
ommendations of the Guide for the Care and Use of Laboratory Animals
(54). All animal studies were approved by the Institutional Animal Care
and Use Committee of the Uniformed Services University of the Health
Sciences. All procedures complied with the guidelines in Biosafety in Mi-
crobiological and Biomedical Laboratories (55). Male Crl:CD-1(ICR) (CD-
1), female BALB/cAnNCrl (BALB/c), or female C57BL/6NCrl (C57BL/6)
mice (weight, 10 to 12 g; age, 3 to 5 weeks) from Charles River Labs
(Wilmington, MA) were used for all mouse experiments. Mice were fasted
for �16 h and deprived of water 1 to 2 h prior to bacterial inoculation. For
all models, mice were orally infected with 109 to 1011 CFU in 100 �l by
intragastric gavage. For the Str-treated model, mice were given drinking
water with Str (5 g/liter) 18 h before infection. For the Amp-treated
model, mice were given water with Amp (5 or 10 g/liter) at 4 h postinfec-
tion (p.i.) unless otherwise indicated, and new Amp water was prepared
every 48 h. Food was returned at 4 h p.i. We chose to return food and water
to the mice at 4 h p.i. to preclude potential dilution of the inoculum in the
gut by these substances. Str or Amp treatment continued throughout the
course of the experiment. For the low-protein-diet (LPD) model, 15
BALB/c mice and 15 C57BL/6 mice were given a 6% protein chow (Harlan
Laboratories, Indianapolis, IN) for 5 days prior to infection; 5 control
animals were given the typical chow (2018 Tecklad Global 18% protein
rodent diet; Harlan Laboratories, Indianapolis, IN). Mice were monitored
for survival and weight change for up to 28 days p.i. Weight change was
determined as the weight p.i. compared to the weight of the mice before
infection. In these studies, we define “morbidity” as exhibiting a symp-
tom(s) of disease (see below) and “mortality” as death. Infected mice were
euthanized if they met two of the following morbidity symptoms: weight
loss, lethargy, ruffled fur, difficulty breathing, and/or difficulty moving.

Site of C227-11 colonization in C57BL/6 mice. Mice were infected by
intragastric gavage with 100 �l of 1 � 1010 CFU of C227-11 suspended in
20% glucose-PBS. Control animals received 20% glucose-PBS alone. At 3

h p.i., three infected and two PBS-treated mice were anesthetized with
isoflurane and euthanized by cervical dislocation. Half of the infected
mice were given water with Amp (5g/liter) at 4 h p.i. At 6, 24, 72, and 192
h p.i., infected Amp-treated (n � 3), ICF (n � 3), and PBS-treated control
(n � 2) mice were anesthetized with isoflurane and euthanized by cervical
dislocation. Kidneys from at least one animal at each time point in each
group were removed and fixed in 10% neutral buffered formalin, pH 6.8
to 7.2 (Fisher Scientific L.L.C., Kalamazoo, MI), for histopathological
analyses. The cecum, large intestine, and a span of the terminal section of
the small intestine equal in length to the large intestine were removed
from each animal; the luminal contents were then separated from each
organ by application of gentle pressure to the organ. Both the tissues and
contents were weighed, diluted in PBS (1:10, wt/vol), and homogenized.
The supernatants were serially diluted, plated on LB-Amp, and incubated
overnight at 37°C. Colonies were enumerated to determine the number of
CFU/g sample. The limit of detection was 102 CFU.

Curing C227-11 of the Stx2-bearing phage. To isolate a derivative of
O104:H4 cured of the stx2-bearing phage (C227-11�cu), C227-11 was
grown in LB broth at 37°C with aeration for 4 h before the addition of
mitomycin C to a final concentration of 1 �g/ml. The culture was then
grown overnight and plated on LB-Amp. Isolated colonies were screened
by colony blotting for the loss of stxA2a. Potential phage-cured mutants
were further screened by PCR to confirm the loss of the phage and toxin
gene. Loss of the stx2-bearing phage junctions was validated as described
by Shaikh and Tarr (56). To assess for the loss of stx2, PCR for stx2 was
done as per the protocol of Scheutz et al. (57). Loss of stx2 or Stx2 was
verified by Southern blotting and Vero cell cytotoxicity assay, respectively.

Colony and Southern blotting. Colony and Southern blot analyses
were done as directed by the Roche Applied Sciences digoxigenin (DIG)
system manual (DIG Application Manual for Filter Hybridization [58]).
For the Southern blots, total genomic DNA was isolated from each sample
and then digested with EcoRI. The resultant restricted fragments were
then separated on a 0.7% agarose gel, transferred to a nitrocellulose mem-
brane, fixed by UV, and probed for stxA2a. The stxA2a probe for Southern
and colony blot analyses was amplified from pJES120 (59) by PCR accord-
ing to the manufacturer’s directions (PCR DIG probe synthesis kit; Roche
Applied Sciences). The primers used to amplify the stxA2a probe were
stx2F (5=-GGGTACTGTGCCTGTTACTG-3=) and stx2R (5=-TACCACT
GAACTCCATTAAC-3=).

Vero cell cytotoxicity assays. Vero cell cytotoxicity assays were done
as previously described (60, 61). Briefly, overnight cultures were pelleted
by centrifugation at 13,000 rpm for 5 min. The supernatants were again
spun at 13,000 rpm for 5 min, and 100 �l of these supernatants was added
to Vero cells that had been seeded into microtiter plates 24 h previously.
The overlaid Vero cell plates were incubated for 40 to 48 h at 37°C in 5%
CO2. The residual cells in the wells were then fixed in Formalde-Fresh
solution and stained with crystal violet, and the color intensity per well
was read at 600 nm on a spectrophotometric plate reader.

Rabbit studies. These studies were conducted at the Association for
Assessment and Accreditation of Laboratory Animal Care International
(AAALAC)-accredited animal facility in the Program of Comparative
Medicine at the University of Maryland School of Medicine. All proce-
dures conformed to the guidelines of the Guide for the Care and Use of
Laboratory Animals (54) and the policies of the Institutional Animal Care
and Use Committee of the University of Maryland School of Medicine. All
procedures complied with the guidelines in the Biosafety in Microbiologi-
cal and Biomedical Laboratories (55). Rabbit infection studies were done as
previously described (51). Rabbit feces were prescreened for the presence
of E. coli via bacterial culture assays and plating on sorbitol MacConkey
agar. All rabbits used in this study were free of sorbitol nonfermenters and
were found to have 	103 CFU/g feces sorbitol fermenters. Additionally,
the animals were evaluated for clinical signs of disease, such as diarrhea or
hemorrhagic colitis, prior to infection. Briefly, Dutch belted rabbits (Co-
vance, Denver, PA) aged 5 to 8 weeks were fasted overnight, and water was
removed from the cages 2 h prior to bacterial inoculation. Animals were
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anesthetized and gavaged with 5 or 10 ml 10% sodium bicarbonate solu-
tion and then were inoculated by intragastric gavage through an infant
feeding tube with 109 to 1012 CFU of E. coli O104:H4 strain C227-11,
C734-09, or C227-11�cu suspended in 1 ml PBS. After inoculation, rab-
bits were monitored daily for colonization and development of clinical
signs of disease for 7 days. Colonization was monitored by the levels of
O104:H4 organisms shed in the feces. Fecal pellets were collected and
weighed, diluted 1:10 by weight into PBS, and homogenized. The super-
natants were serially diluted and plated on MacConkey agar supple-
mented with Amp (100 �g/ml), and plates were incubated overnight at
37°C. Colonies were enumerated to determine the number of CFU/g fe-
ces. Rabbits that showed signs of disease (lethargy, fever, hemorrhagic
colitis, or weight loss) and did not respond to interventions (analgesic and
rehydration therapy) were euthanized at alternative endpoints: when they
experienced a weight loss of more than 20% compared with the preinoc-
ulation weight, an inability to eat or drink for �12 h, or a lack of move-
ment or at the conclusion of the study (7 days p.i.). The analgesic was
buprenorphine given at 0.02 mg/kg of body weight subcutaneously. Re-
hydration therapy was administered to the rabbits as lactated Ringer’s
solution at 25 ml/kg daily until signs resolved. Organs (including kidneys,
small intestine, cecum, and colon) were collected at necropsy for histo-
pathological analyses.

Baseline blood samples were collected from the ear veins of rabbits
before bacterial inoculation. In addition, blood was collected for complete
blood count (CBC) and biochemical analysis by cardiocentesis of each
animal at euthanasia. Biochemical and hematological assessments were
conducted at a reference veterinary laboratory (Antech Diagnostics, Lake
Success, NY) using standard operating procedures. CBC analysis was per-
formed using a hematology analyzer (Advia). Serum chemistry values
were measured in a clinical chemistry analyzer (AU; Beckman Coulter).
Analyzers were normalized for rabbit parameters. Hematological and se-
rum biochemistry values derived from blood collected before inoculation
and at euthanasia were compared for each animal.

Hematological and kidney function analyses in mouse studies. Fe-
male C57BL/6 mice were infected and given water with Amp (10 g/liter) as
described above. Mice received either C227-11 or C227-11�cu; control
mice received no bacteria but were provided Amp water. Animal weight
was measured as an indicator of morbidity. Blood was collected from
C227-11-infected animals that lost 10 to 15% of the highest weight
achieved p.i.; blood was also collected from an uninfected control and a
C227-11�cu-infected mouse on each day that a C227-11-infected mouse
was sacrificed. Blood was collected by tail bleed or cardiac puncture and
placed either into Microtainer tubes that contained potassium EDTA (BD
Diagnostics, Franklin Lakes, NJ) for CBCs and erythrocyte (RBC) mor-
phology or into microcentrifuge tubes to process sera for kidney function
analyses. Each sample contained a similar volume of blood that was re-
quired to perform analyses (100 to 200 �l). Bleeds were terminal. To
obtain serum, blood in each microcentrifuge tube was first allowed to clot
at 4°C. Each tube was then subjected to two consecutive 10-min centrif-
ugation steps (8,000 � g and then 10,000 � g) to separate the serum from
the clotted red cells. Serum samples were stored at 4°C until they could be
analyzed by the Uniformed Services University of the Health Sciences
Diagnostic Services & Comparative Medicine Clinical Pathology Labora-
tory (Bethesda, MD) for levels of blood urea nitrogen (BUN) and creati-
nine. Whole-blood samples for determination of CBC and RBC morphol-
ogy were stored at 4°C and evaluated by facilities at BioReliance
(Rockville, MD). Serum analyses on mouse blood samples were carried out
using automated equipment and reported through a laboratory information
management system (LIMS). A clinical chemistry analyzer (Cobas 600 series)
was used to measure serum biochemistry results. CBC determination was
performed using a hematology analyzer (Advia 120). Analyzers were normal-
ized for mouse parameters (using multispecies software).

Preparation of tissue sections for histopathology and immunostain-
ing. Fixed organs were embedded in paraffin and then sectioned. Tissue
sections were then placed on charged glass slides and stained with hema-

toxylin-eosin (H&E) at HistoServ (Germantown, MD). The H&E-
stained sections were evaluated microscopically by a veterinary pathol-
ogist who was blinded to the treatment groups. To locate E. coli
O104:H4 bacteria bound to or near the surface of intestinal tissue,
slides with intestinal sections were immunostained with rabbit anti-
O104 serum (Statens Serum Institute, Copenhagen Denmark). Briefly,
slides were deparaffinized in the Histoclear agent (National Diagnos-
tics, Atlanta, GA) and rehydrated in a graded ethanol series. To in-
crease antibody recognition of the antigen in tissue sections, slides
were treated with antigen retrieval buffer (5� AntigenPlus buffer, pH
10 [EMD Biosciences, San Diego, CA], diluted to 1�), heated in a
microwave oven for 15 min at 50% power (or, alternatively, heated in
1� antigen retrieval buffer at 95°C for 8 min), cooled, and rinsed with
water. Slides were then incubated overnight in 3% bovine serum albu-
min diluted in PBS (blocking buffer). Next, the anti-O104 serum was
incubated with the tissue sections at a dilution of 1:50 in PBS for 1 h.
The antiserum-exposed tissue sections were then washed, and second-
ary donkey or goat anti-rabbit antibody conjugated to Alexa Fluor 488
was added for 1 h at a dilution of 1:200 in PBS. The slides were rinsed
in PBS, Slowfade reagent was added, and a coverslip was applied. Im-
munofluorescence of stained tissue sections was visualized with an
Olympus BX60 microscope with a BX-FLA fluorescent attachment.
Digital images of the fluorescent images were obtained with a SPOT RT
charge-coupled-device digital camera (Diagnostic Instruments, Inc.,
Sterling Heights, MI).

Protection studies with anti-Stx2 monoclonal antibody 11E10. Fe-
male C57BL/6 mice (10 per group) were infected with 5.5 � 109 CFU of
C227-11 by gavage and given either PBS or 2 �g anti-Stx2 monoclonal
antibody 11E10 (CRL-1907; ATTC, Manassas, VA) in PBS by the intra-
peritoneal route on day �1, �3, �5, or � 7 relative to the time of infec-
tion. The intraperitoneal route was used in preference to the intravenous
route due to the difficulty in locating the tail vein in C57BL/6 mice. At 4 h
p.i., the mice were given Amp water, and Amp treatment was maintained
throughout the study. The mice were monitored for survival and weight
change for 28 days p.i. The mice that died in this study succumbed to
infection and were not euthanized; therefore, tissue was not collected for
histopathological analysis.

Statistical analyses. All statistical analyses were done through appli-
cation of the GraphPad Prism v5.04 for Windows software (GraphPad
Software, San Diego, CA). The repeated-measures (RM) analysis of vari-
ance (ANOVA) was applied to assess statistical differences in weight and
colonization of infected animals. When infected animals died, the last
observation was carried forward and used in all subsequent calculations.
Statistical differences in the mean weight between mice infected with the
E. coli O104:H4 strains were determined by RM two-way ANOVA. When
a few intermediate values were missing, the ANOVA was estimated by a
mixed-models analysis. The RM ANOVA was also used to assess statistical
significance among the numbers of E. coli O104:H4 strain C227-11 organ-
isms in various segments of the intestine over time. After checking for
significance by RM ANOVA, we conducted a separate one-way ANOVA
to compare bacterial counts at the same time point among the organs. In
the diet studies, comparison of survival curves was done by the log-rank
(Mantel-Cox) test. Statistical differences in the geometric mean level of
C227-11 colonization in the diet studies did not meet the requirements for
ANOVA and were therefore analyzed by t test. For CBC analyses and
serum chemistries, differences between infected and control mice were
compared by independent Student t test. Kaplan-Meier analysis was done
to ascertain differences in survival of infected rabbits. Statistical differ-
ences in the mean weight between rabbits infected with the E. coli
O104:H4 strains were determined by RM two-way ANOVA. The RM
ANOVA was also used to assess statistical significance among the numbers
of E. coli O104:H4 C227-11 or C734-09 organisms shed in the feces of
infected rabbits.
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RESULTS
Development of a mouse model to study the pathogenesis of the
Stx2� O104:H4 outbreak strain. To investigate the virulence of
the Stx2� EAEC O104:H4 strain in an animal model, we began by
testing the pathogenicity of the isolate in established STEC mouse
models. We infected Str-treated CD-1 mice (62) or BALB/c mice
(63) with an intact commensal flora (ICF; i.e., the mice were not
treated with antibiotics) with 109 to 1010 CFU of E. coli O104:H4
strain C227-11 and assessed colonization and mortality (Table 1).
Although Str-treated CD-1 mice were highly colonized by O104:
H4, the mice gained weight, remained healthy, and were appar-
ently unaffected by the bacteria. Similarly, although some of the
O104:H4-infected ICF BALB/c mice lost weight over the course of
the study (starting at about day 4 and continuing to day 8), the
animals recovered. When we repeated the study, the ICF BALB/c
mice again did not become highly colonized (	105 CFU/g feces)
with C227-11, so we gave half of those infected animals water with
Amp at 2 days p.i. to increase the levels of the outbreak strain in the
intestine. Two of the Amp-treated, O104:H4-infected mice died
(Table 1).

Because administration of a low-protein diet (LPD) to mice
resulted in a failure of just-weaned C57BL/6 mice to gain weight

after infection with typical EAEC and EAEC-infected adult
C57BL/6 mice were shown to gain less weight than control ani-
mals (48), we included C57BL/6 mice along with BALB/c mice in
our next set of studies. First, we infected either BALB/c or
C57BL/6 mice given an LPD with C227-11 and then gave them
water with or without Amp. We found that although 1/5 of the
O104:H4-infected C57BL/6 mice on an LPD died, the animals that
were on Amp and an LPD survived, while 3/5 of the Amp-treated
infected mice on a normal diet died (Table 1). None of the BALB/c
animals died in this study. The reason for the reduced pathogenic-
ity in the animals on the LPD compared to that for the Amp-only-
treated animals is most likely due to reduced colonization by
C227-11 in the LPD groups (Table 1).

Next we wanted to assess the effect of providing Amp treat-
ment either before or after infection. We infected C57BL/6 mice
with 1010 CFU of E. coli O104:H4 C227-11, either did not treat the
animals or gave them Amp water at 18 h before or 4 h p.i., and
monitored them for colonization and mortality. For comparison,
we also infected and treated ICF BALB/c mice in the same manner.
All five of the C227-11-infected C57BL/6 mice given Amp after
infection lost weight (not shown) and died, and 2/5 of the animals
given Amp before infection died, while none of the infected ICF
C57BL/6 mice died (Table 1); none of the ICF BALB/c mice died.

Overall in these initial studies, the model that most consistently
induced morbidity (weight loss) and mortality due to Stx2�

O104:H4 was the C57BL/6 mouse given Amp water at 4 h p.i.
(Note that the growth of C227-11 in the presence of Amp did not
induce the expression of stx2, as measured by Vero cell assay [data
not shown].) Of note, when we screened mouse-passaged
C227-11 colonies by PCR for the aggR gene, we found that a large
proportion of the colonies were negative for aggR, a result that
suggests loss of the pAA plasmid. That some mouse-passaged
C227-11 colonies appeared to have lost the pAA plasmid was con-
sistent with findings in humans; i.e., O104:H4 isolates from a per-
centage of patients with long-term carriage of the outbreak strain
were found to have lost the pAA plasmid (Helge Karch, unpub-
lished observation).

Colonization of C227-11 in the gi tracts of C57BL/6 mice. To
characterize the site of C227-11 colonization within the gastroin-
testinal (gi) tract, we orally inoculated ICF C57BL/6 mice or Amp-
treated C57BL/6 mice with 1010 CFU by intragastric gavage. At 3,
6, 24, 72, and 192 h after infection, we enumerated the O104:H4
bacteria associated with tissue or luminal contents of the cecum,
small intestine, or large intestine. In both animal models, the
number of O104:H4 bacteria was the highest overall in the cecum,
followed by the large intestinal tissue (Fig. 1A and B). Also, in both
animal models, the O104:H4 bacterial load of the cecal tissues was
significantly higher than that of the small intestine, at least until
192 h, for the ICF model (Fig. 1A), whereas in the Amp-treated
model, the O104:H4 counts of the cecal tissue remained signifi-
cantly higher than those of the small intestinal tissue through the
end of the study (Fig. 1B). At the final time point, the numbers of
C227-11 bacteria recovered from all tissue sites of the intestine of
ICF mice were similar.

When we compared the counts of C227-11 bacteria recovered
from the luminal contents of the cecum, small intestine, or large
intestine of ICF and Amp-treated mice, we again observed that the
numbers of O104:H4 bacteria were the highest in the cecum and
large intestine, but in this case, the counts from both sites were
similar in each animal model (Fig. 1C and D). Furthermore, the

TABLE 1 Development of a mouse model for Stx2� O104:H4 strain
C227-11

Mouse
strain Treatment

No. of mice with the
indicated condition/total
no. of mice in treatment
group

Weight lossa Mortality

CD-1 Str 0/10 0/10
BALB/c None 9/25 0/25
BALB/c Amp at 2 days p.i. 4/5b 2/5
BALB/c Amp at 4 h p.i. 4/10 0/10
BALB/c LPDc 0/5 0/5
BALB/c LPD � Amp at 4 h p.i. 1/10 0/10
C57BL/6 LPDg,k,l 0/5 1/5
C57BL/6 Amp at 4 h p.i.h,j,l 3/5 3/5d

C57BL/6 LPD � Amp at 4 h p.i.i,j,k 2/10 0/10d

BALB/c Amp at 18 h before infection 3/5 0/5
C57BL/6 None 0/5 0/5e

C57BL/6 Amp at 18 h before infection 3/5 2/5f

C57BL/6 Amp at 4 h p.i. 4/5 5/5e,f

a An animal was considered to have lost weight if more than 5% weight was lost from
the highest to the lowest weight after day 1 (the day after feeding).
b The mouse that did not lose weight was one of the animals that died; however, no
weight data were taken on the 4 days prior to death.
c LPD, low-protein diet.
d P 	 0.005 for survival of C57BL/6 mice treated with LPD plus Amp versus Amp-
treated mice on a normal diet.
e P 	 0.005 for survival of C57BL/6 mice treated with Amp at 4 h p.i. versus mice
receiving no Amp treatment.
f P 	 0.005 for survival of C57BL/6 mice treated with Amp at 4 h p.i. versus mice
treated with Amp at 18 h before infection.
g Geometric mean numbers of CFU/g feces: 2.53 � 107 on day 1 and 1.91 � 104 on day 4.
h Geometric mean numbers of CFU/g feces: 4.13 � 109 on day 1 and 3.83 � 109 on day 4.
i Geometric mean numbers of CFU/g feces: 3.83 � 107 on day 1 and 7.63 � 108 on day 4.
j P 	 0.005 for day 1 and P 	 0.001 for day 4 (colonization levels, C57BL/6 mice treated
with Amp at 4 h p.i. versus mice treated with LPD plus Amp).
k Data are not significant for day 1 and P was 	0.005 for day 4 (colonization levels,
C57BL/6 mice treated with LPD versus mice treated with LPD plus Amp).
l P 	 0.05 for day 1 and P 	 0.0001 for day 4 (colonization levels, C57BL/6 mice treated
with LPD versus treated with Amp at 4 h p.i.).
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general patterns of cecal luminal O104:H4 counts versus those of
the small intestinal luminal counts mirrored those of the tissue
counts from each model. Specifically, in both Amp-treated and
ICF mice, significantly greater numbers of C227-11 bacteria were
recovered from the contents of ceca than the contents of the small
intestine throughout the whole study (Fig. 1C and D), until the
bacterial counts approached and fell below the limit of detection
at final time points in the ICF mice (Fig. 1C).

As expected, we found that the number of bacteria recovered
from the gi tract of ICF mice decreased over the course of the
experiment (Fig. 1A and C), while Amp-treated mice maintained

a level of C227-11 colonization of between 105 and 1010 CFU for
the duration of the study (Fig. 1B and D). The high bacterial
counts recovered from the ceca of ICF and Amp-treated mice
indicate that the cecum is the main site of O104:H4 colonization
in both models (Fig. 1A and B).

EAEC prototype strain 17-2 has been shown to aggregate in
association with a thick mucus layer overlying the intestinal epi-
thelium of infected animals (64) and on the surface of intestinal
mucosa samples cultured with EAEC (65). To visualize how
C227-11 colonizes the Amp-treated mouse intestine, we collected
intestinal tissue from infected mice and stained it with rabbit anti-

FIG 1 E. coli O104:H4 colonization over time at sites within the gi tract of C57BL/6 mice. ICF or Amp-treated mice were infected with 1010 CFU of C227-11. The
geometric mean numbers of CFU/g tissue (A and B) and luminal contents (C and D) are shown for the small intestine (�), cecum (Œ), and large intestine (o).
Each point represents the geometric mean numbers of CFU/g feces of 3 mice. Bars represent 
1 standard error of the mean. (A) The numbers of C227-11
organisms recovered from the small intestinal tissue of ICF mice were significantly less than those recovered from the cecum (P 	 0.0001 at 3, 6, and 24 h p.i.;
P 	 0.01 at 72 h p.i.). C227-11 counts of large intestinal tissue were greater than those of the small intestinal tissue at 3 h, 6 h (P 	 0.01), and 24 h (P 	 0.05) p.i.
(B) E. coli O104:H4 counts from the cecal tissues of Amp-treated mice were significantly higher than those from the small intestinal tissue (P 	 0.001, except for
no difference at 24 h p.i.). The numbers of C227-11 recovered from the small intestinal and large intestinal tissue were not significantly different (except at 6 and
192 h p.i., P 	 0.05). (C) The numbers of E. coli O104:H4 bacteria recovered from the contents of ceca and large intestine of ICF mice were greater than the
numbers recovered from the small intestine: cecal and small intestine contents were significantly different (P 	 0.0001) at 3 h, 6 h, 24 h (P 	 0.05), and 72 h p.i.;
small intestinal contents and large intestinal contents were significantly different (P 	 0.0001) at 3 h, 24 h, (P 	 0.001), and 6 h p.i. (D) In Amp-treated mice,
significantly greater numbers of C227-11 bacteria were recovered from the contents of the ceca and large intestine than the small intestinal contents: cecal
contents and small intestinal contents were significantly different (P 	 0.01 at 24 h p.i.; P 	 0.0001 at all other time points); small intestinal contents and large
intestinal contents were significantly different (P 	 0.0001 at 6 h p.i., P 	 0.05 at 24 h p.i., P 	 0.01 at 72 h p.i., and P 	 0.001 at 192 h p.i.).
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O104 serum. We detected O104:H4-positive bacteria in aggre-
gates within the lumen of the cecum (Fig. 2A) and in close associ-
ation with cecal tissue (Fig. 2B, arrow). We also detected massive
aggregates of O104 bacteria in the colon (Fig. 2C) and in close
association with colonic tissue (Fig. 2D, arrow). Additionally, we
noted that the ceca of infected mice were enlarged compared to
those of the controls but found upon histological examination
that the intestines of most of the infected mice were normal. How-
ever, one C227-11-infected mouse showed extensive inflamma-
tion in the cecum and colon (not shown).

Systemic effects of C227-11 infection. We previously reported
that the death of STEC-infected Str-treated mice is due to Stx2-
mediated acute renal tubular necrosis (66). To assess kidney dam-
age in the Amp-treated Stx2� O104:H4 C57BL/6 mouse model,
we collected kidneys for histopathology from C227-11-infected
mice that met the criteria for euthanasia. We found acute tubular
necrosis in all kidney sections examined from C227-11-infected
mice and none of the control mice; additionally, we detected areas
of tubule regeneration, a finding that indicates recent kidney dam-
age (Fig. 3C and D). We concluded that Stx2 is almost certainly
responsible for kidney damage and death in C227-11-infected
Amp-treated mice.

We further assessed the systemic effects of Stx2� O104:H4 in-
fection in the Amp-treated mouse model by analyzing blood he-

matological parameters and chemistries. We collected blood from
C227-11-infected mice once they lost 10 to 15% of their body
weight compared to their maximum weight achieved p.i., an end-
point at which mice were not so moribund as to impede blood
collection. Whole-blood samples were analyzed for complete
blood counts (CBCs), and sera were evaluated for markers of kidney
function, specifically, blood urea nitrogen (BUN) and creatinine lev-
els. E. coli Stx2� O104:H4-infected mice had significantly higher
BUN and creatinine values than uninfected mice (Table 2), a finding
indicative of kidney damage in the infected animals. Significant neu-
trophilia was observed in the blood samples of the C227-11-infected
group compared to the control mice (Table 2). None of the primary
hematological features of HUS were detected in the infected animals;
there were no differences in platelets, hemoglobin, or hematocrit val-
ues between infected and control mice.

Contribution of Stx2 to virulence of the O104:H4 outbreak
strain. (i) Generation of an E. coli O104:H4 derivative cured of
the Stx2-encoding phage. To study the contribution of Stx2 to the
pathogenesis of O104:H4, we constructed a mutant of C227-11
cured of the phage that encodes Stx2. Loss of the phage genome
and stx2 was confirmed by PCR and Southern blot analysis (Fig. 4).
Additionally, PCR to amplify the junctions of the stx2-encoding
phage, inserted into wrbA on the bacterial chromosome, con-
firmed the loss of the phage. Culture supernatants of C227-11�cu

FIG 2 Localization of C227-11 in the cecum and colon of Amp-treated mice. Cecal (A and B) or colonic (C and D) tissue was stained with an anti-O104 serum
followed by Alexa Fluor-labeled secondary antibody. (A) Note aggregates of O104 bacteria in the lumen of the cecum; (B) close association of O104 bacterium
with cecal tissue (white arrow); (C) massive aggregates of O104 bacteria in the lumen of the colon; (D) note the close association of an O104 bacterium with
colonic tissue (white arrow). Magnifications, �400.
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were not cytotoxic to Vero cells, a finding that further substanti-
ates the loss of the Stx2-encoding phage, as the 50% cytotoxic dose
for the wild type was 105 per ml culture supernatant.

(ii) Role of Stx2 in the mouse model. We infected Amp-
treated C57BL/6 mice with C227-11 (Stx2�), C734-09 (Stx�), or
C227-11�cu (Stx2�). The lethality of the O104:H4 outbreak iso-
late was variable among experiments in this mouse model: the
mortality of C227-11-infected mice ranged from 0 to 100% (12/50
mice died in four experiments). However, only 1 of 10 C734-09-
infected mice succumbed to infection and none of the C227-
11�cu-infected mice died. Additionally, C227-11-infected ani-
mals lost weight or gained less weight over the course of infection,

whereas mice infected with either of the Stx2� O104:H4 strains
did not lose weight (Fig. 5). Histopathological examination of
kidneys from mice that succumbed to C227-11 infection re-
vealed acute tubular necrosis, a result not seen in Stx2� EAEC-
infected mice. Further, serum chemistry analyses from C227-
11-infected mice revealed significantly elevated BUN and
creatinine levels compared to the values from C227-11�cu-
infected mice (Table 2). Taken together, we conclude that the
virulence, as assessed by consistent weight loss, kidney struc-
tural and functional damage, and occasional marked lethality,
seen from infection with C227-11 is due to the presence and
expression of stx2.

FIG 3 Tubular damage and regeneration in renal sections from C227-11-infected mice. (A) Hematoxylin-eosin-stained kidney section that shows the renal
cortices from a mouse that succumbed to infection. There is acute tubular necrosis in the renal cortex characterized by tubules lined by necrotic epithelial cells
(arrowhead) and tubular lumina containing sloughed necrotic cells (*). (B) Similar to panel A, but note tubules (#) with features characteristic of regeneration:
cells have large vesiculate nuclei, increased cytoplasmic basophilia, and mitotic figures (arrows). (C and D) Hematoxylin-eosin-stained kidney section of
uninfected mouse. Magnifications, �400.

TABLE 2 Serum chemistry and CBC analyses of uninfected or infected (C227-11 or C227-11�cu) Amp-treated C57BL/6 mice

Strain
BUN concn
(mg/dl)

Creatinine concn
(mg/dl) % neutrophils % lymphocytes

Hemoglobin
concn (g/dl) % hematocrit

No. of platelets/�l
(103)

Control 17.5 0.32 4.7 90.2 14.1 52.6 893
C227-11 56.22a,b 0.53a,c 16.77a 69.6 16.23b 49.7 1,195
C227-11�cud 24.88 0.33 6.5 81.45 13.4 41.5 898.5
a P � 0.05, C227-11 versus control.
b P � 0.01, C227-11 versus C227-11�cu.
c P � 0.06, C227-11 versus C227-11�cu.
d No significant difference in C227-11�cu values compared to the control.
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(iii) Protection of and enhanced weight gain in C227-11-in-
fected mice treated with anti-Stx2 monoclonal antibody 11E10.
We did a preliminary study in the Amp-treated mouse model to
determine whether anti-Stx2 monoclonal antibody 11E10 could
protect O104:H4-infected mice. The infected mice were given 2
�g antibody on day 8 p.i. None of the animals that received 11E10
died (n � 8), and 3 of 8 PBS-treated animals succumbed to infec-
tion. We next expanded the study to include administration of
antibody on different days relative to the time of infection. Amp-
treated C227-11-infected mice received nothing, 11E10, or PBS
either before infection (�1 day) or after infection (3, 5, or 7 days
p.i.). We assessed weight change and mortality for 14 days p.i.
Only 1/10 mice treated with 11E10 on day �1 died, whereas 4/10
of the PBS-treated (day �1) and 4/9 untreated (but infected) an-
imals died, findings that indicate that 11E10 was partially protec-
tive. The 11E10-treated animal that succumbed to infection was
found dead, so organs were not collected for histopathological
analysis. In contrast, the mortality rates for the animals given ei-
ther PBS or antibody on day 3 or 5 p.i. were similar (20 to 30%).
Furthermore, treated (PBS or 11E10) mice (from all groups) gen-
erally died later, with a mean time to death of 15.3 days compared
to a mean time to death of 12.3 days for untreated, infected mice.
However, the 11E10-treated animals from groups treated on days

�1, �3 (Fig. 6), and �7 of infection gained significantly more
weight than untreated mice. All but one of the mice given 11E10
on day 7 p.i. survived, whereas 7/10 mice given the PBS control
survived. The single 11E10-treated animal that succumbed did so
on day 8, a result that suggests that the antibody was given too late
to rescue that mouse, which had already lost more than 20% of its
body weight at the time of treatment.

(iv) Role of Stx2 in the rabbit model. Garcia and colleagues
observed that Dutch belted rabbits naturally or experimentally
infected with enterohemorrhagic E. coli display systemic disease
similar to the HUS seen in humans (50, 52). We also found that
Dutch belted rabbits exhibit weight loss, diarrhea, and occasional
kidney damage in response to infection with EHEC O157:H7 (51).
Here we sought to determine whether (i) Dutch belted rabbits
were susceptible to infection by EAEC and (ii) the Stx2-expressing
EAEC German outbreak strain was virulent in the Dutch belted
rabbit model. Rabbits given a large dose (1012 CFU) of C227-11 or

FIG 4 PCR and Southern blot analysis of C227-11�cu. (A) PCR amplification
of a portion of stx2 in wild-type strain C227-11 (lane 1) which was absent in
C227-11�cu (lane 2). An amplicon at 349 bp indicates the presence of stx2. (B)
Southern blot of C227-11 (lane 1) and C227-11�cu (lane 2) genomic DNA
probed for stxA2 (found on a 4.8-kb fragment). Lanes L, molecular size ladders.
The size of the ladder bands is indicated in bp (A) or kbp (B). The brightness
and contrast of the images were adjusted linearly in Adobe Photoshop CS5
(version 12.0, �32) software.

FIG 5 Percent weight change of Amp-treated C57BL/6 mice orally infected with E. coli O104:H4 strains. Mice were infected with O104:H4 strain C227-11 (Œ)
or C734-09 (o) (A) and O104:H4 strain C227-11 (Œ) or C227-11�cu (�) (B). Points on the graph represent the mean weight of 10 animals per group (A) or 40
animals per group (B). Bars represent 1 standard error of the mean; asterisks indicate days that demonstrated a significant difference between mean weights (*,
P 	 0.05; **, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001). D0, day of infection.

FIG 6 Average weight of C227-11-infected, Amp-treated C57BL/6 mice either
untreated or receiving PBS or 11E10. Mice were infected with C227-11 and on
day 3 p.i. received nothing (Œ), PBS (�), or anti-Stx2 monoclonal antibody
11E10 (o) by intraperitoneal injection. Bars indicate 
1 standard error of the
mean. Pound signs indicate days that demonstrated a significant difference
between mean weights for no treatment compared to PBS treatment (#, P 	
0.05; ##, P 	 0.01). Asterisks indicate days that demonstrated a significant
difference between mean weights for no treatment compared to 11E10 treat-
ment (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001).
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C734-09 became infected and remained colonized throughout the
experiment (Fig. 7A). The Stx2� isolate was more virulent than
C734-09, in that nearly all C227-11-infected animals displayed
signs of disease beginning on day 2 p.i., and 4/6 died, whereas only
1 death occurred among 5 animals in the C734-09-fed group, with
fewer animals displaying signs of morbidity, such as weight loss
(Fig. 7B and C; Table 3). In this study, 4/6 C227-11-infected rab-
bits met the criteria and received analgesics and rehydration ther-
apy, and 2/5 C734-09-infected animals were provided those ther-

apies. Histopathological evaluation of tissues from a few C227-11-
infected rabbits revealed mild erosion and necrosis of the mucosal
epithelium in the large and small intestines and the cecum. Addi-
tionally, we noted hemorrhage in the cecum of a rabbit infected
with C227-11. Conversely, C734-09-infected rabbits did not dis-
play significant intestinal pathology. We assessed kidneys from
rabbits infected with C227-11 and C734-09; we did not observe
any significant abnormalities in the kidneys of these rabbits. We
collected blood and assessed hematological changes in rabbits that
met criteria for euthanasia. Of the two C227-11-infected rabbits
that became ill and met criteria for euthanasia, the levels of both
BUN (63 and 77 mg/dl, respectively) and creatinine (2.6 and 0.5
mg/dl, respectively) were elevated compared to baseline values
(BUN, 17 and 24 mg/dl, respectively; creatinine, 0.4 and 0.3 mg/dl,
respectively). In contrast, the BUN (26 mg/dl) and creatinine (0.5
mg/dl) values of the C734-09-infected rabbit that met criteria for
euthanasia were not different from the values obtained preinfec-
tion (BUN, 25 mg/dl; creatinine, 0.4 mg/dl).

When we infected rabbits with 109 to 1011 CFU of C227-11 or
C227-11�cu, only low-level colonization was achieved in each
group, and none of the rabbits died or showed signs of morbidity
(not shown). These data taken in aggregate led us to conclude that

FIG 7 Pathogenesis of O104:H4 in Dutch belted rabbits orally infected with 1011 to 1012 CFU C227-11 or C734-09. Rabbits were infected with O104:H4 strain
C227-11 (Œ) or C734-09 (�). (A) Colonization over time. Each point represents the geometric mean of the number of E. coli O104:H4 bacteria shed into the feces
from infected animals (6 per group); bars indicate 
1 standard error of the mean. The limit of detection was 102 CFU/g feces. (B) Percent weight change of
infected rabbits. Points on the graph indicate the mean weight of 6 animals per group; bars indicate 
1 standard error of the mean. D0, day of infection. (C)
Percent survival of rabbits infected with C227-11 (dashed line) or C734-09 (solid line) on each day p.i.

TABLE 3 Morbidity and mortality of Dutch belted rabbits infected with
1011 to 1012 CFU of C227-11 or C734-09

Characteristic

No. of rabbits with characteristic/total
no.

C227-11 C734-09

Loose stools 5/6 2/5
Weight loss 3/6 1/5
Lethargy 5/6 2/5
Death 4/6a 1/5b

a Two rabbits were euthanized on days 3 and 5 p.i., and two succumbed to disease on
days 3 and 4 p.i.
b One rabbit was euthanized on day 4 p.i.
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Dutch belted rabbits are susceptible to infection by some EAEC
strains, although a large dose is required to cause morbidity and
mortality, and that the Stx2� O104:H4 strain is more virulent in
this model than Stx2� O104:H4 strains. Further, the levels of col-
onization with stx2-positive (C227-11) and stx2-negative
(C734-09 and C227-11�cu) EAEC bacteria were similar (Fig. 7A
and data not shown), a finding that indicates that Stx2 does not
play a role in colonization in this model.

DISCUSSION

In this study, we developed a small-animal model to study the
pathogenesis of the Stx2� O104:H4 E. coli strain associated with a
large outbreak of bloody diarrhea and HUS (3–5, 7). We found
that C57BL/6 mice given water containing Amp at 4 h p.i. were
susceptible to infection with E. coli O104:H4 strain C227-11 and
demonstrated signs of disease that included consistent weight loss
and, in some cases, mortality. Moreover, this is the first report of a
small-animal model in which abundant biofilm aggregates of
EAEC were demonstrated in the colon of infected animals.
C227-11 was also virulent in a Dutch belted rabbit model of STEC
pathogenesis (50–52), although a high dose (�1011 CFU) was
required to achieve the colonization level necessary to cause mor-
bidity and mortality. We further showed that Stx2 is a major vir-
ulence factor for C227-11, since a mutant cured of the Stx2 phage
was not virulent in Amp-treated mice or Dutch belted rabbits and
because treatment of infected mice with anti-Stx2 antibody
(11E10) reduced morbidity and mortality compared to those that
occurred after administration of PBS alone or no treatment. While
there were no significant differences in the weight of mice receiv-
ing PBS or 11E10, there was a trend toward greater weight gain in
the mice treated with anti-Stx2 antibody; mice fared best if given
11E10, as this group had fewer deaths overall.

We found that Amp treatment was necessary to observe mor-
tality of adult C57BL/6 mice infected with Stx2� O104:H4 and
that death occurred at as early as 5 days and as late as 27 days p.i. In
contrast, although Str treatment of infected CD-1 or BALB/c mice
resulted in high levels of gi colonization by C227-11, the infected
animals did not become ill. Our results with Str are consistent with
the findings of others who demonstrated that Str treatment of
mice promotes persistent and prolonged gi colonization but not
death due to Stx� EAEC infection (44–47, 67, 68). We hypothesize
that Amp treatment increases gi colonization by EAEC compared
to that after administration of Str. In our model, Amp treatment
resulted in a more prolonged high level of colonization with
C227-11 than was reported for Str-treated mice (O104:H4 colo-
nized the cecum of Str-treated CD-1 mice at 2.3 � 103 
 9.7 � 102

CFU on day 7 p.i [47]), while we found that O104:H4 levels in the
ceca of Amp-treated mice remained above 107 CFU at 8 days p.i.
The reason for the higher level of C227-11 colonization in the
Amp-treated model may be that Amp is more effective against
anaerobes than Str in the gi tract (69, 70), and it has been shown
that anaerobes play an essential role in resistance to microbial
colonization of the mouse gut (71, 72).

We further identified the main site of C227-11 colonization to
be the cecum in both Amp-treated and ICF models, a finding that
is in agreement with the findings obtained with other O104:H4
infection models (47, 49, 68). However, unlike Torres et al. (47),
we found that the O104:H4 outbreak strain clearly also colonized
the small and large intestines. That EAEC colonizes both the small
and large intestines in an animal model was also shown by Har-

rington et al. (44) and Maura et al. (68). A correlation between the
small intestinal colonization and virulence was demonstrated by
Wadolkowski et al. (66) in the Str-treated mouse model of STEC
pathogenesis. In that study, a mouse-passaged, plasmid-cured de-
rivative of an Stx1�, Stx2� O157:H7 strain was found in high
numbers in the small intestine. Those authors hypothesized that
the increased virulence of that strain (over that of the wild-type
O157:H7 parent strain) was attributable to colonization of the
small intestine and increased absorption of Stx2 from that site
(anti-Stx2 but not anti-Stx1 was protective).

That Stx2 contributed to the pathogenesis of C227-11 is pre-
dicted from the large number of bloody diarrhea and HUS cases in
the German outbreak (6, 11, 12). Here we demonstrated the role
of Stx2 in E. coli O104:H4 pathogenesis in two animal models.
Amp-treated mice infected with C227-11 showed less weight gain
and greater mortality than mice infected with C227-11�cu (which
is cured of the stx2-encoding phage) or C734-09 (an unrelated
stx2

� O104:H4 EAEC isolate); additionally, greater morbidity and
mortality were observed in rabbits infected with the Stx2� isolate.
Further corroborating the role of Stx2 in pathogenesis of the
O104:H4 outbreak strain, treatment of C227-11-infected mice
with the anti-Stx2 monoclonal antibody 11E10 resulted in protec-
tion and enhanced weight gain. Treatment with PBS alone was
somewhat protective initially but ultimately did not protect in-
fected mice from morbidity as effectively as anti-Stx2 monoclonal
antibody 11E10. That isotonic fluids alone can be partially protec-
tive from renal injury has also been observed in humans (73). In
that study, the authors attributed attenuated renal injury failure to
early parenteral volume expansion during E. coli O157:H7 infec-
tion.

Acute tubular necrosis in mice is a hallmark of STEC-mediated
disease and was determined to be the cause of death in Str-treated
CD-1 mice infected with Stx2� E. coli O157:H7 (66). We found
acute tubular necrosis in the kidneys of Amp-treated C57BL/6
mice that succumbed to infection with C227-11 as early as 5 days
p.i. Our observation of renal tubular necrosis at 5 days p.i. is earlier
than the time that it had been detected in a germfree mouse model,
in which similar kidney damage was not noted in O104:H4-in-
fected mice at 7 days p.i., though acute tubular necrosis was iden-
tified in mice euthanized on days 13 to 15 p.i. in that study (49).
There have been a few publications describing acute tubular ne-
crosis in the kidneys of STEC-infected individuals. Specifically,
Karpman et al. identified tubular damage in renal biopsy speci-
mens of HUS patients (74). Furthermore, Kaneko et al. reported
cell death of renal tubules in Stx-mediated HUS in a 7-year-old
boy (75). The editorial by Meyers and Kaplan additionally cited
other studies in which renal tubular injury in Stx-mediated HUS
was shown (76). To the best of our knowledge, reports describing
acute tubular necrosis in individuals infected in the O104:H4 E.
coli outbreak have not yet been published; however, we would
expect that those patients could have developed acute tubular ne-
crosis, as this strain produces Stx2.

We found similar numbers of C227-11 and C734-09 bacteria
shed in the feces of infected Dutch belted rabbits, and we therefore
conclude that Stx2 does not play a role in colonization in this
model of EAEC infection. This is in contrast to a model of STEC
O157:H7 pathogenesis in ICF BALB/c mice (77) in which the
Stx2� O157:H7 E. coli 86-24 strain was found to colonize animals
better than the Stx2� isogenic mutant. Those authors proposed a
model of bacterial attachment to intestinal epithelial cells whereby
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Stx2 induces expression of nucleolin on the surface of intoxicated
eukaryotic cells; nucleolin binds to the bacterial adhesin intimin
(78). We hypothesize that Stx2 does not play a role in colonization
of the O104:H4 isolate, as this EAEC strain does not express in-
timin.

Despite previous reports that adult ICF mice challenged with
EAEC show variable colonization and intermittently shed the bac-
teria into feces (43, 44, 48), in our hands, C227-11 colonization
persisted in all adult C57BL/6 ICF mice through 72 h p.i., a result
that suggests that ICF C57BL/6 mice are an acceptable model for
short-term EAEC colonization and infection studies. However,
Dutch belted rabbits may represent a useful ICF animal model to
study prolonged colonization by and pathogenesis of EAEC: we
demonstrated fecal shedding of all EAEC strains (C227-11, C227-
11�cu, and C734-09) from infected animals on all 7 days of the
experiment, in contrast to previous EAEC rabbit studies, in which
colonization was variable (42). Furthermore, when given at a high
dose, C227-11 caused disease (weight loss, lethargy, dehydration)
and death in infected rabbits. Interestingly, a few C734-09-in-
fected rabbits demonstrated disease, including weight loss, in con-
trast to PBS control animals, a finding that highlights the possible
utility of this model to study Stx2� EAEC strains.

In conclusion, we developed and characterized an Amp-
treated mouse model that is useful to study the pathogenesis of
both Stx2� and Stx2� EAEC strains. We determined that the high-
level virulence seen in both mice and rabbits with O104:H4 out-
break isolate C227-11 is due to the presence and expression of stx2.
Our data support the hypothesis that the combination of Stx2 and
EAEC virulence factors was responsible for the increased patho-
genesis of the 2011 O104:H4 outbreak strain.
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