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Treating Shiga toxin-producing Escherichia coli (STEC) gastrointestinal infections is difficult. The utility of antibiotics for STEC
treatment is controversial, since antibiotic resistance among STEC isolates is widespread and certain antibiotics dramatically
increase the expression of Shiga toxins (Stxs), which are some of the most important virulence factors in STEC. Stxs contribute
to life-threatening hemolytic uremic syndrome (HUS), which develops in considerable proportions of patients with STEC infec-
tions. Understanding the antibiotic resistance profiles of STEC isolates and the Stx induction potential of promising antibiotics
is essential for evaluating any antibiotic treatment of STEC. In this study, 42 0157:H7 or non-0157 STEC isolates (including the

“big six” serotypes) were evaluated for their resistance against 22 antibiotics by using an antibiotic array. Tigecycline inhibited
the growth of all of the tested STEC isolates and also inhibited the production of Stxs (Stx2 in particular). In combination with
neutralizing antibodies to Stx1 and Stx2, the tigecycline-antibody treatment fully protected Vero cells from Stx toxicity, even
when the STEC bacteria and the Vero cells were cultured together. The combination of an antibiotic such as tigecycline with neu-
tralizing antibodies presents a promising strategy for future STEC treatments.

An estimated one in six residents of the United States contracts
some form of food poisoning each year (1). Shiga toxin-pro-
ducing Escherichia coli (STEC) is responsible for approximately
100,000 cases of illness, 3,000 hospitalizations, and 90 deaths each
year in the United States alone (2). Eight percent of patients hos-
pitalized with STEC infections develop the symptoms of hemo-
lytic uremic syndrome (HUS), a life-threatening condition. STEC
possesses a number of virulence factors, but Shiga toxins (Stxs) are
considered the most critical in disease pathogenesis and are closely
associated with HUS (3). Shiga toxin (Stx) was originally discov-
ered in the Shigella genus (4), and similar toxins were later found
in STEC strains (5). There are two types of Stxs in E. coli, namely,
Stx1, which is nearly identical to the Stx from the Shigella genus,
and Stx2, which is considerably different from Stx1 in terms of
amino acid sequence, receptor preference, and toxicity (6, 7). Four
subtypes of Stx1 (Stxla, Stxlc, Stx1d, and Stxle) and seven sub-
types of Stx2 (Stx2a through Stx2g) have been identified (8, 9). All
Stxs have an AB; structure; they consist of a single catalytic A
subunit and a receptor-binding B subunit pentamer.

The stx genes are carried by lambdoid phages, and these phages
have disseminated stx genes among a wide variety of bacterial
species, including E. coli (i.e., enterohemorrhagic E. coli [EHEC]
and enteroaggregative hemorrhagic E. coli [EAHEC]) (10), En-
terobacter cloacae (9, 11), Escherichia albertii (12), and even Gram-
positive Enterococcus (13). EHEC, so named because it frequently
causes hemorrhagic colitis (bloody diarrhea), often harbors one
or several stx genes. The most clinically relevant serotypes of
EHEC are O157:H7, the “big six” (i.e., 026, 0103, 045, O111,
0121, and O145), and the EAHEC serotype O104:H4, which was
responsible for the German outbreak of STEC in 2011. EAHEC
can also carry stx genes and attach to the intestinal lining, causing
hemorrhagic colitis (10). The EAHEC strain O104:H4, which has
a stx, gene (14), is responsible for the worst STEC outbreak in
recent history, an outbreak in Germany in 2011 in which 3,816
people were affected and nearly 25% of the patients developed
HUS (15).
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Stx expression is driven by a lambdoid phage late-phase pro-
moter; when the lytic cycle of the phage is activated, the expression
of Stx is also activated (16). The lytic phase of lambdoid phages
can be induced by cellular stresses, especially genotoxic stress and
DNA-damaging agents such as UV light or certain antibiotics.
Mitomycin C (MITO) is often used to induce Stx production in
the laboratory (17). Unlike most other bacterial infections, there is
no widely accepted antibiotic treatment for STEC, due to a com-
bination of antibiotic-initiated stx gene induction and emerging
antibiotic resistance. Some antibiotics that showed promise
against STEC infections (e.g., gentamicin [GEN]) are now less
active against certain strains and serotypes (18, 19), and treatment
of STEC with certain antibiotics resulted in significantly higher
risk of developing HUS (20, 21).

Antibodies have played important roles in the field of thera-
peutics. However, only low levels of endogenous serum antibodies
against Stxs are induced in STEC infections (22, 23). Passively
administered Stx-specific monoclonal antibodies (MAbs) have
been shown to be highly successful in clearing Stx2 completely
from intoxicated mouse blood and in protecting mice for up to 4
weeks (24). Stx-specific MADbs also could neutralize Stx cytotoxic-
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TABLE 1 Isolates and Stx genes

Strain Serotype Origin stxla stx2a Reference
8385 0103 + - 26
9882 0103 Cow feces + - 26
10061 0103 Feral pig + - 26
10408 0103 Crow + - 26
13508 0103 Human + - 26
7370 o111 Water + + 26
9322 0111 Water + - 26
9907 0111 Feral pig + - 26
9975 o111 Crow + - 26
12788 0111 Human + + 26
7783 0113 Crow — + 26
7788 0113 Water - + 26
7958 0113 Cow feces + stx2d 26
10466 0113 Cow feces + 26
10940 0113 Cow feces - + 26
6848 0121 Lettuce - + 26
8082 0121 Cow feces stxld - 26
8352 0121 Sediment - + 26
13504 0121 — + 26
5856 O121:H19 Human — + 26
8876 0145 Water + - 26
9306 0145 Cow feces + - 26
9872 0145 Cow feces + + 26
9917 0145 Feral pig + - 26
12238 0145 Human - + 26
1239 O157H7 Human — + 26
1913 O157H7 Human - + 26
2367 O157H7 Human + + 26
6649 O157H7 Human + + 26
7543 O157H7 Human + + 26
7375 026 Human + - 26
7927 026 Water + — 26
8426 026 Water + - 26
10817 026 Cow feces + - 26
13151 026 Human + - 26
7103 045 - - 26
9413 045 Cow feces + - 26
13506 045 Human + = 26
13752 045 Cow feces + - 26
15012 0104:H4 Human - + 45
15014 0104:H4 Human + 45
ATCC 25922 06 Human - - 28

ity in Vero cell assays (25). Therefore, antibody therapy could be
evaluated as an option for treating STEC infections.

In this study, we identified an antibiotic that inhibited the
growth of all 42 STEC isolates we tested (from the environment
and clinical samples) but did not induce Stx production. When
this antibiotic was combined with a mixture of MADbs against Stx1
and Stx2 and used to treat Vero cells cocultured with STEC strains,
we were able to inhibit fully the growth of the bacteria and to
neutralize the cytotoxicity of the Stxs.

MATERIALS AND METHODS

E. coli strains and growth conditions. All E. coli strains were grown in
Luria-Bertani (LB) medium (Luria-Bertani broth; Miller, Fisher Scien-
tific). E. coli isolates were arrayed in a 96-well cell culture plate (Fisher)
and stored at —80°C in LB medium with 10% glycerol. Fresh cultures for
subsequent experiments were established using this frozen array. For each
experiment using the array (subinhibitory antibiotic treatments and PCR
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characterization of stx genes), bacteria were inoculated into 100 pl/well
LB medium on a 96-well plate and were grown overnight at 37°C, with
shaking at 150 rpm. This overnight culture of E. coli was used as the
inoculum for the array experiments. The STEC strains used are listed in
Table 1 and are from a previous study (26).

Preparation of Shiga toxins and toxoids. Stx2 toxin was purified from
the Stx2a-expressing RM10638 strain as described previously (27). Par-
tially purified Stx1 (approximately 14% pure; 0.5 mg/ml Stx1, 3.5 mg/ml
total protein) was purchased from Toxin Technologies. Stx2a (E167Q)
and Stx1 (E167Q) toxoids were purified as described previously (27, 28).
Protein concentrations were determined using a bicinchoninic acid
(BCA) protein assay (Pierce).

Probiotic strains and growth conditions. Lactobacillus acidophilus
was purchased from the American Type Culture Collection (ATCC) (cat-
alog no. 4356). L. acidophilus was grown overnight in lactobacilli MRS
broth (Benton Dickenson), diluted to an absorbance at 600 nm (Ag,) of
0.0002 (~1 X 10° cells/ml) in MRS broth, inoculated onto GN3F Sensi-
titre plates at 50 .l bacterial suspension/well, and grown for 48 h at 37°C
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in 5% CO,. Plates were read at 660 nm on a Victor 3 plate reader. All wells
with A, values of >0.075 were considered positive; Aq, values ranged
from 0.15 (full growth) to 0.035 (no growth). Saccharomyces boulardii
(catalog no. MYA796; ATCC) was generously donated by Luisa Cheng. S.
boulardii was grown overnight in YPD (yeast extract-peptone-2% dex-
trose) medium, diluted to an A, of 0.0002 (~10* cells/ml) in YPD me-
dium, inoculated onto GN3F plates at 50 pl/well, and grown for 48 h at
37°C, with shaking at 150 rpm. These plates were also read at 660 nm on a
Victor 3 plate reader. All wells with A4 values of >0.075 were considered
positive; A, values ranged from 0.2 (full growth) to 0.031 (no growth).

Antibiotic susceptibility screen. To identify antibiotics that were in-
hibitory against a variety of STEC strains, GN3F Sensititre Gram-negative
antibiotic array plates were used, as suggested by the manufacturer
(Thermo Scientific). Briefly, an overnight culture of E. coli cells was di-
luted to an Ay, 0f 0.0002 (~1.6 X 107 cells/ml; for E. coli, an A4, value of
1 indicates approximately 8 X 10® cells/ml) in LB broth. This suspension
was added to GN3F plates at 50 pl/well. Plates were sealed with tape and
incubated for 16 h at 37°C, with shaking at 150 rpm. Phosphate-buffered
saline (PBS) was added at 50 .l per well, the cells were resuspended by
being pipetted up and down, and the absorbance was read at 660 nm. All
wells with Agq, values of >0.1 were considered positive for bacterial
growth; A, values ranged from 0.4 (full growth) to 0.075 (no growth)
(plates were read with the lids on, because they contained pathogens).
Wells with A, values of 0.1 were slightly turbid by visual inspection. All
experiments using GN3F plates were performed once (one isolate per
plate), and then the GN3F antibiotics were resuspended in LB medium
and the results were confirmed twice using those antibiotic preparations.
A description of the GN3F plates can be found at http://www.trekds.com
/products/sensititre/files/ GN3F.pdf.

Stx PCR confirmation. Stx diagnostic PCRs were performed as de-
scribed previously (29). Previously described primers and reaction con-
ditions were used (8). Briefly, stx1-det-F1 and stx1-det R1 primers were
used to determine whether the isolates had a stx; gene, and isolates that
possessed a stx; gene were analyzed with a Stx1 variant multiplex PCR
assay to determine the subtype. Isolates were then analyzed for the pres-
ence of a stx, gene. Isolates positive for stx, were subjected to individual
subtype PCRs for Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, and Stx2g. All
PCR products were run for 20 min on a 0.8% agarose gel with ethidium
bromide added and were visualized under UV illumination with an U:Ge-
nius imager (Syngene, Cambridge, United Kingdom). PCR results were
confirmed a total of three times.

Enzyme-linked immunosorbent assays. For sandwich enzyme-
linked immunosorbent assays (ELISAs), coating antibody (MAb Stx1-3
for Stxl or MADb Stx2-1 for Stx2) (25, 28) was diluted in phosphate-
buffered saline (PBS) to 1 pg/ml, and then 100 wl/well was allowed to bind
to black Nunc Maxisorb ELISA plates overnight at 4°C. This was followed
by two washes with PBS with 0.05% Tween 20 (PBST), blocking solution
(3% bovine serum albumin [BSA] in PBST) was added at 200 p.l/well, and
the plates were incubated for 1 h at room temperature. During this block-
ing step, 100 pl/well PBS was added to 96-well culture plates containing an
overnight culture of bacteria (grown overnight at 37°C; 100 wl LB medi-
um/well). The plates were centrifuged at 2,000 rpm for 20 min, and then
100 pl/well of bacterial cell-free supernatant was transferred to a separate
culture plate. After the ELISA plate was washed twice more with PBST, 95
l/well PBS was added, followed by 4 pl/well bacterial cell-free superna-
tant; this mixture was incubated for 1 h at room temperature. The ELISA
plate was then washed six more times with PBST, 0.5 pg/ml secondary
antibody (biotinylated MAb Stx1-1 for Stx1 or biotinylated MAb Stx2-5
for Stx2) (25, 28) diluted in BSA/PBST was added at 100 pl/well, and the
plate was incubated for 1 h at room temperature. After six washes, 100
pl/well of 0.2 pg/ml streptavidin-horseradish peroxidase (HRP) diluted
in PBST with BSA was added to the plates. After incubation at room
temperature for 1 h and six washes, the plates were developed with Pico
chemiluminescent substrate (Thermo Scientific). Luminescence was
measured usinga Victor 3 plate reader (PerkinElmer). Biotinylations were
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conducted using a Lightning-Link biotin conjugation kit type A (Innova
Biosciences, Cambridge, United Kingdom), according to the manufactur-
er’sinstructions. All ELISAs were conducted three times for confirmation,
which yielded similar results. Concentrations of Stx1 and Stx2 based on
optical density (OD), as shown in Fig. 1 and 2, were calculated by dividing
the ELISA result by the A5y value (which is proportional to the cell den-
sity) for each culture well and then extrapolating the values using a Stx1
(E167Q) or Stx2 (E167Q) toxoid standard curve. P values were derived
using Student’s # test.

Antibiotic preparations. Antibiotics were harvested from GN3F
plates by adding 100 pl/well LB broth, incubating the plates for 10 min,
and then mixing and removing the solutions under sterile conditions. All
concentrations (two to seven concentrations) of an antibiotic were pooled
in a single sterile tube, and the resulting antibiotic concentration was
calculated to be one-half the average of the concentrations (wells of GN3F
plates are supposed to contain only 50 pl of medium). Antibiotic solu-
tions were stored in LB broth at 4°C for up to 1 week in the dark and then
were discarded.

Vero cell cytotoxicity assays. Vero (African green monkey adult kid-
ney) cells (ATCC CCL-81) were obtained from the American Type Cul-
ture Collection (Manassas, VA) (30). Vero cells were prepared and grown
as described previously (29). Briefly, the medium used for Vero cell prop-
agation and growth (in a humidified cell culture incubator at 37°C with
5% CO,), was Dulbecco’s modified Eagle’s medium (DMEM) (Invitro-
gen) with 10% fetal bovine serum (FBS) (Invitrogen). In preparation for
cytotoxicity assays, the cells were trypsinized, diluted to 10° cells/ml, and
dispensed into 96-well cell-culture-treated plates, and these plates were
incubated for 24 h. For cytotoxicity assays using subinhibitory concentra-
tions of antibiotic, antibiotic-induced filtered STEC medium was diluted
in fresh Vero medium (5 nl or 25 nl STEC medium per 100 pl Vero
medium). A sterile mixture of MAb Stx1-3 and MADb Stx2-5 (25) was then
added for a final concentration of 1 pg/ml each (PBS was added instead
for the samples without antibodies). The medium in the Vero cell plate
was then removed and replaced with the STEC medium-antibody mixture
(100 l/well). Twenty-four hours after treatment, the Vero cells were
lysed using 100 pl/well of a 1:5 dilution of CellTitre-Glo reagent (Pro-
mega), with 3 min of shaking. Luminescence was measured using a Victor
II plate reader. All Vero cell toxicity assays were conducted three times,
with similar results.

For cytotoxicity experiments using inhibitory concentrations of anti-
biotic, ceftazidime (CAZ) plus gentamicin (GEN), tigecycline (TGC), and
ciprofloxacin (CIP) were added to Vero medium for final concentrations
of 1 wg/ml each, 2 pg/ml, and 0.2 pg/ml, respectively. To this medium, a
sterile mixture of MAbs Stx1-3 and Stx2-5 was added at a final concentra-
tion of 10 pg/ml (or PBS was added instead of antibody). An overnight
culture of STEC (strains 1913, 2367, 13151, and ATCC 25922) was then
added to the antibiotic- and antibody-containing medium (5 nl per 100 pl
medium). The medium in the Vero cell plate was then removed and re-
placed with the STEC cell suspension-antibody mixture (100 wl/well).
Twenty-four hours after treatment, the wells were photographed (X200
magnification, using a Leica microscope), and the cells were lysed using
100 pl/well of a 1:5 dilution of CellTitre-Glo reagent (Promega). Lumi-
nescence was measured using a Victor II plate reader as described above.
These assays were conducted three times, and a representative experiment
is shown.

RESULTS

Antibiotic susceptibility of STEC strains and probiotics. To
identify antibiotics that can inhibit the growth of STEC, 42 STEC
strains (Table 1), including the O157, non-O157 “big six,” and
0113 serotypes, that were collected from clinical or environmen-
tal settings were screened for their antibiotic susceptibility by us-
ing a commercially available Gram-negative antibiotic array
(GN3F) (26). Properties of the antibiotics tested are summarized
in Table S1 in the supplemental material. At least one strain grew
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FIG 1 Stx induction by MITO. (A) Stx1 sandwich ELISAs were conducted with cell-free supernatants from all Stx1-containing STEC cultures. The Stx1 sandwich
ELISAs used MAD Stx1-3 (1 pg/ml) as a capture antibody and Stx1-1-biotin (0.5 wg/ml) as a detection antibody. All MITO-treated samples underwent the same
treatment conditions and preparations, except that they were grown in 100 ng/ml MITO-containing medium. (B) Stx2 sandwich ELISAs were conducted with cell-free
supernatants from all Stx2-containing STEC cultures. The Stx2 sandwich ELISAs used Stx2-1 (1 g/ml) as a capture antibody and Stx2-5-biotin (0.5 pg/ml) as a detection
antibody. All MITO-treated samples underwent the same treatment conditions and preparations, except that they were grown in 100 ng/ml MITO-containing medium.

at the lowest concentrations of the majority of antibiotics in the
array (see Table S2 in the supplemental material). For ertapenem
(ETP), piperacillin-tazobactam (TZP) constant 4, trimethoprim-
sulfamethoxazole (SXT), cefpodoxime (CPD), ceftazidime (CAZ),
tigecycline (TGC), and ceftriaxone (CRO), however, no strain sur-
vived even at the lowest concentration of each antibiotic. Further
dilutions revealed the MICs for these antibiotics (see Table S2 in the
supplemental material). Only =10% of the strains tested grew in the
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presence of the lowest concentrations of ampicillin-sulbactam
(SAM), aztreonam (ATM), cefazolin (CFZ), cefepime (FEP), mero-
penem (MEM), ciprofloxacin (CIP), and ticarcillin-clavulanic acid
(TIM) constant 2. Despite the occasional use of gentamicin (GEN) as
atreatment for STEC, almost all strains tested in this study grew at the
lowest concentrations of GEN. All strains tested grew at the lowest
concentration of tobramycin (TOB). All recorded MICs are listed in
Table S3 in the supplemental material.
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FIG 2 Stx repression by TGC. (A) Stx1 sandwich ELISAs were conducted with TGC-treated and untreated cell-free supernatants from all Stx1-containing STEC

cultures, using MAD Stx1-3 (1 pg/ml) as a capture antibody and Stx1-1-biotin (0

.5 pg/ml) as a detection antibody. All TGC-treated samples were grown in 100

ng/ml TGC-containing medium. (B) Stx2 sandwich ELISAs were conducted with TGC-treated (100 ng/ml) and untreated cell-free supernatants from all
Stx2-containing STEC cultures, using Stx2-1 (1 pg/ml) as a capture antibody and Stx2-5-biotin (0.5 g/ml) as a detection antibody.

A successful treatment regimen for STEC should not disrupt
the intestinal commensal microflora or at least should allow its
rapid recovery. Accordingly, we grew two probiotics on GN3F
antibiotic plates to determine their sensitivities to promising an-
tibiotics for STEC treatments. Lactobacillus acidophilus, a popular
Gram-positive probiotic, was sensitive to many of the antibiotics
that were inhibitory for the STEC strains (see Table S2 in the
supplemental material). However, L. acidophilus notably grew in
the presence of 1 pwg/ml CAZ (see Table S2 in the supplemental
material), a concentration that inhibited all of the STEC strains
tested. Saccharomyces boulardii, a eukaryotic (yeast) probiotic,
was resistant to every antibiotic on the GN3F plates (see Table S2
in the supplemental material), which suggests that it could recol-
onize the intestinal environment regardless of which antibiotic is
used to treat STEC.

September 2015 Volume 59 Number 9

Antimicrobial Agents and Chemotherapy

Induction of Stx by antibiotics. Subtyping PCRs were per-
formed for all strains, to confirm the presence of stx, and stx,
genes. All strains tested contained stx,,, stx,,, or both stx,, and
stx,, genes, with the exceptions of strains 8082 and 7958, which
contained a stx, 4 gene and a stx, 4 gene, respectively. None of these
strains appeared to contain more than one subtype of Stx1 or Stx2.
Strain 7103 did not contain any stx gene (Table 1). These PCRs
were conducted using primers reported previously for subtyping
(8), in a single-amplicon or multiplex format.

The relative concentrations of Stx1 and Stx2 in bacterial media
were determined by ELISA and then corrected for bacterial
growth (by dividing the values by the optical density at 660 nm).
For Stx1 ELISAs, MADbs that recognize the B subunit of Stx1 were
used (Stx1-3 for capture and Stx1-1 for detection) (28). For Stx2
ELISAs, MAbs that recognize Stx2 were used (Stx2-1 for capture
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TABLE 2 Stx induction by first-tier antibiotics”

No. of isolates induced/total no. of isolates”

Antibiotic % of isolates Average fold

Antibiotic concentration (pg/ml) Stx1 Stx2 Total Stx° induced induction
ETP 0.004 24/26 1/18 25/44 57 5.7

TZP 0.5 23/26 1/18 24/44 55 6.2

SXT 0.03 5/26 7/18 12/44 27 2.6

CPD 0.1 26/26 5/18 31/44 70 6.2

CAZ 0.03 14/26 4/18 18/44 41 2.9

TGC 0.1 2/26 0/18 2/44 5 0.8

CRO 0.01 12/26 2/18 14/44 32 2.7

MITO 0.1 24/26 16/18 37/44 89 22.9

@ All strains were tested except strains 7103, 8082, 15012, 15014, and 25922.
b More than 2-fold increases in Stx levels with antibiotic treatment indicated induction.
¢ A total of 37 STEC strains were tested; seven of them expressed both Stx1 and Stx2.

and Stx2-5 for detection) (25). It was found that the Stx levels
varied significantly among these 40 strains in the absence or pres-
ence of antibiotics. The serotype with the most abundant soluble
Stx1 in antibiotic-free medium was O26 (average for five strains;
P < 0.01), followed by O157:H7 (Fig. 1A and 2A). The serotype
with the highest levels of released Stx2 was O121 (average for four
strains; P = 0.01), followed by O157:H7 (Fig. 1B and 2B). As
reported previously (31, 32), treatment of STEC strains with a
subinhibitory concentration of mitomycin C (MITO) strongly in-
duced Stx production (both Stx1 and Stx2) for most strains, with
average induction levels of 8.3-fold for Stx1 (Fig. 1A) and 38.2-
fold for Stx2 (Fig. 1B).

We then examined the induction of Stx production by the
aforementioned seven antibiotics (ETP, TZP, SXT, CPD, CAZ,
TGC, and CRO), which inhibited the growth of all tested strains at
concentrations below the MIC breakpoints for susceptible strains
of Enterobacteriaceae (see Table S2 in the supplemental material)
(33). All bacterial strains were grown overnight in LB medium
containing one of the antibiotics at its highest subinhibitory con-
centration, and the Stx levels in the medium were determined. The
six antibiotics other than TGC induced Stx1 and/or Stx2 produc-
tion in multiple strains (>2-fold increases in Stx levels with anti-
biotic treatment were considered induced), but none of them
reached the extent of MITO (Table 2). CPD induced Stx1 produc-
tion in all of the tested strains and Stx2 production in 28% of the
tested strains. ETP, TZP, CAZ, and CRO increased Stx1 produc-
tion in 46 to 92% of the Stx1-expressing strains and Stx2 produc-
tion in less than 25% of the Stx2-producing strains. SXT induced
Stx1 and Stx2 production in 19% and 39% of the strains, respec-
tively. Overall, TGC did not induce Stx1 production except in
strains 12788 and 13508. In many strains, TGC inhibited Stx1
production. The production of Stx2 was inhibited strongly by
TGC in all of the strains tested (Fig. 2A and B).

In order to simplify analysis, a collection of eight strains from
different serotypes was used to study the effects of the rest of the
antibiotics (at subinhibitory concentrations) on Stx production
(strain RM2367 expresses both Stx1 and Stx2) (see Table S4 in the
supplemental material). Overall, treatment with most of the anti-
biotics induced production of Stx1 only, while CIP strongly in-
duced production of both Stx1 and Stx2 and tetracycline (TET),
GEN, and TOB inhibited Stx production.

In vitro STEC treatment regimen. An ideal antibiotic for the
treatment of STEC infections should kill or inhibit the bacteria but
should not induce Stx expression at any concentration of the an-
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tibiotic. Our results indicated that TGC effectively prevented bac-
terial growth at its inhibitory concentration (see Table S2 in the
supplemental material) but did not induce Stx1 or Stx2 produc-
tion in general at a universally subinhibitory concentration (Table
2). Therefore, we chose TGC for further study of its utility in STEC
treatments, using an in vitro cell-based toxicity assay.

In order to assess the effect of TGC on the production of Stxs in
a mammalian cell-based toxicity model, we grew STEC strains
overnight with a subinhibitory concentration of TGC (100 ng/ml)
and then applied the filtered bacterial culture medium to Vero
cells. CIP (at a subinhibitory concentration of 10 ng/ml) was in-
cluded for comparison because it is also active in killing bacteria
(see Table S2 in the supplemental material) but induces Stx pro-
duction (see Table S4 in the supplemental material). Four repre-
sentative strains of STEC with relatively high levels of Stx expres-
sion (strain 1913, Stx2 only; strain 2367, Stx1 and Stx2; strain
13151, Stx1 only; strain 25922, no toxin) were used. TGC-treated
STEC culture medium increased Vero cell viability, compared to
STEC culture medium without antibiotics (Fig. 3A), for both
Stx2-expressing strains (P values of 0.02 [strain 1913] and 0.004
[strain 2367]), while CIP-treated STEC culture medium signifi-
cantly decreased Vero cell viability (P values of 0.03 [strain 1913],
0.003 [strain 2367], and 0.02 [strain 13151]). This confirmed that
TGC did not induce production of additional Stxs or other toxic
components and TGC was not harmful to Vero cells at a subin-
hibitory concentration.

To examine whether the toxins produced by these bacteria
could be neutralized by MAbs against Stxs, a mixture of anti-Stx1
and anti-Stx2 antibodies (MAbs Stx1-1 and Stx2-5) was premixed
with filter-sterilized culture medium from antibiotic-treated or
untreated STEC strains (the same medium as used in Fig. 3A) and
then added to Vero cells. This mixture of MAbs (at 1 pg/ml each)
was able to neutralize the toxicities of the untreated and TGC-
treated STEC media effectively, protecting >75% of Vero cells
(Fig. 3B). However, the amounts of toxins in the bacterial medium
from CIP-treated strains (strains 1913 and 2367) overwhelmed
the antibodies, and significant cell death was once again observed
(Fig. 3B) (P values of 0.006 [strain 1913], 0.03 [strain 2367], and
0.01 [strain 13151], comparing untreated versus CIP treated).

To study more directly whether the combination of antibiotic
and antibody could protect mammalian cells from STEC in cul-
ture, we cocultured bacteria with Vero cells. E. coli grows robustly
in the medium used to culture Vero cells (see Fig. S1 in the sup-
plemental material), and microscopic evaluations and assays for
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FIG 3 Cytotoxicity of Stxs from culture medium from bacteria incubated with
antibiotics at subinhibitory concentrations. (A) Cell-free supernatants from
isolates expressing Stx2 only (RM1913), Stx1 and Stx2 (RM2367), Stx1 only
(RM13151), or no toxin (ATCC 25922), grown with 100 ng/ml TGC, 10 ng/ml
CIP, or no antibiotic, were added to cell culture wells containing 10° Vero cells,
and plates were incubated for 24 h. All samples were added at 25 nl cell-free
supernatant/well. (B) Cell-free supernatants from the experiment shown in
panel A were added to Vero cell medium containing a mixture of anti-Stx
antibodies (MADbs Stx1-1 and Stx2-5). This cell supernatant-antibody mixture
was then added to cell culture wells containing 10° Vero cells, and plates were
incubated for 24 h. All samples were added at 25 nl cell-free supernatant/well.
Antibodies were provided at 1 pg/ml each.

viability of the Vero cells are impossible to conduct in the absence
of sufficient antibiotic, due to bacterial overgrowth. Therefore,
bacteria were inoculated into a Vero cell culture well containing a
concentration of antibiotic just above the MIC for the tested STEC
strains. We tested three antibiotic regimens, i.e., a combination of
CAZ and GEN (at 1 pg/ml each), TGC (at 2 pg/ml), and CIP (at
0.2 pg/ml). The CAZ-GEN combination (GEN was added to in-
hibit Stx production) was included because it is inhibitory against
all STEC strains tested and serves for comparison with TGC and
CIP. The same four STEC strains used in the subinhibitory exper-
iments were used again in this study (strains 1913, 2367, 13151,
and 25922). Although the bacteria appeared to be completely in-
hibited in the presence of antibiotics (as observed microscopi-
cally), many fewer Vero cells survived in the antibiotic-treated
wells containing Stx-expressing strains 1913, 2367, and 13151;
strain 25922 (containing no stx genes) had no effect on Vero cell
viability (Fig. 4A; see also Fig. S2 in the supplemental material).
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FIG 4 Effects of antibiotics at inhibitory concentrations on the viability of
Vero cells cocultured with STEC. (A) STEC isolates expressing Stx2 only
(RM1913), Stx1 and Stx2 (RM2367), Stxl only (RM13151), or no toxin
(ATCC 25922) were inoculated into Vero cell medium containing inhibitory
concentrations of the indicated antibiotics (1 pg/ml each for CAZ and GEN, 2
pg/ml for TGC, and 0.2 pg/ml for CIP). (B) STEC isolates were combined with
antibiotic, a mixture of neutralizing anti-Stx MAbs (Stx1-1 and Stx2-5 at 10
pg/ml each), and Vero cell medium and then were added immediately to Vero
cells already present in cell culture wells. All Vero cell culture wells received 5 nl
of stationary-phase bacteria (A4, of 3) per well.

Even fewer Vero cells survived in the CIP-treated wells than in the
CAZ- and GEN-treated wells, and the most Vero cells survived in
the wells treated with TGC (Fig. 4A). We suggest that the reduc-
tion of Vero cell viability in wells cocultured with bacteria may be
caused by a combination of the Stxs present in the initial bacterial
inocula and the Stxs induced during bacteria death.

In order to develop a treatment regimen that is useful not only
in combating STEC but also in neutralizing the toxicity derived
from the bacteria, we cocultured Vero cells with one of the four
bacterial strains in the presence of antibiotic (TGC at 2 pg/ml,
CAZ and GEN at 1 pg/ml each, or CIP at 0.2 pg/ml) and the same
MAD mixture (at 10 pg/ml each) as used in the subinhibitory
experiments. Our results indicated that treatment with TGC and
MAbs or CAZ, GEN, and MAbs successfully controlled bacterial
growth and protected the Vero cells from Stx intoxication (P val-
ues of 0.002 [strain 1913], 0.008 [strain 2367], and 0.001 [strain
13151], comparing CIP and TGC). Treatment with CIP and MAbs
rescued fewer Vero cells from death (P values of 0.001 [strain
1913], 0.06 [strain 2367], and 0.001 [strain 13151], comparing
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FIG 5 Effects of antibiotics and antibodies on the viability of Vero cells ex-
posed to O104:H4 strains. (A) Cell-free medium from O104:H4 isolates (from
the German outbreak in 2011) grown with 100 ng/ml TGC, 10 ng/ml CIP, or
no antibiotic was added to cell culture wells containing 10° Vero cells, and
plates were incubated for 24 h. A subset of cell-free medium samples were also
incubated with a MAb mixture (1 wg/ml each of Stx1-1 and Stx2-5). All sam-
ples were added at 25 nl cell-free supernatant/well. (B) O104:H4 isolates were
inoculated into Vero cell medium containing inhibitory concentrations of the
indicated antibiotics (1 pg/ml each for CAZ and GEN, 2 pg/ml for TGC, and
0.2 pg/ml for CIP). A subset of samples also received a MAb mixture (10 pg/ml
each of Stx1-1 and Stx2-5). All Vero cell culture wells received 5 nl of station-
ary-phase bacteria per well.

CIP versus TGC with MAbs) (Fig. 4B; see also Fig. S2 in the sup-
plemental material).

0104:H4, an attaching and effacing EAHEC serotype, can pro-
mote greater secretion of mucus in the intestine, possibly extend-
ing the amount of time it can persist in the digestive tract and
increasing the amount of toxin it can release (34). Therefore, an-
tibiotic treatment may be even more useful for treating O104:H4
infections than for treating other STEC infections. Using two iso-
lates of O104:H4 from the German outbreak in 2011, we evaluated
the efficacy of treatment with TGC and antibodies in Vero cell
culture. A subinhibitory concentration of TGC significantly re-
duced the toxicity of O104:H4 to Vero cells, suggesting that TGC
inhibited Stx2 production for both isolates (average P value of
0.02) (Fig. 5A); with neutralizing MAbs (a mixture of Stx1-1 and
Stx2-5 at 1 pg/ml each), however, Vero cells were fully rescued
from O104:H4 cell-free medium. The TGC-antibody mixture
similarly protected Vero cells from O104:H4 bacteria when they
were treated with an inhibitory concentration of antibiotic

5442 aac.asm.org

Antimicrobial Agents and Chemotherapy

(Fig. 5B). Treatment of O104:H4 isolates with CIP at an inhibitory
concentration resulted in greater cytotoxicity to Vero cells (aver-
age Pvalue 0f 0.02), and cell viability did not fully recover with the
addition of neutralizing MADbs (average P value 0f 0.01). CAZ and
GEN treatment of O104:H4 isolates was not attempted, since this
0104:H4 strain expresses an extended-spectrum beta-lactamase
(ESBL).

DISCUSSION

STEC infections can have a variety of clinical manifestations,
ranging from diarrhea to life-threatening HUS. Although these
infections can be deadly, there is still no widely accepted universal
treatment. Therefore, we sought to find antibiotics that would be
inhibitory to the majority of STEC strains. To accomplish this
goal, we applied a diverse collection of STEC isolates (including
0157:H7 and the “big six” serotypes) to a Gram-negative antibi-
otic array, looking for both inhibition of bacterial growth and
reduction of toxin production. All tested isolates were sensitive to
ETP, TZP, SXT, CPD, CAZ, TGC, and CRO. Of these, however,
only TGC did not induce Stx production, with the exception of
two isolates; instead, TGC inhibited Stx production in almost one-
half of the isolates. TGC at either a subinhibitory or inhibitory
concentration synergized remarkably well with Stx-neutralizing
antibodies to protect fully Vero cells in culture, suggesting that the
combination of TGC with neutralizing antibodies ameliorates the
effects and aftereffects of STEC infections better than antibiotic
treatment alone. This TGC-antibody combination also fully
protected Vero cells from O104:H4 toxicity. Additionally, we de-
termined that TGC did not affect the growth of Saccharomyces
boulardii, a yeast probiotic that could be administered with the
TGC-antibody combination to initiate the recovery of intestinal
flora.

Whether antibiotic treatment of STEC increases or decreases
the risk of developing HUS is still a matter of debate, but our data
suggest that the risk may depend on more than just the antibiotic
used. MITO and CIP strongly induced Stx1 and Stx2 production
in a majority of the strains we tested, but they did not affect Stx
levels in some strains (such as strains 7375, 7783, and 7788).
Therefore, the risk of exacerbating HUS with antibiotic use might
be dependent on which antibiotic is used and the characteristics of
the particular strain (including whether Stx production is induc-
ible). This added complexity could account for the contrasting
reports on the efficacy of STEC treatment with antibiotics. While
treatment of O157:H7 with ciprofloxacin is occasionally reported
to exacerbate HUS symptoms (21), a recent report indicated that
antibiotic treatment (with ciprofloxacin) of German O104:H4
EAHEC was effective in preventing the development of HUS (35).
This strain, as an enteroaggregative strain of STEC, embeds itself
in intestinal mucus and may persist longer than EHEC, resulting
in larger proportions of patients with HUS (~25%) due to longer
exposure to Stxs. For enteroaggregative STEC, it might be more
important to eliminate the pathogenic E. coli, but selecting an
antibiotic that does not induce Stx production is still a concern.
Inclusion of the proper dose of neutralizing antibodies in an an-
tibiotic regimen, however, might turn even antibiotics that
strongly induce Stx production (such as CIP, CPD, and SXT) into
potent treatments (Fig. 4B). A neutralizing antibody mixture may
even be useful as a treatment on its own.

Bactericidal antibiotic treatments of STEC could liberate addi-
tional Stx from the bacteria (beyond that from phage-mediated
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lysis). However, bacteriostatic antibiotics, which inhibit the
growth of bacteria while not necessarily killing them, may not
liberate Stxs from STEC, allowing the toxins to pass harmlessly,
encapsulated within the bacteria, from the intestine. Therefore,
the bacteriostatic property of TGC may be essential for its mild
inhibition of Stx levels. Bactericidal antibiotics such as CRO,
MEM, and CIP would be expected to release more Stxs into the
medium through antibiotic-associated lysis, complementing or
enhancing phage-associated lysis. Serendipitously, the three
strongest inducers of Stx production (ATM, CIP, and CPD) are
bactericidal antibiotics but induce Stx production even at subin-
hibitory levels, suggesting that they also promote phage-associ-
ated lysis. The strongest repressors of Stx (GEN, TOB, TGC, and
TET) are all bacteriostatic antibiotics, although they all belong to
the aminoglycoside or tetracycline classes and inhibit protein syn-
thesis; therefore, their repression of Stx may be due to their func-
tion rather than their ultimate effects on the bacteria.

From the data presented here, it appears that combined treat-
ment with TGC and anti-Stx antibodies would be effective in neu-
tralizing Stx toxicity and eliminating the bacterial infection for the
majority of STEC strains and serotypes. This treatment strategy
has several advantages, i.e., TGC does not induce Stx production
at inhibitory or subinhibitory concentrations and is broadly in-
hibitory to bacteria, and anti-Stx IgG can neutralize the remainder
of the toxins produced. Additionally, TGC is active against Clos-
tridium difficile (36), a common secondary infection, and does not
inhibit the probiotic S. boulardii, which, in a clinical setting, might
be used concurrently to repopulate the intestinal flora. TGC is
even active against strains of E. coli that express extended-spec-
trum beta-lactamases (ESBLs) (37) or carbapenemases (38, 39).
TGC has several drawbacks, however. It is a very broad-spectrum
antibiotic, suppressing the growth of both Gram-positive and
Gram-negative bacteria and likely leaving many vacancies for col-
onization with resistant opportunistic microorganisms. It inhibits
Lactobacillus acidophilus very effectively (see Table S2 in the sup-
plemental material) and probably would do the same to other
nonpathogenic intestinal microflora. In addition, there is cur-
rently no oral formulation for TGC, and it is not known whether
TGC can enter the intestine effectively after intravenous adminis-
tration, although some amount might cross the intestinal barrier
during hemorrhagic colitis. A recent report stated that orally ad-
ministered TGC was effective in Clostridium difficile infections in
pigs (40), however, and certain formulations of TGC have in-
creased stability (41); therefore, TGC could conceivably be effec-
tive when delivered orally to humans. TGC is not currently ap-
proved for use in children, in whom the effects of HUS are most
severe. This may simply be a matter of finding the right dosage
(42).

Although CAZ did induce Stx production in some strains, it
effectively inhibited bacterial growth. By incorporating CAZ with
GEN, Stx1 and Stx2 production might be reduced, at least to levels
low enough to be neutralized by antibody treatment (Fig. 4).
Therefore, treatment with CAZ, GEN, and anti-Stx antibodies
may be an alternative to the TGC-antibody combination. One of
the unique characteristics of CAZ is that it is broadly active against
Gram-negative bacteria but is not especially toxic to Gram-posi-
tive bacteria. Thus, CAZ treatment would enable Gram-positive
commensal organisms such as Lactobacillus acidophilus to initially
recolonize the intestine. GEN, at concentrations lower than 4 g/
ml, is not toxic to L. acidophilus. One of the disadvantages of this
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treatment regimen is that it may not kill STEC strains expressing
extended-spectrum beta-lactamases, although pairing it with a be-
ta-lactamase inhibitor could overcome this limitation (43). An-
other disadvantage is that low-dose CAZ treatment induces fila-
ment formation in E. coli, which can result in increased endotoxin
release (44).

Anideal universal STEC treatment would include an antibiotic
that both eliminates the STEC bacteria and inhibits Stx produc-
tion, antibodies that neutralize residual toxins in the bloodstream
and intestine, and a method for rapidly recovering intestinal mi-
croflora. Although the combined TGC-antibody treatment we de-
scribe requires further modification, testing, and validation before
being considered for clinical use, our data suggest that TGC and
CAZ are broadly inhibitory against most STEC strains and TGC
also inhibits the O104:H4 serotype. A cocktail of antibodies
against Stx1 and Stx2 would serve to inactivate residual toxins, and
a eukaryotic commensal organism such as S. boulardii could be
used to repopulate the intestine initially, allowing swifter recovery
after STEC infections.
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