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 2 

Abstract  33 

Infections with enterohemorrhagic Escherichia coli (EHEC) cause disease 34 

ranging from mild diarrhea to hemolytic uremic syndrome (HUS) and are the 35 

most common cause of renal failure in children in high income countries. The 36 

severity of the disease derives from the release of Shiga toxins (Stx). The use 37 

of antibiotics to treat EHEC infections is generally avoided as it can result in 38 

increased stx expression. Here, we systematically tested different classes of 39 

antibiotics and found that their influence on stx expression and release varies 40 

significantly. We assessed a selection of these antibiotics in vivo using the 41 

Citrobacter rodentium stx2dact mouse model and show that stx2d-inducing 42 

antibiotics resulted in weight loss and kidney damage despite clearing the 43 

infection. However, several non-Stx-inducing antibiotics cleared bacterial 44 

infection without causing Stx-mediated pathology. Our results suggest that 45 

these antibiotics could be useful in the treatment of EHEC-infected human 46 

patients and decrease the risk of HUS development. 47 

 48 

Keywords: EHEC, Citrobacter rodentium, Shiga toxin, antibiotics, mouse 49 

model  50 
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 3 

Introduction 51 

Infection with enterohemorrhagic Escherichia coli (EHEC) can cause severe 52 

diarrhea and hemorrhagic colitis, and mainly affects children and the elderly 53 

(1)(2). In approximately 10-15% of patients, the disease progresses to 54 

hemolytic uremic syndrome (HUS) (2), which is characterized by the triad of 55 

microangiopathic hemolytic anemia, thrombocytopenia and acute renal failure 56 

(3). The reasons for HUS development are poorly understood, but it is de-57 

pendent on the strain, its source, the host genotype and the intestinal 58 

microbiota (4)(5). Moreover, it is evident that systemic manifestations are a 59 

result of the production and release of Shiga toxin (Stx) (6)(7). 60 

Stx is considered the major virulence factor of EHEC (1)(2)(5)(6)(7). Two 61 

main types exist, Stx1 and Stx2, with several subtypes belonging to each 62 

group (8). Stx2 subtypes, especially Stx2a, are commonly associated with 63 

more severe human disease than Stx1 variants (9)(10)(11). The genes en-64 

coding either Stx are found on lambdoid prophages integrated into the 65 

bacterial chromosome (12)(13). The exact mechanism of Stx induction during 66 

infection is unclear, but it has been suggested to involve host factors, meta-67 

bolites produced by the intestinal microbiota, as well as proinflammatory 68 

cytokines produced in response to the pathogen (5)(14)(15). Moreover, 69 

induction of the bacterial SOS response and hence the lytic phage cycle, e.g. 70 

by antibiotics, results in an increased production and release of Stx from the 71 

bacterial cells (13)(16)(17). Since EHEC were reported to produce more Stx 72 

when treated with certain antibiotics, treatment of EHEC infections with anti-73 

biotics has been considered contraindicated due to concerns of increased risk 74 

of HUS development (5)(15)(18). 75 
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 4 

The effects observed for antibiotics from different classes on the induction 76 

of stx expression vary greatly and are dependent on the antibiotic mode-of-77 

action, Stx-producing E. coli (STEC) strain, and the Stx subtype 78 

(17)(19)(20)(21)(22)(23)(24)(25)(26). While some antibiotics such as ansa-79 

mycins, which inhibit bacterial transcription and chloramphenicol blocking pro-80 

tein synthesis yielded consistently favorable results in in vitro studies [1-81 

5](17)(20)(21), results for other antibiotics such as beta-lactams, which inhibit 82 

the synthesis of the peptidoglycan layer are more conflicting (19)(20)(27, 83 

28)(29)(30). Several of the conducted in vitro studies have been confirmed in 84 

animal studies, but others reported contradictory results 85 

(5)(24)(30)(31)(32)(33). Notably, the models used in these studies varied, as 86 

did the antibiotics and the timing and route of their application, making a com-87 

parison of the results between these studies difficult. Furthermore, the above 88 

models do not recapitulate the formation of attaching and effacing (AE) 89 

lesions characterized by intimate attachment of the pathogen and actin re-90 

arrangement upon host cell binding, extensive mucosal colonization and 91 

intestinal damage (34)(35). These models generally result in rapid clearance 92 

as EHEC is unable to efficiently colonize mice and colonization is only 93 

achieved after infection with large doses of EHEC by use of immunodeficient 94 

or gnotobiotic mice, or after disruption of the microbiota by antibiotic pre-95 

treatment (34)(35); all of which reduces the amount of information that can be 96 

gained about the in vivo situation.  97 

In contrast, murine infection with a Stx-producing strain of Citrobacter 98 

rodentium reflects the characteristic mode of intestinal colonization and Stx-99 

mediated pathogenesis of the most prevalent EHEC strains (36). C. rodentium 100 
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 5 

is a mouse pathogen, which shares many of its virulence genes with EHEC 101 

including the LEE pathogenicity island that confers the ability to form AE 102 

lesions (37)(38)(39). Found on the surface of colonic epithelial cells, these 103 

lesions are indistinguishable from those that are observed in EHEC-infected 104 

humans (40)(41). A recent study introduced a stx2dact-encoding prophage into 105 

the C. rodentium genome and showed that the resulting disease pathology 106 

observed in infected mice reflected EHEC infections in humans, including the 107 

formation of AE lesions, production of inflammatory cytokines and kidney 108 

injury (36). 109 

Here, we assessed a panel of antibiotics from different classes for their 110 

ability to induce stx2 expression and release in vitro for both the EHEC 111 

O157:H7 strain EDL933 as well as C. rodentium stx2dact. We identified 112 

several common antibiotics that showed no induction in either strain. Using 113 

the C. rodentium stx2dact mouse model of infection, we found that Stx-114 

inducing antibiotics such as enrofloxacin triggered the development of severe 115 

renal disease, whereas several non-Stx-inducing antibiotics led to colonization 116 

clearance and did not induce detrimental kidney damage. In summary, our 117 

data suggest that the C. rodentium stx2dact model allows assessment of treat-118 

ment options for EHEC infections and that several commonly used antibiotics 119 

may be safe to use in case of an outbreak.   120 

 121 

Methods 122 

Ethics disclosure 123 

C57BL/6Rj mice (Janvier) were housed under pathogen-free conditions in 124 

accordance with FELASA recommendations in BSL3 animal facilities of the 125 
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 6 

Helmholtz Centre for Infection Research, Braunschweig. The protocol was 126 

approved by the Niedersächsisches Landesamt für Verbraucherschutz und 127 

Lebensmittelsicherheit: permission no. 33.19-42502-04-16/2124. Animals 128 

were treated with appropriate care and all efforts were made to minimize 129 

suffering.  130 

 131 

Bacterial strains, cell lines 132 

Bacterial strains and cell lines are given in Table S1. Bacteria were grown in 133 

Luria-Bertani (LB; Carl Roth, Germany) or Müller-Hinton (MH, Sigma 134 

Aldrich/Merck, Germany) broth as required. Cell lines were cultured at 37C 135 

with 5% CO2 in a HeraCell 150 cell culture incubator (Thermo Fisher 136 

Scientific, Germany). 137 

 138 

MIC determination 139 

Used antibiotics are given in Table S3. The minimal inhibitory concentrations 140 

(MICs) of the antibiotics were determined according to the Clinical and 141 

Laboratory Standard Institute guidelines for all strains used in this study 142 

(https://clsi.org). The MICs for all tested strains are provided in Table 1. 143 

 144 

Reporter-gene assays  145 

For reporter-gene assays, one colony of the respective bacterial strain was 146 

inoculated into 5 ml of LB (Carl Roth) and supplemented with the appropriate 147 

amounts of each antibiotic to yield 1/2-1/16 MIC. Cultures were then grown at 148 

37C, 200 rpm for 15 hours. The optical density of each culture was deter-149 

mined and a volume corresponding to an OD600nm of 1 (109 cells) was pelleted 150 
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 7 

at 13,900 x g (Eppendorf Minispin Plus, Eppendorf) for 1 min. 20 µl of 151 

supernatant was mixed with 50 µl BioLux Gaussia Luciferase Assay (New 152 

England Biolabs) substrate and luciferase activity was determined in a 153 

VarioSkan Flash plate reader (Thermo Fisher Scientific) according to the 154 

manufacturer’s recommendations and values compared to untreated culture 155 

supernatant. LB medium (Carl Roth) was used as a negative control. 156 

 157 

Antibiotic induction of Stx production  158 

For cytotoxicity assays, bacterial strains were grown to an optical density 159 

(OD600nm) of 0.5 in 100 ml LB. Each culture was divided into 5 ml cultures, 160 

which were supplemented with the appropriate antibiotics of 1/2-1/16 MIC or 161 

left untreated. After incubation at 37C for 15 h, the cultures were pelleted at 162 

3000 x g for 5 min and culture supernatants were subsequently sterilized 163 

using filters with 0.22 µM pore size and used for cytotoxicity assays.  164 

 165 

XTT cytotoxicity assays 166 

4 x 104 cells (VeroB4 or LLC-PK1) per ml were seeded into 96-well plates 24 167 

h prior to treatment with supernatants. On the day, dilution series of the super-168 

natants were prepared in the respective cell culture medium and 100 µl of the 169 

suspensions were added to each well and incubated under cell culture condi-170 

tions (37C, 5% CO2) for 72 h. Afterwards, the medium was removed and 171 

cells were washed twice in Dulbecco’s Phosphate Buffered Saline (Sigma 172 

Aldrich/Merck). The medium was mixed with reagents of the Cell Proliferation 173 

Kit II (Sigma Aldrich/Merck) and added to the cells for 2 h. Cell viability was 174 

determined in a VarioSkan Flash plate reader (Thermo Fisher Scientific) by 175 
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 8 

measuring the absorbance at 475 nm. Untreated cells were used as a positive 176 

(live) control and cells treated with 0.1 % Triton X-100 (Carl Roth) were used 177 

as a negative (dead) control. 178 

 179 

Animal infections 180 

Six-week old C57BL/6Rj mice purchased from Janvier Labs (Le Genest-Saint-181 

Isle, France) were infected with 5 x 108 CFU C. rodentium DBS770 following 182 

the feeding protocol described in (36). From 4 days post infection, drinking 183 

water was supplemented with 2% glucose and either of the following 184 

antibiotics (for more information please see Table S3): ampicillin (10 mg/ml), 185 

enrofloxacin (0.25 mg/ml), kanamycin (2.6 mg/ml), tetracycline (1 mg/ml), 186 

rifampicin (1 mg/ml), or trimethoprim (Trimethotat oral suspension 48% 187 

(Livisto)). Supplemented water was exchanged daily to ensure continuously 188 

high levels of the antibiotics. Mice were weighed daily and fecal colonization 189 

was determined every other day.  190 

 191 

Histology and pathological evaluation  192 

Colon and kidneys were removed and fixed in Roti-Histofix (Carl Roth) for 24 193 

hours and stored in 70% ethanol until further use. Samples were embedded in 194 

paraffin and 3 µm thick sections were stained with hematoxylin-eosin 195 

according to standard laboratory procedures. Sections were analyzed 196 

randomized and blinded to the experimental groups. Tubulus necrosis was 197 

graded as follows: 1 = sporadic tubulus necrosis or dilation, 2 = 30-50% of the 198 

tubuli show necrosis, 3 = more than 50% of the tubuli show necrosis. The 199 

colon was scored by 5 markers as follows: inflammation: 1 = few inflammatory 200 
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 9 

cells in lamina propria, 2 = clearly visible inflammatory cells reaching 201 

submucosa, 3 = transmural invasion of inflammatory cells. Epithelial erosion: 202 

1 = sporadic erosion of epithelial cells, 2 = clearly visible erosion of epithelial 203 

cells, with moderate amounts of sloughed cells in lumen, 3 = thinning of crypt 204 

walls and large amounts of sloughed cells in lumen. Goblet cell loss: 1 = 205 

slightly reduced number of goblet cells, 2 = moderate loss of goblet cells with 206 

sporadic increase in size, 3 = severe loss of goblet cells with marked increase 207 

in size of goblet cells. Epithelial hyperplasia: 1 = up to 100% increase in 208 

thickness, 2 = more than 100% increase in thickness, 3= more than 100% 209 

increase in thickness and altered morphology. Area involved: 1 = up to 30%, 2 210 

= 40-70%, 3 = more than 70%. 211 

 212 

Results 213 

Effects of sub-inhibitory antibiotic concentrations on stx expression 214 

To compare how different antibiotics modulate the expression of stx genes in 215 

E. coli, we first used a stx-Gaussia luciferase (Gluc) reporter strain C600 W34 216 

stx2a::Gluc to determine stx2 promoter-mediated reporter-gene induction at 217 

different sub-inhibitory concentrations (1/2-1/16 MICs). Antibiotics of the 218 

quinolone family (enrofloxacin, ciprofloxacin) interfering with DNA replication 219 

and the antifolates (trimethoprim) which block folic acid synthesis strongly in-220 

duced reporter-gene expression in a concentration-dependent manner 221 

(Figure 1A). However, antibiotics belonging to other classes, interfering with 222 

cell wall, protein and RNA synthesis (e.g. cefalexin, carbenicillin, chlor-223 

amphenicol, kanamycin, tetracycline, rifampicin) did not (Figure 1A). Some 224 

antibiotics (e.g. tetracycline, chloramphenicol) even reduced the expression of 225 
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 10 

the reporter. A similar expression pattern was observed in C. rodentium har-226 

boring the stx2dact::Gluc reporter (Figure 1B), demonstrating that the effects 227 

of sub-inhibitory antibiotic concentrations on stx2 expression in E. coli can be 228 

replicated in C. rodentium.   229 

 230 

Effects of sub-inhibitory and inhibitory concentrations of non-inducing 231 

antibiotics on Stx secretion 232 

It is possible that the amount of Stx produced by bacteria in response to anti-233 

biotics differs from the amount of toxin released into the environment. To 234 

address this, we used inhibitory (MIC 1) and sub-inhibitory (1/2 MIC) concen-235 

trations of one antibiotic per family to treat C. rodentium stx2dact and EHEC 236 

EDL933 cultures. Filter-sterilized supernatants were prepared and used for 237 

cytotoxicity assays. Vero cells are commonly used to evaluate Stx2-mediated 238 

cytotoxicity, but these cells did not respond to the Stx2d subtype encoded by 239 

C. rodentium (Supplementary Figure 1A). Therefore, LLC-PK1 cells were 240 

used to study the cytotoxicity of C. rodentium stx2dact supernatants, as these 241 

porcine renal cells responded to toxin treatment (Supplementary Figure 1B), 242 

while VeroB4 cells were used for EDL933 supernatants.  243 

 The cytotoxicity of supernatants from antibiotic-treated bacteria was com-244 

pared to untreated controls, which were set as 100% cell viability. The results 245 

obtained for EDL933 (Figure 2A) and C. rodentium stx2dact (Figure 2B) 246 

supported those of the reporter-gene assays. Enrofloxacin-treated cell super-247 

natants induced the release of Stx. Carbenicillin treatment at 1 MIC induced 248 

Stx release from EDL933 but not from C. rodentium stx2dact, reducing Vero 249 

cell viability to ~80% when treated with the respective supernatant. None of 250 
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 11 

the other antibiotics increased toxin secretion by EDL933 or C. rodentium 251 

stx2dact. Interestingly, while trimethoprim induced SOS response-dependent 252 

reporter-gene expression in E. coli and C. rodentium, intoxication of cells with 253 

supernatants from EDL933 and C. rodentium stx2dact treated with this 254 

antibiotic did not significantly alter cell viability (Figure 2), suggesting that the 255 

concentration of this antibiotic might not be sufficient to induce bacterial cell 256 

lysis.  257 

 258 

Non-inducing antibiotics identified using EDL933 and C. rodentium 259 

stx2dact were also effective in the EHEC/EAEC O104:H4 strain 11-02027 260 

The severe STEC outbreak in 2011 in Germany was caused by an EHEC/-261 

EAEC O104:H4 strain carrying a stx2a-encoding phage. This strain has a ge-262 

nome related to enteroaggregative E. coli strains and the pAA plasmid res-263 

ponsible for the aggregative phenotype (42)(43). Due to the differences in 264 

their genetic background, it seemed possible that the response of this strain 265 

varies from those of EHEC O157:H7 strains. Here, we tested the O104:H4 266 

strain 11-02027 isolated from a patient during the outbreak (44) for its 267 

response to antibiotics using the Vero cytotoxicity assay. As the outbreak 268 

strain did not only possess the stx-encoding phage but also a resistance 269 

plasmid with similarity to pEC Bactec (NCBI Acc.no. GU371927) harboring 270 

TEM-1 and CTX-M-15 -lactamase genes (45)(43), it is resistant to a large 271 

number of antibiotics. These include tetracyclines, streptomycin, trimethoprim, 272 

sulfonamides, cephalosporins and ampicillin (42). Therefore, we limited our 273 

studies to investigating the effects of the remaining antibiotics that had proven 274 

inhibitory in the initial study with EDL933 (Figure 2A), which included anti-275 
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 12 

biotics suggested as last-resort treatment options during the outbreak (23). 276 

We observed that none of the antibiotics increased Stx release from O104:H4 277 

strain 11-02027 when used at MIC or 1/2 MIC concentrations (Figure 2C). 278 

Surprisingly, enrofloxacin had no effect on Stx release, while the common Stx 279 

inducer mitomycin C increased cytotoxicity (Figure 2C).  280 

 281 

Antibiotic treatment of mice infected with C. rodentium stx2dact 282 

identified non-inducing antibiotics that efficiently cleared the infection  283 

To evaluate whether the inhibitory effects observed in vitro resulted in 284 

clearance of infection and survival in vivo under more natural conditions, we 285 

tested six common, orally provided antibiotics in the C. rodentium stx2dact 286 

mouse model. Chloramphenicol could not be used in the study as C. 287 

rodentium stx2dact DBS770 contains a resistance cassette for 288 

chloramphenicol integrated for selection (36). We orally infected mice with 289 

5x108 CFU of C. rodentium stx2dact. Mice were weighed daily (Figure 3A, 290 

Supplementary Figure 2) and fecal colonization with C. rodentium stx2dact 291 

was monitored every other day over the course of the experiment (Figure 3B, 292 

Supplementary Figure 3). From day four post infection, mice were provided 293 

with therapeutic concentrations of antibiotics in the drinking water. Mice 294 

treated with the quinolone antibiotic enrofloxacin rapidly cleared the bacterial 295 

infection (Figure 3B). However, 40% of the infected, enrofloxacin-treated 296 

mice showed a marked weight loss of 20% of the initial body weight and 297 

required euthanization, similar to non-treated mice with 50% of animals 298 

requiring euthanization over the course of the experiment (12 days) (Figure 299 

3C). Mice treated with ampicillin, kanamycin or tetracycline all cleared 300 
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infection within 2 days of commencing treatment. None of these mice lost any 301 

considerable amount of weight, resulting in a 100% survival rate for these 302 

groups (Figure 3A-C, Supplementary Figure 2,3). Mice treated with 303 

trimethoprim showed a highly reduced ability to clear the infection. This 304 

resulted in an infection-induced weight loss from which the mice were able to 305 

recover after eradication of the bacteria. Rifampicin, which targets bacterial 306 

transcription, caused only partial clearance of bacteria in the feces (Figure 307 

3B, Supplementary Figure 3). Interestingly, no weight loss was observed for 308 

this group and all mice survived the infection (Figures 3A,C, Supplementary 309 

Figure 2).  310 

 311 

Varying degrees of Stx-induced colon and kidney damage were 312 

observed in mice treated with antibiotics  313 

To analyze how the antibiotic treatment influenced the colon and kidney 314 

pathology of C. rodentium stx2dact, organs were removed from euthanized 315 

mice 12 days post infection and colon and kidney pathology scores were 316 

determined on H&E stained sections. As shown in Figure 4, we found that the 317 

colon of infected untreated mice showed a high degree of inflammation, 318 

erosion and crypt hyperplasia as well as goblet cell loss. The colon pathology 319 

score of the enrofloxacin, rifampicin- and trimethoprim-treated mice was 320 

increased, but still significantly lower compared to the colon of the infected 321 

untreated mice (Figure 4B,C). It is likely that not the toxin, but the C. 322 

rodentium itself, which causes inflammatory colitis in mice (37)(40)(46), is 323 

responsible for the pathologic effect. In contrast, no inflammation or loss of 324 

goblet cells and only low levels of crypt hyperplasia were seen in the colon of 325 
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infected kanamycin and tetracycline-treated mice (Figure 4A,B), which were 326 

immediately cleared.    327 

The kidneys of infected, untreated animals showed marked pathological 328 

changes of the proximal tubules (Figure 5A,B). Pathological changes 329 

included moderate to severe tubular degeneration characterized by a loss of 330 

the lining epithelium and sloughing of necrotic cells in the lumina in five of 15 331 

mice (Figure 5A,B). In contrast, no pathological changes could be observed 332 

with mice treated with ampicillin, kanamycin, rifampicin and tetracycline 333 

(Figure 5A,B). In contrast, some tubular degeneration with loss of the lining 334 

epithelium was also observed in the kidneys of trimethoprim-treated animals, 335 

which were only able to slowly clear the infection (Figure 3B). Severe 336 

pathological changes, similar to infected untreated mice were observed with 337 

enrofloxacin-treated mice (Figure 5A,B). Tubular degeneration in these mice 338 

suggests that kidney damage was indeed a result of Stx release upon 339 

antibiotic treatment, because the bacteria themselves were eliminated by day 340 

six post infection (Figure 3B).  341 

Serological analysis of available samples from mice treated with 342 

enrofloxacin showed a strong increase in levels of blood urea nitrogen (BUN), 343 

a marker of kidney damage, from 9.9  3.3 mmol/l in uninfected untreated 344 

mice to 35.3  11.6 mmol/l in infected untreated mice with 3 samples reaching 345 

the detection limit (49.98 mmol/l) (Figure 5B). Strikingly, BUN levels were not 346 

altered in animals from the ampicillin-, kanamycin-, rifampicin-, trimethoprim-347 

treated groups compared to the untreated group (Figure 5C). Notably, while 348 

rifampicin-treated mice were still colonized (Figure 3B), the bacteria seem 349 

unable to induce Stx release as the serum levels of BUN were similar to those 350 
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of untreated uninfected mice (9.6  1.3 mmol/l compared to 9.9  3.3 mmol/l) 351 

and the histological analysis of the kidneys showed only very mild tubular 352 

dilation (Figure 5A-C).  353 

 354 

Discussion  355 

The complications associated with EHEC infections represent a serious global 356 

public health problem and their prevention is the prime goal in the treatment of 357 

patients. Unfortunately, treatment is currently limited to supportive therapy as 358 

the use of antibiotics is thought to enhance Stx production, increasing the risk 359 

of HUS development. However, the necessity for antibiotic treatment might 360 

arise for a subset of patients with life-threatening manifestations, as the 361 

outbreak in Germany in 2011 has shown. Therefore, more detailed investiga-362 

tions into possible antibiotic options are important. While this has been 363 

attempted with subsets of antibiotics in vitro before, the confirmation of the 364 

non-inducing effect of promising antibiotics in adequate animal models has 365 

not been fully explored.  366 

In this study, we systematically investigated the effect of antibiotics from a 367 

number of different classes on reporter-gene expression from the stx2d-phage 368 

1720a-02 introduced into the chromosome C. rodentium  (36). We showed 369 

that, similar to a stx2a gene fusion in the 933W-phage in E. coli, the reporter-370 

gene induction occurred when bacteria were treated with antibiotics belonging 371 

to the fluoroquinolones (enrofloxacin), or antifolates (trimethoprim), confirming 372 

the results of earlier studies (17)(19)(20)(21)(23)(47). Reporter-gene induction 373 

by quinolones correlated with the release of biologically active toxins 374 

produced and released by the pathogens (Figures 1,2). Using C. rodentium 375 
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stx2dact for infection of mice, we further observed that enrofloxacin-treated 376 

mice rapidly cleared the infection but displayed severe Stx-mediated 377 

pathology (Figures 3,4,5). This indicates that phage induction by quinolones 378 

is particularly hazardous. This is supported by studies, in which an increase in 379 

fecal Stx and death in 70-80% of infected mice treated with ciprofloxacin or 380 

levofloxacin was observed despite a decrease in fecal STEC (30)(32)(48). 381 

Other studies report significantly lower occurrence of death of STEC-infected 382 

mice after intraperitoneal or oral administration of norfloxacin, but in these 383 

studies the antibiotics were administered 2-3 hours post infection (29)(49). It 384 

has been discussed that rapid synthesis of Stx could facilitate entry of the 385 

toxin into the blood stream and subsequent effects on kidneys and other 386 

organs (17). This strongly suggests that administration of fluoroquinolones 387 

such as ciprofloxacin or enrofloxacin as treatment against diarrheal infections 388 

should only be used in cases where infection with Stx-producing E. coli can 389 

be ruled out, especially as ciprofloxacin is commonly prescribed for patients 390 

with severe diarrhea and enteric infections of unknown etiology (17). Similar 391 

to what has been observed in mice, it is possible that early treatment with 392 

quinolones might produce different results as has been described by 393 

Geerdes-Fenge et al. (50) for patients treated with ciprofloxacin in the early 394 

days of infection. The onset of bloody diarrhea in patients usually occurs 395 

between 3-8 days after infection (2). In this study, we commenced antibiotic 396 

treatment on day 4 post infection as published previously (32). However, as 397 

mice do not develop diarrhea, the different stages of infection in mice are 398 

harder to distinguish and disease progression may be more rapid. 399 
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Also, use of trimethoprim was found to increase stx2 induction in E. coli 400 

and C. rodentium. This antibiotic did not clear the infection rapidly and did not 401 

or only slightly reduce Stx-mediated kidney damage in mice. This confirmed a 402 

previous study with trimethoprim-treated STEC-infected mice (51) and 403 

supports observations from clinical studies indicating that use of trimethoprim 404 

increases the risk of HUS development in humans (52); although others report 405 

no higher risk (5).  406 

In contrast, antibiotics from other classes had no effect or reduced reporter-407 

gene expression. These results are also in agreement with those of 408 

Bielaszewska et al. (23), who showed that Stx synthesis of EHEC strains 409 

increased in the presence of ciprofloxacin while chloramphenicol inhibited Stx 410 

production as did azithromycin, rifaximin, meropenem and tigecycline. Here, 411 

we showed that three of the antibiotics used in our animal study (ampicillin, 412 

kanamycin and tetracycline) cleared bacterial infection and rifampicin reduced 413 

the bacterial load without any effects on colon or kidney health. It is unclear 414 

whether the concentration of rifampicin was too low to clear the infection, but 415 

the induced blockage of transcription appeared sufficient to inhibit the 416 

development of Stx-mediated disease. No induction of stx expression by 417 

rifampicin, kanamycin and tetracycline confirms previous reports with different 418 

STEC strains (17)(20)(21)(23)(26)(29)(31), suggesting these antibiotics may 419 

provide promising treatment options. In fact, the few patients who developed 420 

HUS and were treated with rifaximin, a rifampicin derivative, had fewer 421 

seizures and excreted E. coli for a shorter time-period (54). However, 422 

ampicillin has yielded opposing results in in vitro studies (19)(20) and frequent 423 

resistance of EHEC to beta-lactams suggest that other classes of antibiotics 424 
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may be a better treatment option. In particular, care has to be taken as the 425 

timing of antibiotic administration, e.g. whether shortly after infection (0-2 days 426 

post infection) or after the appearance of first symptoms such as weight loss 427 

(7-8 days post infection), appears to play an important role on the 428 

development of HUS (5)(17). Nonetheless, inter-strain differences in the sus-429 

ceptibility to phage activation and possible other induction mechanisms 430 

cannot be ruled out and requires rapid identification of the response of STEC 431 

outbreak strains to antibiotics. A more promising treatment strategy may be a 432 

combination therapy, where two antibiotics, which had no effect on stx 433 

induction are given either simultaneously or with a slight delay. Moreover, a 434 

combination of an inhibitory antibiotic such as rifampicin, tetracycline or 435 

chloramphenicol with an antibiotic that quickly eradicates the infection may be 436 

advantageous, as might be a combination of an antibiotic, and neutralizing 437 

antibodies. We conclude, that some of the non-Stx-inducing antibiotics seem 438 

to be able to avert disease progression in Stx-expressing C. rodentium-439 

infected mice and are promising candidates to minimize HUS development in 440 

humans. 441 
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Figure Legends 668 

Figure 1. Gaussia luciferase production is increased upon treatment 669 

with fluoroquinolone and antifolate antibiotics in both E. coli C600 670 

933W and C. rodentium stx2dact. C600 W34 stx2a::Gluc and C. rodentium 671 

stx2dact::Gluc strains were grown o/n at 37°C in LB broth supplemented with 672 

subinhibitory concentrations of the indicated antibiotics (MIC 1/2 to MIC 1/16). 673 

Levels of Gaussia luciferase secreted from C600 W34 stx2a::Gluc (A) and C. 674 

rodentium stx2dact::Gluc (B) were measured via Gaussia luciferase activity 675 

assay using equalized amounts of cleared bacterial supernatants. Shown are 676 

the means (SEM) of three independent experiments. Statistical analysis was 677 

performed by Student’s t-test, corrected using the Holm-Sidak method (* P < 678 

0.05, ** P < 0.01, *** P < 0.001) compared to untreated bacteria. 679 

 680 

Figure 2. Cytotoxic activity of supernatants of STEC and stx2dact-681 

expressing C. rodentium strain. Strains O157:H7 EDL933, C. rodentium 682 

stx2dact, and O104:H4 11-02027 were grown at 37°C in the presence of the 683 

indicated antibiotics. Supernatants of the cultures were withdrawn and cleared 684 

from bacteria by centrifugation. Bacteria-free supernatant of the O157:H7 685 

EDL933 (A) or the O104:H4 11-02027 culture (B) were added to VeroB4 686 

cells, and of the C. rodentium stx2dact culture were added to LLC-PK1 cells 687 

(A). After incubation for 72 hours, XTT solution was added to PBS-washed 688 

cells for 2 hours. 0.01% Triton-X100 treated cells were used as positive 689 

(dead) control, while untreated cells were used as negative (live) control. After 690 

incubation, the absorbance of the samples was determined at 475 nm and the 691 

cell viability of untreated cells was set to 100%. Shown are the mean values 692 
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(SEM) of three independent experiments performed in quadruplicates 693 

compared to the untreated control. Statistical analysis was performed via 694 

unpaired Mann-Whitney test (* P < 0.05, ** P < 0.01, *** P < 0.001) comparing 695 

all treated groups to the untreated control. 696 

 697 

Figure 3. Influence of antibiotic treatment on weight loss, bacterial 698 

clearance and survival of C. rodentium stx2dact-infected mice. Six-week 699 

old female C57BL/6 mice were orally infected with 5 x 108 CFU C. rodentium 700 

stx2dact and supplied with the indicated antibiotics in the drinking water from 701 

day 4 post infection. The infection was followed for 12 days. Changes in body 702 

weight are representing the mean (SEM) of each group and are expressed 703 

as percent change from day 0 (A). Colonization was assessed by plating 704 

feces samples for viable counts and are shown as mean CFU (SEM) of 15 705 

mice representing three separate experiments with 5 mice each (B). 706 

Statistical analysis was performed using the Mann-Whitney test, comparing 707 

weight change or colonization of uninfected mice to mice treated with 708 

antibiotics or untreated at each time point (* P < 0.05; ** P < 0.01; *** P < 709 

0.001). The survival of the mice in each group was determined as percent of 710 

the whole (n = 15) (C).   711 

 712 

Figure 4. Influence of antibiotic treatment on intestinal damage during 713 

murine infection with C. rodentium stx2dact. Representative H&E-stained 714 

colon sections of uninfected mice or infected mice treated with the indicated 715 

antibiotic from day 4 after infection (A). Scale bars: 50 µm. Pathological 716 

changes: e = epithelial erosion, g = goblet cell loss, I = inflammation. The 717 

 on F
ebruary 25, 2020 at H

elm
holtz-Z

entrum
 fuer Infektionsforschung - B

IB
LIO

T
H

E
K

-
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org/


 31 

pathology of the colons of uninfected mice or infected mice with and without 718 

antibiotic treatment was scored and the pathology scores of individual mice 719 

(B) are shown as means (SEM) for all assessed mice per group. Statistical 720 

analysis was performed by Student’s t-test, corrected using the Holm-Sidak 721 

method (* P < 0.05, ** P < 0.01, *** P < 0.001) comparing infected/treated 722 

mice to the untreated control group. A summary of the pathological changes 723 

of each group is given in (C). 724 

 725 

Figure 5. Influence of antibiotic treatment on Stx-mediated renal damage 726 

during murine infection with C. rodentium stx2dact. Kidney sections of 727 

uninfected mice or infected mice treated with the indicated antibiotic were 728 

H&E-stained and scored. Representative kidney sections for each group are 729 

given in (A) with scale bars indicating 25 µm. Pathological changes: Arrow = 730 

sloughing of necrotic cells in lumen, arrowhead = loss of lining epithelium, * = 731 

tubular dilation. The pathology scores of proximal tubules of the individual 732 

animals in each group are depicted in (B). Serum BUN (blood urea nitrogen) 733 

levels were determined as a marker for kidney damage (C). Shown are the 734 

means (SEM) for all assessed mice per group. Statistical analysis was 735 

performed by Student’s t-test, corrected using the Holm-Sidak method (* P < 736 

0.05, ** P < 0.01, *** P < 0.001) comparing infected/treated mice to the 737 

untreated control group. 738 
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Table 1: Minimal inhibitory concentrations of antibiotics determined for the 

bacterial strains used in this study.  

Published concentrations for EHEC EDL933 are given in parentheses. 

 MIC (μg/ml)    

 

Antibiotic 

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 

Cefalexin 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 

Rifampicin 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 

R = resistance (Reference) 
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