
Identification of Antibiotics That Diminish Disease in a Murine
Model of Enterohemorrhagic Escherichia coli Infection

Sabrina Mühlen,a,b,c,d Isabell Ramming,a Marina C. Pils,e Martin Koeppel,f,g Jana Glaser,f,g John Leong,h Antje Flieger,i

Bärbel Stecher,f,g Petra Derscha,b,c,d

aDepartment of Molecular Infection Biology, Helmholtz Centre for Infection Research, Braunschweig, Germany
bInstitute for Infectiology, University of Münster, Münster, Germany
cGerman Center for Infection Research (DZIF), Partner Site HZI, Braunschweig, Germany
dGerman Center for Infection Research (DZIF), Associated Site University of Münster, Münster, Germany
eMouse Pathology, Animal Experimental Unit, Helmholtz Centre for Infection Research, Braunschweig, Germany
fMax-von-Pettenkofer Institute, LMU Munich, Munich, Germany
gGerman Center for Infection Research (DZIF), Partner Site LMU Munich, Munich, Germany
hDepartment of Molecular Biology and Microbiology, Tufts University, Boston, Massachusetts, USA
iDivision of Enteropathogenic Bacteria and Legionella, Robert-Koch-Institute, Wernigerode, Germany

ABSTRACT Infections with enterohemorrhagic Escherichia coli (EHEC) cause disease
ranging from mild diarrhea to hemolytic-uremic syndrome (HUS) and are the most
common cause of renal failure in children in high-income countries. The severity of
the disease derives from the release of Shiga toxins (Stx). The use of antibiotics to
treat EHEC infections is generally avoided, as it can result in increased stx expres-
sion. Here, we systematically tested different classes of antibiotics and found that
their influence on stx expression and release varies significantly. We assessed a se-
lection of these antibiotics in vivo using the Citrobacter rodentium �stx2dact mouse
model and show that stx2d-inducing antibiotics resulted in weight loss and kidney
damage despite clearance of the infection. However, several non-Stx-inducing antibi-
otics cleared bacterial infection without causing Stx-mediated pathology. Our results
suggest that these antibiotics might be useful in the treatment of EHEC-infected hu-
man patients and decrease the risk of HUS development.

KEYWORDS EHEC, Citrobacter rodentium, Shiga toxin, antibiotics, mouse model

Infection with enterohemorrhagic Escherichia coli (EHEC) can cause severe diarrhea
and hemorrhagic colitis and mainly affects children and the elderly (1, 2). In approx-

imately 10 to 15% of patients, the disease progresses to hemolytic-uremic syndrome
(HUS) (2), which is characterized by the triad of microangiopathic hemolytic anemia,
thrombocytopenia, and acute renal failure (3). The reasons for HUS development are
poorly understood, but it is dependent on the strain, its source, the host genotype, and
the intestinal microbiota (4, 5). Moreover, it is evident that systemic manifestations are
a result of the production and release of Shiga toxin (Stx) (6, 7).

Stx is considered the major virulence factor of EHEC (1, 2, 5–7). Two main types exist,
Stx1 and Stx2, with several subtypes belonging to each group (8). Stx2 subtypes,
especially Stx2a, are commonly associated with more severe human disease than Stx1
variants (9–11). The genes encoding either Stx are found on lambdoid prophages
integrated into the bacterial chromosome (12, 13). The exact mechanism of Stx
induction during infection is unclear, but it has been suggested to involve host factors,
metabolites produced by the intestinal microbiota, and proinflammatory cytokines
produced in response to the pathogen (5, 14, 15). Moreover, induction of the bacterial
SOS response and hence the lytic phage cycle, e.g., by antibiotics, results in an
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increased production and release of Stx from the bacterial cells (13, 16, 17). Since EHEC
has been reported to produce more Stx when treated with certain antibiotics, treat-
ment of EHEC infections with antibiotics has been considered contraindicated due to
concerns of increased risk of HUS development (5, 15, 18).

The effects observed for antibiotics from different classes on the induction of stx
expression vary greatly and are dependent on the antibiotic mode of action, the
Stx-producing E. coli (STEC) strain, and the Stx subtype (17, 19–26). While some
antibiotics such as ansamycins, which inhibit bacterial transcription, and chloramphen-
icol, which blocks protein synthesis, yielded consistently favorable results in in vitro
studies (1–5, 17, 20, 21), results for other antibiotics such as beta-lactams, which inhibit
the synthesis of the peptidoglycan layer, are more conflicting (19, 20, 27–30). Several of
the conducted in vitro studies have been confirmed in animal studies, but others
reported contradictory results (5, 24, 30–33). Notably, the models used in these studies
differed, as did the antibiotics and the timing and route of their application, making a
comparison of the results between these studies difficult. Furthermore, the above
models do not recapitulate the formation of attaching and effacing (A/E) lesions
characterized by intimate attachment of the pathogen and actin rearrangement upon
host cell binding, extensive mucosal colonization, and intestinal damage (34, 35). These
models generally result in rapid clearance, as EHEC is unable to efficiently colonize mice
and colonization is achieved only after infection with large doses of EHEC by use of
immunodeficient or gnotobiotic mice, or after disruption of the microbiota by antibiotic
pretreatment (34, 35), all of which reduces the amount of information that can be
gained about the in vivo situation.

In contrast, murine infection with a Stx-producing strain of Citrobacter rodentium
reflects the characteristic mode of intestinal colonization and Stx-mediated pathogen-
esis of the most prevalent EHEC strains (36). C. rodentium is a mouse pathogen that
shares many of its virulence genes with EHEC, including the LEE pathogenicity island
that confers the ability to form A/E lesions (37–39). Found on the surface of colonic
epithelial cells, these lesions are indistinguishable from those that are observed in
EHEC-infected humans (40, 41). A recent study introduced a Stx2dact-encoding pro-
phage into the C. rodentium genome and showed that the resulting disease pathology
observed in infected mice reflected EHEC infections in humans, including the formation
of A/E lesions, production of inflammatory cytokines, and kidney injury (36).

Here, we assessed a panel of antibiotics from different classes for their abilities to
induce stx2 expression and Stx2 release in vitro for both the EHEC O157:H7 strain
EDL933 and C. rodentium �stx2dact. We identified several common antibiotics that
showed no induction in either strain. Using the C. rodentium �stx2dact mouse model of
infection, we found that Stx-inducing antibiotics such as enrofloxacin triggered the
development of severe renal disease, whereas several non-Stx-inducing antibiotics led
to colonization clearance and did not induce detrimental kidney damage. In summary,
our data suggest that the C. rodentium �stx2dact model allows assessment of treatment
options for EHEC infections and that several commonly used antibiotics may be safe to
use in case of an outbreak.

RESULTS
Effects of subinhibitory antibiotic concentrations on stx expression. To compare

how different antibiotics modulate the expression of stx genes in E. coli, we first used
a stx-Gaussia luciferase (Gluc) reporter strain, C600 W34 �stx2a::Gluc, to determine stx2

promoter-mediated reporter gene induction at different subinhibitory concentrations
(MICs, 1/2 to 1/16). Antibiotics of the quinolone family (enrofloxacin, ciprofloxacin),
which interfere with DNA replication, and the antifolates (trimethoprim), which block
folic acid synthesis, strongly induced reporter gene expression in a concentration-
dependent manner (Fig. 1A). However, antibiotics belonging to other classes, interfer-
ing with cell wall, protein, and RNA synthesis (e.g., cephalexin, carbenicillin, chloram-
phenicol, kanamycin, tetracycline, rifampin), did not (Fig. 1A). Some antibiotics (e.g.,
tetracycline, chloramphenicol) even reduced the expression of the reporter. A similar
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FIG 1 Gaussia luciferase production is increased upon treatment with fluoroquinolone and antifolate
antibiotics in both E. coli C600 �933W and C. rodentium �stx2dact. C600 W34 �stx2a::Gluc and C. rodentium
�stx2dact::Gluc strains were grown overnight at 37°C in LB broth supplemented with subinhibitory concen-
trations of the indicated antibiotics (1/2 to 1/16 MIC). Levels of Gaussia luciferase secreted from C600 W34
�stx2a::Gluc (A) and C. rodentium �stx2dact::Gluc (B) were measured by a Gaussia luciferase activity assay
using equalized amounts of cleared bacterial supernatants. Shown are the means (� standard errors of the
means [SEM]) of three independent experiments. Statistical analysis was performed by Student’s t test,
corrected using the Holm-Sidak method (*, P � 0.05; **, P � 0.01; ***, P � 0.001), with results compared to
those of untreated bacteria. RLUs, relative light units.
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expression pattern was observed in C. rodentium harboring the �stx2dact::Gluc reporter
(Fig. 1B), demonstrating that the effects of subinhibitory antibiotic concentrations on
stx2 expression in E. coli can be replicated in C. rodentium.

Effects of subinhibitory and inhibitory concentrations of noninducing antibi-
otics on Stx secretion. It is possible that the amount of Stx produced by bacteria in
response to antibiotics differs from the amount of toxin released into the environment.
To address this, we used inhibitory (1 MIC) and subinhibitory (1/2 MIC) concentrations
of one antibiotic per family to treat C. rodentium �stx2dact and EHEC EDL933 cultures.
Filter-sterilized supernatants were prepared and used for cytotoxicity assays. Vero cells
are commonly used to evaluate Stx-mediated cytotoxicity, but these cells did not
respond to the Stx2d subtype encoded by C. rodentium (see Fig. S1A in the supple-
mental material). Therefore, LLC-PK1 cells were used to study the cytotoxicity of C.
rodentium �stx2dact supernatants, as these porcine renal cells responded to toxin
treatment (Fig. S1B), while VeroB4 cells were used for EDL933 supernatants.

The cytotoxicity of supernatants from antibiotic-treated bacteria was compared to that
of untreated controls, which was set as 100% cell viability. The results obtained for EDL933
(Fig. 2A) and C. rodentium �stx2dact (Fig. 2B) supported those of the reporter gene assays.
Enrofloxacin-treated cell supernatants induced the release of Stx. Carbenicillin treatment at
1 MIC induced Stx release from EDL933 but not from C. rodentium �stx2dact, reducing Vero
cell viability to �80% when treated with the respective supernatant. None of the other
antibiotics increased toxin secretion by EDL933 or C. rodentium �stx2dact. Interestingly,
while trimethoprim induced SOS response-dependent reporter gene expression in E. coli
and C. rodentium, intoxication of cells with supernatants from EDL933 and C. rodentium
�stx2dact treated with this antibiotic did not significantly alter cell viability (Fig. 2), suggest-
ing that the concentration of this antibiotic might not be sufficient to induce bacterial cell
lysis.

Noninducing antibiotics identified using EDL933 and C. rodentium �stx2dact

were also effective in the EHEC/EAEC O104:H4 strain 11-02027. The severe STEC
outbreak in 2011 in Germany was caused by an EHEC/enteroaggregative E. coli (EAEC)
O104:H4 strain carrying a Stx2a-encoding phage. This strain has a genome related to
enteroaggregative E. coli strains and the pAA plasmid responsible for the aggregative
phenotype (42, 43). Due to the differences in their genetic backgrounds, it seemed
possible that the response of this strain varies from those of EHEC O157:H7 strains.
Here, we tested the O104:H4 strain 11-02027 that was isolated from a patient during
the outbreak (44) for its response to antibiotics by using the Vero cytotoxicity assay.
Since the outbreak strain possessed not only the Stx-encoding phage but also a
resistance plasmid with similarity to pEC_Bactec (NCBI accession no. GU371927) har-
boring TEM-1 and CTX-M-15 �-lactamase genes (43, 45), it is resistant to a large number
of antibiotics. These include tetracyclines, streptomycin, trimethoprim, sulfonamides,
cephalosporins, and ampicillin (42). Therefore, we limited our studies to the investiga-
tion of the effects of the remaining antibiotics that had proven inhibitory in the initial
study with EDL933 (Fig. 2A), which included antibiotics suggested as last-resort treat-
ment options during the outbreak (23). We observed that none of the antibiotics
increased Stx release from O104:H4 strain 11-02027 when used at the MIC or 1/2 MICs
(Fig. 2C). Surprisingly, enrofloxacin had no effect on Stx release, while the common Stx
inducer mitomycin C increased cytotoxicity (Fig. 2C).

Antibiotic treatment of mice infected with C. rodentium �stx2dact identified
noninducing antibiotics that efficiently cleared the infection. To evaluate whether
the inhibitory effects observed in vitro resulted in clearance of infection and increased
survival in vivo under more natural conditions, we tested six common, orally provided
antibiotics in the C. rodentium �stx2dact mouse model. Chloramphenicol could not be
used in the study, as C. rodentium �stx2dact DBS770 contains a resistance cassette for
chloramphenicol integrated for selection (36). We orally infected mice with 5 � 108 CFU
of C. rodentium �stx2dact. Mice were weighed daily (Fig. 3A; Fig. S2), and fecal coloni-
zation with C. rodentium �stx2dact was monitored every other day over the course of the
experiment (Fig. 3B; Fig. S3). From day 4 postinfection, mice were provided with
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FIG 2 Cytotoxic activity of supernatants of STEC and stx2dact-expressing C. rodentium strain. Strains
O157:H7 EDL933, C. rodentium �stx2dact, and O104:H4 11-02027 were grown at 37°C in the presence of
the indicated antibiotics. Supernatants of the cultures were withdrawn and cleared from bacteria by
centrifugation. Bacteria-free supernatant of the O157:H7 EDL933 (A) or the O104:H4 11-02027 (C) culture
was added to VeroB4 cells, and that of the C. rodentium �stx2dact culture was added to LLC-PK1 cells (B).
After incubation for 72 h, XTT solution was added to PBS-washed cells for 2 h. Cells treated with 0.01%
Triton X-100 were used as the positive (dead) control, while untreated cells were used as the negative

(Continued on next page)
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therapeutic concentrations of antibiotics in their drinking water. Mice treated with the
quinolone antibiotic enrofloxacin rapidly cleared the bacterial infection (Fig. 3B). How-
ever, 40% of the infected, enrofloxacin-treated mice showed a marked weight loss
of 20% of the initial body weight and required euthanization, similar to nontreated
mice, with 50% of animals requiring euthanization over the course of the experi-
ment (12 days) (Fig. 3C). Mice treated with ampicillin, kanamycin, or tetracycline all

FIG 2 Legend (Continued)
(live) control. After incubation, the absorbance of the samples was determined at 475 nm and the cell
viability of untreated cells was set to 100%. Shown are the mean values (�SEM) of three independent
experiments performed in quadruplicate in comparison to the untreated control. Statistical analysis was
performed via unpaired Mann-Whitney test (*, P � 0.05; **, P � 0.01; ***, P � 0.001), with all treated
groups compared to the untreated control.

FIG 3 Influence of antibiotic treatment on weight loss, bacterial clearance, and survival of C. rodentium
�stx2dact-infected mice. Six-week old female C57BL/6 mice were orally infected with 5 � 108 CFU of C.
rodentium �stx2dact and supplied with the indicated antibiotics in the drinking water from day 4
postinfection. The infection was followed for 12 days. (A) Changes in body weight represent the mean
(�SEM) for each group and are expressed as percent change from day 0. (B) Colonization was assessed
by plating fecal samples for viable counts and are shown as mean CFU (�SEM) of 15 mice representing
three separate experiments with 5 mice each. Statistical analysis was performed using the Mann-Whitney
test, comparing weight change or colonization of uninfected mice to that of mice treated with antibiotics
or untreated at each time point (*, P � 0.05; **, P � 0.01; ***, P � 0.001). (C) The survival of the mice in
each group was determined as a percentage of the whole (n � 15).
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cleared infection within 2 days of the commencement of treatment. None of these
mice lost a considerable amount of weight, resulting in a 100% survival rate for
these groups (Fig. 3A to C; Fig. S2 and S3). Mice treated with trimethoprim showed
a highly reduced ability to clear the infection. This resulted in an infection-induced
weight loss from which the mice were able to recover after eradication of the
bacteria. Rifampin, which targets bacterial transcription, caused only partial clear-
ance of bacteria in the feces (Fig. 3B; Fig. S3). Interestingly, no weight loss was
observed for this group, and all mice survived the infection (Fig. 3A and C; Fig. S2).

Various degrees of Stx-induced colon and kidney damage were observed in
mice treated with antibiotics. To analyze how antibiotic treatment influenced the
colon and kidney pathology of C. rodentium �stx2dact, organs were removed from
euthanized mice 12 days postinfection and colon and kidney pathology scores were
determined on hematoxylin-and-eosin (H&E)-stained sections. As shown in Fig. 4, we
found that the colons of infected untreated mice showed a high degree of inflamma-
tion, erosion, and crypt hyperplasia as well as goblet cell loss. The colon pathology
scores of the enrofloxacin-, rifampin-, and trimethoprim-treated mice were increased
but still significantly lower than the scores of the infected untreated mice (Fig. 4B and
C). It is likely that not the toxin, but the C. rodentium itself, which causes inflammatory
colitis in mice (37, 40, 46), is responsible for the pathological effect. In contrast, no
inflammation or loss of goblet cells and only low levels of crypt hyperplasia were seen
in the colons of infected kanamycin- and tetracycline-treated mice (Fig. 4A and B),
which were immediately cleared.

FIG 4 Influence of antibiotic treatment on intestinal damage during murine infection with C. rodentium �stx2dact.
(A) Representative H&E-stained colon sections of uninfected mice or infected mice treated with the indicated
antibiotic from day 4 after infection. Scale bars, 50 �m. Pathological changes are indicated as follows: e, epithelial
erosion; g, goblet cell loss; i, inflammation. (B) The pathology of the colons of uninfected mice or infected mice with
and without antibiotic treatment was scored, and the pathology scores of individual mice are shown as means
(�SEM) for all assessed mice per group. Statistical analysis was performed by Student’s t test, corrected using the
Holm-Sidak method (*, P � 0.05; **, P � 0.01; ***, P � 0.001), with results for infected/treated mice compared to
those for the untreated control group. (C) Summary of the pathological changes of each group.
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The kidneys of infected, untreated animals showed marked pathological changes of
the proximal tubules (Fig. 5A and B). Pathological changes included moderate to severe
tubular degeneration characterized by a loss of the lining epithelium and sloughing of
necrotic cells in the lumina in 5 of 15 mice (Fig. 5A and B). In contrast, no pathological
changes could be observed in mice treated with ampicillin, kanamycin, rifampin, and
tetracycline (Fig. 5A and B). In contrast, some tubular degeneration with loss of the
lining epithelium was also observed in the kidneys of trimethoprim-treated animals,
which were only able to slowly clear the infection (Fig. 3B). Severe pathological
changes, similar to those in infected untreated mice, were observed with enrofloxacin-
treated mice (Fig. 5A and B). Tubular degeneration in these mice suggests that kidney
damage was indeed a result of Stx release upon antibiotic treatment, because the
bacteria themselves were eliminated by day 6 postinfection (Fig. 3B).

Serological analysis of available samples from mice treated with enrofloxacin
showed a strong increase in levels of blood urea nitrogen (BUN), a marker of kidney
damage, from 9.9 � 3.3 mmol/liter in uninfected untreated mice to 35.3 � 11.6 mmol/
liter in infected untreated mice, with three samples reaching the detection limit
(49.98 mmol/liter) (Fig. 5B). Strikingly, BUN levels were not altered in animals from the
ampicillin-, kanamycin-, rifampin-, and trimethoprim-treated groups compared to the
untreated group (Fig. 5C). Notably, while rifampin-treated mice were still colonized (Fig.
3B), the bacteria seem unable to induce Stx release, as the serum levels of BUN were

FIG 5 Influence of antibiotic treatment on Stx-mediated renal damage during murine infection with C. rodentium
�stx2dact. (A) Kidney sections of uninfected mice or infected mice treated with the indicated antibiotic were stained
with H&E and scored. Representative kidney sections for each group are shown, with scale bars indicating 25 �m.
Pathological changes are indicated as follows: arrow, sloughing of necrotic cells in lumen; arrowhead, loss of lining
epithelium; *, tubular dilation. (B) Pathology scores of proximal tubules of the individual animals in each group. (C)
Serum BUN (blood urea nitrogen) levels were determined as a marker for kidney damage. Shown are the means
(�SEM) for all assessed mice per group. Statistical analysis was performed by Student’s t test, corrected using the
Holm-Sidak method (*, P � 0.05; **, P � 0.01; ***, P � 0.001), with results for infected/treated mice compared to
those for the untreated control group.
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similar to those of untreated uninfected mice (9.6 � 1.3 mmol/liter compared to 9.9 �

3.3 mmol/liter), and the histological analysis of the kidneys showed only very mild
tubular dilation (Fig. 5A to C).

DISCUSSION

The complications associated with EHEC infections represent a serious global public
health problem, and their prevention is the prime goal in the treatment of patients.
Unfortunately, treatment is currently limited to supportive therapy, as the use of
antibiotics is thought to enhance Stx production, increasing the risk of HUS develop-
ment. However, the necessity for antibiotic treatment might arise for a subset of
patients with life-threatening manifestations, as the outbreak in Germany in 2011 has
shown. Therefore, more detailed investigations into possible antibiotic options are
important. While this has been attempted with subsets of antibiotics in vitro before, the
confirmation of the noninducing effect of promising antibiotics in adequate animal
models has not been fully explored.

In this study, we systematically investigated the effect of antibiotics from a number
of different classes on reporter gene expression from the Stx2d-encoding phage
�1720a-02 introduced into the chromosome of C. rodentium (36). We showed that,
similar to a stx2a gene fusion in the 933W phage in E. coli, the reporter gene induction
occurred when bacteria were treated with antibiotics belonging to the fluoroquinolo-
nes (enrofloxacin) or antifolates (trimethoprim), confirming the results of earlier studies
(17, 19–21, 23, 47). Reporter gene induction by quinolones correlated with the release
of biologically active toxins produced and released by the pathogens (Fig. 1 and 2).
Using C. rodentium �stx2dact for infection of mice, we further observed that
enrofloxacin-treated mice rapidly cleared the infection but displayed severe Stx-
mediated pathology (Fig. 3, 4, and 5). This indicates that phage induction by quinolones
is particularly hazardous. This is supported by studies in which an increase in fecal Stx
and death in 70 to 80% of infected mice treated with ciprofloxacin or levofloxacin were
observed despite a decrease in fecal STEC (30, 32, 48). Other studies have reported a
significantly lower occurrence of death of STEC-infected mice after intraperitoneal or
oral administration of norfloxacin, but in these studies, the antibiotics were adminis-
tered 2 to 3 h postinfection (29, 49). It has been discussed that rapid synthesis of Stx
may facilitate the entry of the toxin into the bloodstream and the subsequent effects
on kidneys and other organs (17). This strongly suggests that administration of fluo-
roquinolones such as ciprofloxacin or enrofloxacin as treatment against diarrheal
infections should be used only in cases where infection with Stx-producing E. coli can
be ruled out, especially since ciprofloxacin is commonly prescribed for patients with
severe diarrhea and enteric infections of unknown etiology (17). Similar to what has
been observed in mice, it is possible that early treatment with quinolones might
produce different results, as has been described by Geerdes-Fenge et al. (50) for
patients treated with ciprofloxacin in the early days of infection. The onset of bloody
diarrhea in patients usually occurs between 3 and 8 days after infection (2). In this study,
we commenced antibiotic treatment on day 4 postinfection, as published previously
(32). However, as mice do not develop diarrhea, the different stages of infection in mice
are harder to distinguish and disease progression may be more rapid.

Also, the use of trimethoprim was found to increase stx2 induction in E. coli and C.
rodentium. This antibiotic did not clear the infection rapidly and did not reduce or
reduced only slightly Stx-mediated kidney damage in mice. This confirmed a previous
study with trimethoprim-treated STEC-infected mice (51) and supports observations
from clinical studies indicating that the use of trimethoprim increases the risk of HUS
development in humans (52), although others report no higher risk (5).

In contrast, antibiotics from other classes had no effect on or reduced reporter gene
expression. These results are also in agreement with those of Bielaszewska et al. (23),
who showed that Stx synthesis of EHEC strains increased in the presence of ciprofloxa-
cin while chloramphenicol inhibited Stx production, as did azithromycin, rifaximin,
meropenem, and tigecycline. Here, we showed that three of the antibiotics used in our
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animal study (ampicillin, kanamycin, and tetracycline) cleared bacterial infection and
rifampin reduced the bacterial load without any effects on colon or kidney health. It is
unclear whether the concentration of rifampin was too low to clear the infection, but
the induced blockage of transcription appeared sufficient to inhibit the development of
Stx-mediated disease. No induction of stx expression by rifampin, kanamycin, and
tetracycline confirms previous reports with different STEC strains (17, 20, 21, 23, 26, 29,
31, 54), suggesting that these antibiotics may provide promising treatment options. In
fact, the few patients who developed HUS and were treated with rifaximin, a rifampin
derivative, had fewer seizures and excreted E. coli for a shorter time period than those
not treated (53). However, ampicillin has yielded opposing results in in vitro studies (19,
20), and frequent resistance of EHEC to beta-lactams suggests that other classes of
antibiotics may be a better treatment option. In particular, care has to be taken, as the
timing of antibiotic administration, e.g., whether shortly after infection (0 to 2 days postin-
fection) or after the appearance of first symptoms such as weight loss (7 to 8 days
postinfection), appears to play an important role on the development of HUS (5, 17).
Nonetheless, interstrain differences in the susceptibility to phage activation and possible
other induction mechanisms cannot be ruled out and require rapid identification of the
response of STEC outbreak strains to antibiotics. A more promising treatment strategy may
be a combination therapy, in which two antibiotics which had no effect on stx induction are
given either simultaneously or with a slight delay. Moreover, a combination of an inhibitory
antibiotic such as rifampin, tetracycline, or chloramphenicol with an antibiotic that quickly
eradicates the infection may be advantageous, as might be a combination of an antibiotic
and neutralizing antibodies. We conclude that some of the non-Stx-inducing antibiotics
seem to be able to avert disease progression in Stx-expressing C. rodentium-infected mice
and are promising candidates to minimize HUS development in humans.

MATERIALS AND METHODS
Ethics disclosure. C57BL/6Rj mice (Janvier) were housed under pathogen-free conditions in accor-

dance with FELASA recommendations in biosafety level 3 animal facilities of the Helmholtz Centre for
Infection Research, Braunschweig, Germany The protocol was approved by the Niedersächsisches
Landesamt für Verbraucherschutz und Lebensmittelsicherheit (permission no. 33.19-42502-04-16/2124).
Animals were treated with appropriate care, and all efforts were made to minimize suffering.

Bacterial strains and cell lines. Bacterial strains and cell lines are given in Table S1 in the
supplemental material. Bacteria were grown in Luria-Bertani broth (LB; Carl Roth, Germany) or Mueller-
Hinton broth (MH; Sigma-Aldrich/Merck, Germany) broth as required. Cell lines were cultured at 37°C
with 5% CO2 in a HeraCell 150 cell culture incubator (Thermo Fisher Scientific, Germany).

MIC determination. The antibiotics used are given in Table S3. The MICs of the antibiotics were
determined according to the Clinical and Laboratory Standards Institute guidelines for all strains used in
this study (https://clsi.org). The MICs for all tested strains are provided in Table 1.

Reporter gene assays. For reporter gene assays, one colony of the respective bacterial strain was
inoculated into 5 ml of LB (Carl Roth) and supplemented with the appropriate amounts of each antibiotic

TABLE 1 MICs of antibiotics determined for bacterial strains used in this studya

Antibiotic

MIC (�g/ml)

C. rodentium DBS100 E. coli EDL933 E. coli 11-02027
E. coli
C600

Ampicillin 32 R 5
Azithromycin 5 (4.0) 10 5
Carbenicillin 24 3 R 2.4
Cephalexin 0.15 0.15 R 6
Chloramphenicol 1.5 1.5 (8.0) 3 3
Ciprofloxacin 0.004 0.004 (0.06) 0.004 0.08
Enrofloxacin 0.04 0.04 0.04 0.04
Kanamycin 0.6 0.3 (0.25) 2.5 2.5
Meropenem 0.03 (0.016) 0.1 0.03
Rifampin 1 2 2 8
Tetracycline 1.5 1.5 R 0.4
Tigecycline 0.16 (0.125) 0.15 0.08
Trimethoprim 0.06 0.06 R 0.25
Vancomycin 40 80 78 80
aR, resistance (reference). Published concentrations for EHEC EDL933 are given in parentheses.
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to yield 1/2 to 1/16 MIC. Cultures were then grown at 37°C, 200 rpm, for 15 h. The optical density (OD)
of each culture was determined, and a volume corresponding to an OD at 600 nm (OD600) of 1 (109 cells)
was pelleted at 13,900 � g (Eppendorf Minispin Plus) for 1 min. Twenty microliters of supernatant was
mixed with 50 �l BioLux Gaussia luciferase assay (New England Biolabs) substrate, luciferase activity was
determined in a VarioSkan Flash plate reader (Thermo Fisher Scientific) according to the manufacturer’s
recommendations, and values were compared to those of untreated culture supernatant. LB medium
(Carl Roth) was used as a negative control.

Antibiotic induction of Stx production. For cytotoxicity assays, bacterial strains were grown to an
OD600 of 0.5 in 100 ml LB. Each culture was divided into 5-ml cultures, which were supplemented with
the appropriate antibiotics of 1/2 to 1/16 MIC or left untreated. After incubation at 37°C for 15 h, the
cultures were pelleted at 3,000 � g for 5 min, and culture supernatants were subsequently sterilized
using filters with a 0.22-�m pore size and used for cytotoxicity assays.

XTT [2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt] cytotoxic-
ity assays. A total of 4 � 104 cells (VeroB4 or LLC-PK1) per ml were seeded into 96-well plates 24 h prior
to treatment with supernatants. On the day of treatment, dilution series of the supernatants were
prepared in the respective cell culture medium and 100 �l of the suspensions was added to each well
and incubated under cell culture conditions (37°C, 5% CO2) for 72 h. Afterwards, the medium was
removed and cells were washed twice in Dulbecco’s phosphate-buffered saline (Sigma-Aldrich/Merck).
The medium was mixed with reagents of the cell proliferation kit II (Sigma-Aldrich/Merck) and added to
the cells for 2 h. Cell viability was determined in a VarioSkan Flash plate reader (Thermo Fisher Scientific)
by measuring the absorbance at 475 nm. Untreated cells were used as a positive (live) control, and cells
treated with 0.1% Triton X-100 (Carl Roth) were used as a negative (dead) control.

Animal infections. Six-week-old C57BL/6Rj mice purchased from Janvier Labs (Le Genest-Saint-Isle,
France) were infected with 5 � 108 CFU of C. rodentium DBS770 in accordance with the feeding protocol
described previously (36). From day 4 postinfection, drinking water was supplemented with 2% glucose
and any one of the following antibiotics (for more information, see Table S3): ampicillin (10 mg/ml),
enrofloxacin (0.25 mg/ml), kanamycin (2.6 mg/ml), tetracycline (1 mg/ml), rifampin (1 mg/ml), or trim-
ethoprim (Trimetotat oral suspension, 48% [Livisto]). Supplemented water was exchanged daily to ensure
continuously high levels of the antibiotics. Mice were weighed daily, and fecal colonization was
determined every other day.

Histology and pathological evaluation. Colon and kidneys were removed and fixed in Roti-Histofix
(Carl Roth) for 24 h and stored in 70% ethanol until further use. Samples were embedded in paraffin, and
3-�m-thick sections were stained with hematoxylin-eosin according to standard laboratory procedures.
Sections were analyzed in a randomized fashion and deidentified with respect to the experimental groups.
Tubular necrosis was graded as follows: 1, sporadic tubular necrosis or dilation; 2, 30 to 50% of the tubuli show
necrosis; 3, more than 50% of the tubuli show necrosis. The colon was scored by five markers, namely
inflammation, epithelial erosion, goblet cell loss, epithelial hyperplasia, and area involved. Of these markers,
inflammation was scored as follows: 1, few inflammatory cells in lamina propria; 2, clearly visible inflammatory
cells reaching submucosa; 3, transmural invasion of inflammatory cells. The marker epithelial erosion was
scored as follows: 1, sporadic erosion of epithelial cells; 2, clearly visible erosion of epithelial cells, with
moderate amounts of sloughed cells in lumen; 3, thinning of crypt walls and large amounts of sloughed cells
in lumen. The marker goblet cell loss was scored as follows: 1, slightly reduced number of goblet cells; 2,
moderate loss of goblet cells with sporadic increase in size; 3, severe loss of goblet cells with marked increase
in size of goblet cells. The marker epithelial hyperplasia was scored as follows: 1, up to 100% increase in
thickness; 2, more than 100% increase in thickness; 3, more than 100% increase in thickness and altered
morphology. The marker area involved was scored as follows: 1, up to 30%; 2, 40 to 70%; 3, more than 70%.
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