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Surotomycin (formerly called CB-183,315) is a novel, orally administered cyclic lipopeptide antibacterial in development for the
treatment of Clostridium difficile infection (CDI) that has potent activity against vancomycin-resistant enterococci (VRE) but
limited activity against Gram-negative bacilli, including Bacteroides spp. We used a mouse model to investigate the impact of
surotomycin exposure on the microbiome, and to test the consequences of the disruption on colonization by vancomycin-resis-
tant enterococci (VRE) and extended-spectrum �-lactamase-producing Klebsiella pneumoniae (ESBL-KP), in comparison with
the effects of oral vancomycin and metronidazole. Mice (8 per group) received saline, vancomycin, metronidazole, or surotomy-
cin through an orogastric tube daily for 5 days and were challenged with 105 CFU of VRE or ESBL-KP administered through an
orogastric tube on day 2 of treatment. The concentrations of the pathogens in stool were determined during and after treatment
by plating on selective media. A second experiment was conducted to determine if the antibiotics would inhibit established VRE
colonization. In comparison to controls, oral vancomycin promoted VRE and ESBL-KP overgrowth in stool (8 log10 to 10 log10

CFU/g; P < 0.001), whereas metronidazole did not (<4 log10 CFU/g; P > 0.5). Surotomycin promoted ESBL-KP overgrowth (>8
log10 CFU/g; P, <0.001 for comparison with saline controls) but not VRE overgrowth. Surotomycin suppressed preexisting VRE
colonization, whereas metronidazole and vancomycin did not. These results suggest that treatment of CDI with surotomycin
could reduce levels of VRE acquisition and overgrowth from those with agents such as vancomycin and metronidazole. However,
surotomycin and vancomycin may promote colonization by antibiotic-resistant Gram-negative bacilli.

Oral vancomycin and oral metronidazole are the most com-
monly used antibiotics for the treatment of Clostridium dif-

ficile infection (CDI). One limitation of these agents is that they
are nonselective (i.e., they inhibit normal anaerobic intestinal mi-
crobiota in addition to C. difficile) (1–3). For example, oral van-
comycin treatment may result in the suppression of Bacteroides/
Prevotella, Clostridium coccoides, and Clostridium leptum group
organisms in stool (2, 3). Inhibition of the anaerobic microbiota
by vancomycin and metronidazole may contribute to recurrences
of CDI and to colonization by health care-associated pathogens,
such as vancomycin-resistant enterococci (VRE) (4, 5). In com-
parison to vancomycin, fidaxomicin causes minimal disruption of
the anaerobic microbiota and is associated with fewer recurrences
and less acquisition of VRE and Candida spp. during CDI treat-
ment (1, 6). However, selection of preexisting subpopulations of
VRE with elevated fidaxomicin MICs was common during fidaxo
micin therapy (6).

Surotomycin (formerly called CB-183,315) is a novel, nonab-
sorbed lipopeptide antibiotic that is being studied in phase 3 trials
for the treatment of CDI (7–10). Surotomycin has excellent activ-
ity against Gram-positive organisms, including VRE, and no sig-
nificant activity against Gram-negative bacilli, including Bacte-
roides spp. (8, 9). Surotomycin reduced recoverable C. difficile
levels and was sparing of gut microbes, primarily Bacteroides and
Prevotella spp., in a subset of patients from a recently conducted
phase 2 clinical trial (11). Therefore, we hypothesized that suroto-
mycin would inhibit preexisting VRE colonization and that the
minimal microbiome disruption upon surotomycin exposure

would preserve Bacteroides spp. and other anaerobes, preventing
colonization by health care-associated pathogens, such as ex-
tended-spectrum �-lactamase-producing Klebsiella pneu-
moniae (ESBL-KP) and VRE. Here we used a mouse model to
compare the effects of surotomycin with those of vancomycin and
metronidazole on the establishment and persistence of intestinal
colonization by VRE and ESBL-KP.

MATERIALS AND METHODS
Pathogens studied. Enterococcus faecium C68 is a previously described
VanB-type clinical VRE isolate (12). K. pneumoniae P62 is a clinical isolate
that produces an SHV-type extended-spectrum �-lactamase (ESBL).
Both organisms have been used in previous mouse model studies (12, 13).

Susceptibility testing. Broth dilution MICs of the test antibiotics for
the test organisms were determined using standard methods for testing
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the susceptibility of aerobic bacteria (14, 15). For surotomycin, the cal-
cium in the medium was adjusted to a final concentration of 50 mg/liter,
the optimal concentration for antibacterial activity (16).

Bioassay for antibiotic concentrations. The concentrations of the test
antibiotics in stool were determined by an agar diffusion assay with Clos-
tridium perfringens as the indicator strain (17).

Quantification of stool pathogens. Fresh stool specimens were pro-
cessed as described elsewhere (12, 13). In order to quantify VRE and
ESBL-KP, diluted samples were plated onto Enterococcosel agar (Becton
Dickinson, Cockeysville, MD) containing 20 �g/ml vancomycin and
MacConkey agar (Becton Dickinson) containing 10 �g/ml ceftazidime,
respectively. The plates were incubated in room air at 37°C for 48 h, and
the number of CFU of each pathogen per gram of sample was calculated.
For a subset of 20 ceftazidime-resistant Gram-negative isolates, identifi-
cation and susceptibility testing were performed using standard methods
to confirm that the isolates were K. pneumoniae strains with susceptibility
patterns identical to that of the initial strain inoculated (14, 15).

Antibiotic dose selection. Dose-ranging experiments were run to de-
termine the amounts of vancomycin and surotomycin that had to be
dosed in order to result in concentrations in the stools of mice similar to
those measured in humans (i.e., 1,000 to 2,000 �g/g of stool) (11, 18;
unpublished data, Merck and Co.). Mice (5 per group) received a single
oral administration of vancomycin or surotomycin at 2.25 to 7.5 mg/day
or 75 to 250 mg/kg of body weight. Fecal pellets were collected within 3
intervals of 0 to 4, 4 to 8, and 8 to 24 h after dosing. Levels of the drugs in
feces were measured by liquid chromatography (LC)–mass spectrometry
(MS) and were confirmed using satellite animals dosed at 1.125 mg/day or
37.5 mg/kg. This dosing regimen resulted in peak levels of 1,492 �g of
surotomycin/g of feces and 1,370 �g of vancomycin/g of feces by 4 to 8 h
postdosing.

For metronidazole, we administered 3.75 mg/day, which is 5 times the
usual human dose administered over a 24-h period (in milligrams of
antibiotic per gram of body weight). This dose was chosen because it has
been shown in previous mouse model studies to promote persistent col-
onization with VRE when administered subcutaneously and to reduce
colonization resistance when administered by oral gavage (19, 20). In
contrast, a dose of metronidazole equivalent to the human dose on a
milligram-per-kilogram basis did not promote VRE colonization in mice
(19).

Effects of the antibiotics on intestinal microbiota. The Animal Care
Committee of the Cleveland Veterans Affairs Medical Center approved
the experimental protocol. Initial experiments were conducted to assess
the effects of treatment with the test antibiotics or saline on the intestinal
microbiota of mice. Female CF-1 mice (6 per group) weighing �30 g
(Harlan Sprague-Dawley, Indianapolis, IN) were housed in individual
cages. (CF-1 mice are outbred white mice.) Mice received daily
oroesophageal instillation of the test antibiotics (total volume, 0.2 ml) for
5 days using a stainless steel feeding tube (Perfektum; Popper & Sons, New
Hyde Park, NY). Mice were dosed with surotomycin (1.125 mg/day),
vancomycin (1.125 mg/day), or metronidazole (3.75 mg/day). For all ex-
periments, cages were changed daily during and after treatment in order
to reduce reexposure to contaminated bedding and cage material and to
minimize the potential for reingestion through coprophagy.

Stool samples were collected at baseline, on days 2 and 5 of treatment,
and 3, 5, and 10 days after treatment for evaluation of the effects of the
antibiotics on the microbiota. Quantitative cultures for facultative and
aerobic Gram-negative bacilli and enterococci were performed by plating
serially diluted specimens onto MacConkey agar (Difco Laboratories, De-
troit, MI) and Enterococcosel agar (Becton Dickinson), respectively.

Deep-sequencing analysis of stool microbiota. Fecal bacterial DNA
was extracted from �500 mg of feces by use of the QIAamp DNA Stool
minikit (Qiagen, Hilden, Germany) according to the manufacturer’s in-
structions. Sequencing and analysis were carried out by Second Genome
(San Bruno, CA). To enrich the samples for the V4 region of the bacterial
16S rRNA gene, DNA was PCR amplified using fusion primers designed

against surrounding conserved regions and tailed with sequences to in-
corporate Illumina (San Diego, CA) adapter and indexing bar codes. After
Illumina library construction, amplicons were sequenced using a MiSeq
benchtop sequencer instrument (Illumina). Using QIIME and custom
scripts, sequences were quality filtered and demultiplexed using exact
matches to the DNA bar codes supplied. The resulting sequences were
used to search the Greengenes reference database of 16S rRNA sequences,
clustered at 97% by uclust (closed-reference operational taxonomic unit
[OTU] picking). The longest sequence from each OTU thus formed was
used as the representative OTU sequence and was assigned a taxonomic
classification via MOTHUR’s Bayesian classifier, trained against the
Greengenes database clustered at 98%. Principal coordinate analysis
(PCoA) was carried out to visualize complex relationships between sam-
ples. The Adonis test was used to assess whole-microbiome differences
among groups. Bar plot representations were generated to show the top 8
microbial groups at the phylum level.

Analysis of Bacteroides spp. and Clostridium leptum by real-time
PCR. To determine the effects of antibiotic treatment on the concentra-
tions of Bacteroides spp. and C. leptum, a representative Firmicutes organ-
ism, quantitative PCR (qPCR) was performed using the methods and
primers of Louie et al. (2). Fecal bacterial DNA was extracted from 100 mg
of feces by use of the QIAamp DNA Stool minikit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. Purified template
DNA from Bacteroides fragilis and C. leptum was used for melting curve
analysis and for the generation of standard curves for each primer set
using 10-fold serial dilutions of DNA ranging from 10 to 10�6 ng. qPCR
was performed using the CFX96 detection system (Bio-Rad, Hercules,
CA). Amplification and detection were conducted in 96-well plates with
SYBR green 2� qPCR master mix (Bio-Rad). Each sample was run in
triplicate in a final volume of 20 �l containing a final concentration of 0.3
�M each primer and 5 �l of 2-ng/�l template DNA using the following
parameters: 1 cycle at 94°C for 5 min, followed by 49 cycles at 94°C for 20 s,
56°C to 58°C for 20 s, and 72°C for 20 s.

Effects of the antibiotics on the establishment of colonization by
VRE and ESBL-KP. To assess the effects of antibiotic exposure on the
initial establishment of colonization, mice (8 per group) received
oroesophageal instillation of 10,000 CFU of VRE or ESBL-KP on day 2 of
5 of daily treatment with the antibiotics or saline. The concentrations of
VRE and ESBL-KP in stool were measured on day 5 of antibiotic treat-
ment and 3, 5, and 10 days after the completion of antibiotic treatment.

Effects of the antibiotics on the persistence of VRE colonization.
To assess the effects of the antibiotics on the persistence of VRE colo-
nization, mice (8 per group) received clindamycin (1.2 mg) subcuta-
neously and 10,000 CFU of VRE by oroesophageal instillation to
establish colonization. Subsequently, the test antibiotics were admin-
istered daily for 5 days by oroesophageal instillation, VRE concentra-
tions were measured on day 5 of antibiotic treatment and on days 3, 5,
and 10 after treatment.

Statistical analysis. One-way analysis of variance (ANOVA) was per-
formed to compare the concentrations of organisms among the treatment
groups. P values were adjusted for multiple comparisons using the Scheffe
correction. Computations were performed by the use of Stata software
(version 5.0; Stata, College Station, TX).

RESULTS
Susceptibility testing. Vancomycin, metronidazole, and suroto-
mycin MICs for ESBL-KP were �256 �g/ml. Vancomycin, met-
ronidazole, and surotomycin MICs for VRE were 256, �256, and
1 �g/ml, respectively.

Effects of the antibiotics on indigenous enterococci and fac-
ultative Gram-negative bacilli by culture. Figure 1 shows the ef-
fects of antibiotic treatment on the concentrations of enterococci
(A) and aerobic and facultative Gram-negative bacilli (B) by cul-
ture. Surotomycin and vancomycin suppressed levels of entero-
cocci during treatment, whereas metronidazole did not; levels of
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enterococci returned to baseline concentrations by 3 days after the
discontinuation of vancomycin and by 10 days after the discon-
tinuation of surotomycin. In comparison to controls, surotomy-
cin and vancomycin permitted the overgrowth of Gram-negative
bacilli, whereas metronidazole did not; by 10 days after the dis-
continuation of antibiotics, levels of Gram-negative bacilli re-
mained significantly elevated over the baseline in surotomycin-
treated mice but not in vancomycin-treated mice.

Effects of the antibiotics on indigenous microbiota by deep
sequencing and qPCR. Figure 2 shows the relative proportions of

different bacterial phyla on day 5 of antibiotic treatment in com-
parison to those for the saline control group, including the
summed total for each treatment group and data for individual
mice. In control mice, Bacteroidetes and Firmicutes were predom-
inant, with Proteobacteria making up only a minor proportion of
the indigenous microbiota. Metronidazole treatment was associ-
ated with minor reductions in the proportion of Firmicutes, with
no increase in the proportion of Proteobacteria. In contrast, sur-
otomycin treatment and vancomycin treatment were associated
with marked suppression of Firmicutes and expansion of Proteo-
bacteria. On day 5 of treatment, the alpha diversity estimates for
each of the antibiotic treatment groups were significantly reduced
from those for the saline control group, but the greatest reduc-
tions were found in the vancomycin and surotomycin groups (al-
pha diversity estimates, 4.56 � 0.14 for the control group, 1.42 �
0.29 [P 	 0.001] for the vancomycin group, 2.15 � 0.40 [P 	
0.001] for the surotomycin group, and 4.16 � 0.17 [P 
 0.004] for
the metronidazole group).

Figure 3 shows the relative proportions of the different taxa in
the surotomycin and vancomycin groups before, during, and after
treatment. For both antibiotic treatment groups, the proportion
of Firmicutes increased from the end of treatment (day 5) to 10
days posttreatment (day 15), while the proportion of Proteobacte-
ria decreased. With surotomycin, the changes were more pro-
nounced, with less evidence of recovery by day 15.

As shown in Fig. 4, vancomycin significantly reduced the con-
centration of Bacteroides spp. on day 5 of treatment (P 	 0.001),
whereas surotomycin and metronidazole did not (P � 0.05). Van-
comycin and surotomycin both significantly reduced the concen-
tration of C. leptum on day 5 of treatment (P 	 0.01), whereas
metronidazole did not (P � 0.05).

Effects of the antibiotics on the establishment of coloniza-
tion by VRE and ESBL-KP. Figure 5 shows the effects of antibiotic
treatment on the establishment of colonization by VRE (Fig. 5A)
and ESBL-KP (Fig. 5B). In comparison to controls, oral vancomy-
cin promoted the overgrowth of both pathogens (P 	 0.001), and
surotomycin promoted the overgrowth of ESBL-KP (P 	 0.001),
whereas metronidazole did not promote the overgrowth of either
pathogen. None of the surotomycin-treated mice had detectable
VRE at any time point.

Effects of the antibiotics on the persistence of VRE coloniza-
tion. In mice with preexisting high-density VRE colonization, sur-
otomycin suppressed VRE to below the limit of detection during
treatment (�1 log10 CFU/g of stool), whereas VRE concentrations
did not differ from those for saline controls in the metronidazole
and vancomycin groups. However, high levels of VRE (�5 log10

CFU/g of stool), were again detectable in the stool specimens of all
surotomycin-treated mice at 5 and 10 days after the discontinua-
tion of treatment.

DISCUSSION

We found that oral vancomycin promoted the acquisition of VRE
colonization in mice, whereas oral surotomycin and metronida-
zole did not. Surotomycin also suppressed indigenous enterococci
and preexisting high-density VRE colonization to undetectable
levels during treatment. However, surotomycin disrupted the an-
aerobic intestinal microbiota, allowing the overgrowth of indigenous
facultative Gram-negative bacilli and exogenously administered
ESBL-KP during treatment and the overgrowth of indigenous en-
terococci and previously suppressed VRE after treatment.

FIG 1 Effects of antibiotic treatment on the concentrations of enterococci (A)
and aerobic and facultative Gram-negative bacilli (B) in stool by culture. Mice
received daily subcutaneous antibiotic treatment for 5 days. Error bars repre-
sent standard errors. Abx, antibiotics.
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Our results for vancomycin are consistent with those of previ-
ous studies demonstrating that oral vancomycin promotes the
acquisition and persistent overgrowth of VRE in mice and hu-
mans (4, 12, 19, 20). However, our results for metronidazole differ
from those of previous studies with mice demonstrating that the
dose administered may promote persistent colonization with VRE
and transient loss of resistance to colonization with C. difficile,
VRE, and Gram-negative bacilli (19, 20). The fact that metroni-
dazole did not alter the anaerobic microbiota or colonization re-
sistance in the present study could potentially be related to the use
of a mouse strain different from that used by Lewis et al. (20) and
a route of administration different from that in our previous study
(19). In addition, it should be noted that in the absence of CDI,
oral metronidazole treatment does not result in detectable drug
levels in the stool specimens of humans, due to low levels of ex-
cretion into the intestinal tract and/or inactivation in intestinal
contents (21). In contrast, in CDI patients treated with metroni-
dazole, low levels of drug are detectable in stool, presumably due
to the presence of diarrhea or inflammation of the colon, resulting

in the promotion of VRE overgrowth in patients with concurrent
VRE colonization (4, 22).

Our findings have implications for the selection of CDI ther-
apy. In settings where VRE colonization and infection are a signif-
icant concern (e.g., organ transplant or stem cell transplant pa-
tients), the use of surotomycin rather than vancomycin or
metronidazole for CDI treatment may result in less-frequent ac-
quisition and overgrowth of VRE. However, the benefits of this
approach may be limited, because our results suggest that recur-
rence of high-density VRE colonization may be common after
surotomycin treatment. Surotomycin may also promote the over-
growth of Gram-negative bacilli; however, our results demon-
strate that similar overgrowth may occur during oral vancomycin
treatment. Although metronidazole did not promote colonization
by VRE and ESBL-KP in healthy mice in the current study, the
potential benefits of using this agent are questionable given the
fact that previous studies on patients with CDI have demonstrated
detectable levels of metronidazole in stool specimens and the pro-
motion of colonization by VRE (4, 22).

FIG 2 Comparison of the stool microbiota of mice by 16S rRNA deep-sequencing analysis after 5 days of antibiotic treatment. The relative abundances of the
major bacterial phyla are shown. Mean results for the total number of mice in each group (4 mice for the surotomycin group and 5 each for the metronidazole,
vancomycin, and control groups) are shown. Numbers indicate data for individual mice in each group.
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It is notable that surotomycin markedly suppressed Firmicutes
but did not reduce concentrations of Bacteroides spp. as deter-
mined by qPCR, suggesting that Firmicutes rather than Bacte-
roidetes may be essential in providing resistance against coloniza-
tion with Gram-negative bacilli and enterococci. Our findings are
consistent with other recent evidence suggesting that bacteria
from the phylum Firmicutes may play an important role in colo-
nization resistance. For mice, we previously demonstrated that the
recovery of bacteria from the families Lachnospiraceae and Rumi-
nococcaceae (phylum Firmicutes, order Clostridiales) corre-
sponded directly with the timing of the recovery of in vivo

FIG 3 Comparison of the stool microbiota of mice by 16S rRNA deep-se-
quencing analysis before, during, and after treatment with oral surotomycin or
vancomycin. Mice received daily oral antibiotic treatment for 5 days (day 0 to
day 5). Numbers indicate the day of sample collection: day 0, prior to treat-
ment; day 5, after 5 days of antibiotic treatment; day 10, 5 days after the last
antibiotic dose; day 15, 10 days after the last antibiotic dose. The relative
abundances of the major bacterial phyla are shown as a composite for 5 total
mice in each group at each time point.

FIG 4 Effects of antibiotic treatment on the concentrations of Bacteroides spp.
(A) and Clostridium leptum (B) in the stool specimens of mice as determined
by real-time PCR. Mice (4 in the surotomycin group and 5 each in the metro-
nidazole, vancomycin, and control groups) received daily oral antibiotic treat-
ment for 5 days (day 0 to day 5). Error bars represent standard errors.
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resistance to colonization with VRE and C. difficile (23). For
hospitalized patients, a reduction in the abundance of members of
the order Clostridiales was independently associated with an in-
creased risk of nosocomial CDI (24).

Our study has some limitations. The study was conducted us-
ing a mouse model with healthy mice. Additional studies will be
required to confirm that the findings are applicable to patients
with CDI. We studied only one strain each of VRE and K. pneu-
moniae. However, we have shown previously that multiple VRE
and K. pneumoniae strains gave similar results in the mouse model

(12, 13). Finally, we studied only one species of antimicrobial-
resistant Gram-negative bacilli. Further studies that include other
species, such as Acinetobacter spp., are needed.
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