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MBX-500, a Hybrid Antibiotic with In Vitro and In Vivo Efficacy
against Toxigenic Clostridium difficile
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Clostridium difficile infection (CDI) causes moderate to severe disease, resulting in diarrhea and pseudomembranous colitis.
CDl is difficult to treat due to production of inflammation-inducing toxins, resistance development, and high probability of re-
currence. Only two antibiotics are approved for the treatment of CDI, and the pipeline for therapeutic agents contains few new
drugs. MBX-500 is a hybrid antibacterial, composed of an anilinouracil DNA polymerase inhibitor linked to a fluoroquinolone
DNA gyrase/topoisomerase inhibitor, with potential as a new therapeutic for CDI treatment. Since MBX-500 inhibits three bac-
terial targets, it has been previously shown to be minimally susceptible to resistance development. In the present study, the in
vitro and in vivo efficacies of MBX-500 were explored against the Gram-positive anaerobe, C. difficile. MBX-500 displayed po-
tency across nearly 50 isolates, including those of the fluoroquinolone-resistant, toxin-overproducing NAP1/027 ribotype, per-
forming as well as comparator antibiotics vancomycin and metronidazole. Furthermore, MBX-500 was a narrow-spectrum
agent, displaying poor activity against many other gut anaerobes. MBX-500 was active in acute and recurrent infections in a
toxigenic hamster model of CDI, exhibiting full protection against acute infections and prevention of recurrence in 70% of the
animals. Hamsters treated with MBX-500 displayed significantly greater weight gain than did those treated with vancomycin.
Finally, MBX-500 was efficacious in a murine model of CDI, again demonstrating a fully protective effect and permitting near-
normal weight gain in the treated animals. These selective anti-CDI features support the further development of MBX 500 for

the treatment of CDI.

C'Iostridium difficile, a Gram-positive, anaerobic, spore-form-
ing, toxin-producing bacterium (2, 19), was originally defined
as the cause of antibiotic-associated diarrhea and pseudomembra-
nous colitis in 1978 (5). Since then, research has provided a port-
folio of information on the pathophysiology and management of
Clostridium difficile infection (CDI) (4). This clinical syndrome
has a known cause (toxins A and B produced by C. difficile), es-
tablished risk factors (antibiotic exposure, hospitalization, and
advanced age), validated diagnostic tests (stool toxin detection),
and effective treatment (oral vancomycin or metronidazole) (4).
C. difficile has some distinctive features: it causes disease almost
exclusively in connection with antibiotic therapy, it poses a noso-
comial risk, and it produces several toxins in the colon (6). In
patients undergoing antibiotic treatment, perturbation of the
competing intestinal flora promotes a conversion of spores to veg-
etative forms that replicate and produce toxins. The clinical signs
of disease include watery and bloody diarrhea and cramps, with
the characteristic pseudomembranous colitis, a frequently life-
threatening condition (6).

During the past several years, there has been renewed interest
in CDI, reflecting the recognition of a form of the disease that is
more frequent, more severe, and more refractory to standard
treatment (19). Based on PCR analysis, the epidemic strain was
designated ribotype 27 or NAP1/027 (19), which is distinguished
from other strains by increased production of toxins, fluoroquin-
olone resistance, and production of binary toxin CDT, a third C.
difficile toxin that has been associated with increased disease se-
verity (12). Additionally, resistance development to several C. dif-
ficile agents has further complicated treatment (9, 21, 23).

Treatment options for CDI traditionally have been to discon-
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tinue the implicated antibiotics and switch to vancomycin or met-
ronidazole in patients with moderate or severe CDI. These two
antibiotics have been the treatment of choice since the late 1970s,
when the etiology of the disease was discovered. In a recent clinical
trial, the two agents showed similar response rates in patients with
mild infection; however, in patients with severe infection, vanco-
mycin was significantly more effective than metronidazole (30).
The high rate of recurrence of CDI is the most significant chal-
lenge and occurs after cessation of treatment in 20 to 25% of
patients (4), with the frequency increasing in patients who had
one recurrence (40%) or more (>60%) (20). Recurrence may
result from persistence of spores, reinfection from the environ-
ment, or failure to develop a protective immune response (29) but
generally not from resistance to antibiotics (16, 22). Patients who
have repeated recurrences often take multiple courses of metroni-
dazole or vancomycin, pulsed or tapered courses of vancomycin,
or continuous vancomycin (up to 2 years) to control the disease
(4, 15), a regimen that can result in selection of vancomycin-re-
sistant enterococci. Alternative experimental strategies using pro-
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FIG 1 Structure of MBX-500, a hybrid of an anilinuracil (AU) DNA polymerase
inhibitor and a fluoroquinolone (FQ) DNA topoisomerase/gyrase inhibitor.

biotics (26), immunization (27), the administration of nontoxi-
genic C. difficile (25), or a fecal transplant (1) have been used with
mixed results. There are several new treatments for CDI currently
being evaluated in clinical trials (17). Additionally, fidaxomicin, a
natural product macrocycle antibiotic, was approved by the FDA
in 2011 (13), becoming the first drug for CDI to be approved in 20
years (18).

In this report, we demonstrate anti-C. difficile potency of a
prototype drug candidate (MBX-500; Fig. 1) which was designed
as a hybrid antibacterial molecule linking an anilinouracil (AU)
DNA polymerase inhibitor (31) to a fluoroquinolone (FQ) (32)
and developed as an agent to treat antibiotic-resistant Gram-pos-
itive aerobic pathogens (8). We now show that MBX-500 has ac-
tivity across a panel of antibiotic-sensitive and -resistant C. difficile
isolates, including those of the NAP1/027 ribotype, displays much
less activity against a variety of other gut anaerobes, and is active in
two experimental animal models of CDI.

MATERIALS AND METHODS

Materials and bacterial strains. Clindamycin hydrochloride was pur-
chased from Spectrum Chemicals (New Brunswick, NJ) or Sigma-Aldrich
(St. Louis, MO), metronidazole was purchased from Sigma-Aldrich (St.
Louis, MO), moxifloxacin was purchased from IHMA (Schaumburg, IL),
vancomycin hydrochloride (Vancocin) was purchased from Lilly (India-
napolis, IN), and imipenem was purchased from United States Pharma-
copeia. Bacterial strains were purchased from American Type Culture
Collection (Manassas, VA) where indicated or represented in-house re-
positories from Micromyx, LLC, R M. Alden, Beth Israel Deaconess Med-
ical Center, or Tufts University Veterinary School.

In vitro antibacterial activity. MICs were determined using the agar
dilution reference method as described in CLSI document M11-A7 (11).
Isolates were subcultured from frozen samples onto brucella K; hemin
blood agar, incubated at 37°C for 72 h, transferred, and incubated again
for 48 h for testing. The comparator antimicrobial agents were reconsti-
tuted according to the manufacturers’ instructions, serially diluted, and
added to molten-supplemented brucella agar. MBX-500 powder was re-
constituted with dimethyl sulfoxide (DMSO) to an initial concentration
of 3.2 mg/ml, serially diluted in DMSO, and added to molten agar to
prepare the plates. Drug-free growth control plates were inoculated before
and after each drug set. Colonies were suspended in brucella broth to
achieve the turbidity of the 0.5 McFarland standard and pipetted into the
wells of the Steers Replicator device. They were applied to the plates with
prongs, delivering a final concentration of approximately 10° CFU/spot.
After absorption of the inoculum, the plates were passed into an anaerobic
incubator and incubated for 44 h. After growth had occurred, the plates
were examined and the MIC was determined as the lowest concentration
of antimicrobial agent that completely inhibited growth or markedly re-
duced growth compared to the drug-free growth control.
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In vivo efficacy acute hamster model. Golden Syrian hamsters,
housed individually in sterile cages, were treated subcutaneously (s.c.)
with 15 mg clindamycin hydrochloride in D5W (5 ml/kg)/kg of body
weight. Twenty-four hours later, all were infected by oral gavage with a
stock mixture of 3 X 10® CFU C. difficile spores (toxigenic strain VPI
10463, ATCC 43255). Eighteen hours later, groups of 6 animals were
treated by oral gavage (10 ml/kg) with 50 mg/kg of vancomycin hydro-
chloride dissolved in deionized (DI) water or with MBX-500 suspended in
DI water or were left untreated. The treatments were repeated twice daily
for a total of 3 days. Animals were observed closely for signs and symp-
toms of disease for 5 days postinfection, when survivors were counted.
Necropsies were performed on dead and euthanized animals. The Xpect
Clostridium difficile toxin immunochromotographic A/B test (Remel) was
used in selected animals. Intestinal fluids were collected and tested for A/B
toxins according to kit instructions. Because the kit has not been validated
for use in animal CDIs, the results were interpreted qualitatively and not
quantitatively.

In vivo efficacy-recurrent hamster model. Groups (n = 10 to 14) of
Golden Syrian hamsters, housed in groups of two, were given a single
injection of clindamycin phosphate (10 mg/kg s.c.) on day 0, and 1 day
later (day 1) they were infected by oral gavage with 10> spores of C. difficile
(toxigenic strain VPI 10463) (3). MBX-500 was suspended in phosphate-
buffered saline (PBS) and administered orally at a dose of 200 mg/kg ~2 h
after C. difficile challenge to 14 hamsters and thereafter once daily for 5
days. The control group (n = 10 hamsters) received no oral C. difficile
challenge and no treatment, the vehicle-treated control group (n = 10
hamsters) was infected and treated with vehicle, and the vancomycin
group (n = 14 hamsters) was infected and received vancomycin 50 mg/kg
orally 2 h after challenge and thereafter once daily for 5 days. Animals were
weighed daily, monitored for diarrhea, and euthanized when moribund.

In vivo efficacy mouse model. C57BL/6 mice, housed in groups of five
per cage, were administered a mixture of antibiotics (kanamycin [40 mg/
kg/per day], gentamicin [3.5 mg/kg/day], colistin [4.2 mg/kg/day], met-
ronidazole [21.5 mg/kg/day], and vancomycin [4.5 mg/kg/day]) in drink-
ing water for 3 days to overcome the resistance of conventional mice to
CDI (10). Mice were left untreated for 2 days and then given a dose of
clindamycin (10 mg/kg) intraperitoneally to facilitate C. difficile disease.
On the following day, mice were challenged by oral gavage with 1 X 10°
CFU of C. difficile (UK1) spores. Groups of mice (n = 10) were treated
with 100 mg/kg MBX-500 once daily, 50 mg/kg vancomycin once daily, or
vehicle (1% carboxy-methyl cellulose [CMC]) alone, beginning 4 h post-
challenge and continuing for 4 days. Clinical signs of CDI, weight loss, and
survival were monitored daily for 7 days after treatment ended.

RESULTS

MBX-500 is active against C. difficile but not against most other
Gram-positive and Gram-negative anaerobes. The antibacterial
potencies of MBX-500 and several comparator antibiotics were
tested against a series of single Gram-positive and Gram-negative
anaerobes, species that are normally found populating the gut
(Table 1). Among the Gram-positive anaerobes, MBX-500 dis-
played the greatest relative potency against C. difficile (by a factor
of 2- to 32-fold), with the exception of a few species. Interestingly,
MBX-500 had no activity (at 32 pg/ml) against one of the strains
of the closely related species C. perfringens or against members of
the Bifidobacterium and Lactobacillus genera. We also observed
little or no potency of MBX-500 against the Gram-negative anaer-
obes (with the exception of the Fusobacterium species). In con-
trast, the comparator antibiotics, metronidazole, imipenem, and
clindamycin, were very active against both Gram-positive and
Gram-negative species, with metronidazole, a clinically relevant
C. difficile antibiotic, demonstrating activity against all anaerobes
tested. Additionally, most of the Gram-positive species tested

aac.asm.org 4787


http://aac.asm.org

Butler et al.

TABLE 1 MICs for MBX-500 and comparator antibiotics against individual Gram-positive and Gram-negative anaerobes

MIC (pg/ml)*

Anaerobe (ATCC no.) MBX-500 Vanco Metro Imipenem Clinda

Gram positive
Bifidobacterium longum (15707) >32 0.5 0.06 8 =0.03
Bifidobacterium infantis (15702) >32 ND =0.03 2 =0.03
Bifidobacterium breve (15698) >32 2 1 2 =0.03
Bifidobacterium bifidum (15696) >32 ND =0.03 1 =0.03
Clostridium perfringens >32 0.5 0.5 2 >16
Clostridium perfringens 2 ND 2 0.12 2
Clostridium difficile 4 1 8 >16 8
Clostridium difficile 1 0.5 8 0.25 >16
Eubacterium lentum (43055) >32 2 0.5 0.25 0.12
Lactobacillus acidophilus >32 2 0.12 >16 4
Lactobacillus casei >32 >16 0.25 >16 2
Lactobacillus plantarum (39268) >32 ND 2 >16 0.25
Peptostreptococcus anaerobius 1 ND 0.06 0.5 =0.03
Peptostreptococcus micros 8 ND =0.03 >16 8
Propionibacterium acnes >32 ND =0.03 >16 0.06
Streptococcus constellatus (27823) 8 ND 0.06 >16 0.25
Streptococcus intermedius (27335) 8 ND 0.06 >16 >16

Gram negative
Bacteroides fragilis >32 ND 0.5 1 2
Bacteroides ovatus 2 ND 0.25 1 2
Bacteroides thetaiotaomicron >32 ND 0.5 1 >16
Bacteroides vulgatus >32 ND 0.5 2 1
Eikenella corrodens (43278) >32 ND 0.25 >16 >16
Fusobacterium nucleatum (25586) 0.06 ND =0.03 =0.03 =0.03
Fusobacterium necrophorum (25286) =0.03 ND =0.03 =0.03 =0.03
Porphyromonas asaccharolytica 2 ND =0.03 1 0.12
Prevotella melaninogenica 32 ND =0.03 0.25 =0.03
Prevotella spp. 8 ND 0.06 0.5 2
Veillonella parvula (17745) 4 ND =0.03 1 0.06

“ Vanco, vancomycin; Metro, metronidazole; Clinda, clindamycin; ND, not determined.

were sensitive to vancomycin, another clinically relevant antibi-
otic.

MBX-500 exhibits potency comparable to that of vancomy-
cin and metronidazole against multiple C. difficile isolates.
When tested against 16 C. difficile clinical isolates, MBX-500 dis-
played a MIC,, value of 2 pg/ml and a narrow potency range of 0.5
to 2 pg/ml (Table 2). MBX-500 was equipotent with vancomycin
and metronidazole and more potent than clindamycin and imi-
penem. The isolates used in this experiment were not typed, so
there was no indication of whether any were toxigenic and/or
fluoroquinolone resistant. To assess more clinically relevant iso-
lates, MBX-500 was then tested against 30 defined moxifloxacin-
resistant isolates, including 14 NAP1/027 types and 16 isolates that
were resistant to one or more other antibiotic in addition to moxi-
floxacin (13 were erythromycin resistant, 13 were clindamycin
resistant, and 8 were linezolid resistant) (Table 3). The results in
Table 3 demonstrate that MBX-500 displayed excellent potency
against the panel of 30 isolates, including NAP1/027 isolates as
well as isolates carrying various antibiotic-resistant phenotypes,
with only a 2-fold increase in the MIC,, value compared to that of
noncharacterized isolates (Table 2). More specifically, MBX-500
maintained the same MIC,, for the NAP1/027 strains (Table 3)
(14 of 30 isolates), all of which are moxifloxacin resistant, com-
pared with that of the nonresistant strains. These results demon-
strate that MBX-500, although part fluoroquinolone in structure,
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maintains good potency against fluoroquinolone-resistant C. dif-
ficile isolates. These results also suggest that hybrid antibacterials
will not play a role in providing a selective advantage for the epi-
demic NAP1/027 strains, a role that fluoroquinolones have played
in the emergence of this strain (19).

MBX-500 displays efficacy in both acute and recurrent CDI
in hamsters. In vivo efficacy of MBX-500 in acute infections was
assessed in Golden Syrian hamsters. Clindamycin-pretreated
hamsters were infected by oral gavage with C. difficile, and 18 h
later antibiotic treatment was initiated. C. difficile-infected and
untreated animals displayed the symptoms of colitis (e.g., bloated
abdomen, wet tail, diarrhea, and low-activity level); all animals
died by 136 h postinfection, and stool samples collected from dead
hamsters were positive for toxins A and B (data not shown). When
dosed with vancomycin or MBX-500, all animals survived for 6
days postinfection and 3 days beyond the end of treatment (Fig. 2).
All drug-treated hamsters were healthy and completely free of
clinical symptoms of the disease throughout the experiment. Ad-
ditionally, stool samples collected from MBX-500 or vancomycin-
treated hamsters at the end of the study were completely negative
for toxins A and B (data not shown).

Efficacy of MBX-500 was subsequently tested in a 30-day
model of recurrent CDI, in which disease is initially cured, and
once treatment has been stopped, infection may recur. Similar to
the previous experiment, in the acute phase of the infection (up to
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TABLE 2 MICs for 16 C. difficile isolates

Hybrid Antibiotics for Clostridium difficile Treatment

MIC (u.g/ml)
Micromyx strain MBX-500 Vancomycin Metronidazole Clindamycin Imipenem
QC strain ATCC 4381 1 1 0.5 4 2
3579 2 1 0.25 16 4
3580 2 1 0.5 8 4
3581 1 1 1 >16 4
3582 2 0.25 0.25 0.5 0.5
3584 1 0.5 0.5 8 4
3585 2 0.5 0.5 8 4
3586 1 0.5 0.5 8 4
3587 2 1 1 8 4
3588 0.5 2 0.5 8 1
3589 2 0.5 1 >16 4
3590 1 1 0.5 8 4
3591 1 2 0.5 8 4
3593 2 0.5 0.5 8 >8
3594 1 1 1 >16 4
3595 1 1 1 >16 8
1209 2 1 0.5 4 ND*
MIC,, 2 2 1 >16 8
MIC;, 1 1 0.5 8 4
MIC range 0.5-2 0.25-2 0.25-1 0.5->16 0.5->8

“ND, not determined.

day 6), MBX-500, dosed orally at 200 mg/kg daily, provided 100%
protection from death, as did the control antibiotic, vancomycin
(Fig. 3A). In the second phase of infection, recurrence was mea-
sured with death as an outcome. Four of 14 animals treated with
MBX-500 succumbed to recurrent CDI on day 9 (Fig. 3A), and the
remainder (71%) survived until the end of the study on day 29.
Similarly, the vancomycin-treated animals exhibited a 71% sur-
vival rate after recurrence occurred on days 15 to 20. The second-
ary measurement during the 29-day study was weight gain. Daily
weights, plotted with error bars (Fig. 3B), in the early days of the
study (i.e., up to day 10) showed that weight gain in uninfected
control animals was significantly greater than in the MBX-500-
and vancomycin-treated animals (P < 0.001), while the MBX-500
and vancomycin-treated groups were not significantly different
from each other (P = 0.14). Interestingly, by the last day of the
experiment, both the MBX-500 and vancomycin-treated groups
were gaining weight. However, the weight gain for MBX-500 was
significantly higher than that for vancomycin (P < 0.001), al-
though still significantly different from the uninfected/untreated
control group (P < 0.05). In the past, an observation of improved
weight gain has correlated with less severe disease as quantified by
histopathological injury (3). These results suggest that MBX-500
may be as efficacious as vancomycin at the selected doses.
MBX-500 treatment at 100 mg/kg reduces disease severity
and prevents mortality in mice. Mice develop typical CDI after
multiple-antibiotic treatment and C. difficile inoculation (10, 28).
Using this murine CDI model, we evaluated the therapeutic im-
pact of MBX-500 on CDI. MBX-500 was administered to 1 group
of mice at 100 mg/kg dosed once per day, and MBX-500-treated
mice were compared to vehicle-treated or vancomycin-treated (50
mg/kg once per day) mice. All drugs were given 4 h after C. difficile
oral challenge and continued over 4 days. All vehicle-treated mice
developed severe diarrhea within 24 h after challenge, and 40% of
them succumbed within 48 h. MBX-500 treatment (100 mg/kg)
delayed the onset of the diarrhea as well as the severity of the
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disease, with 100% survival (Fig. 4A). Vancomycin prevented
mice from developing CDI during the entire course of treatment,
but the mice started to display severe CDI and weight loss, and
20% of mice succumbed within 4 to 6 days after stopping the
treatment (Fig. 4A). Consistent with the disease manifestation,
vancomycin prevented weight loss during the treatment, but all
these mice experienced sharp weight loss after withdrawing the
antibiotic (Fig. 4B). In contrast, the MBX-500 treatment group
lost weight initially but then began to regain weight 4 days post-
challenge and continued to gain weight after the last dose had been
administered.

DISCUSSION

Current antibiotics for C. difficile treatment, including vancomy-
cin and metronidazole, are suboptimal, with significant rates of
treatment failures and recurrence. Add to that worsening clinical
outcomes, including increasing mortality, the emergence of resis-
tance to metronidazole, and rising incidence of vancomycin resis-
tance in enterococci, and the need for new anti-C. difficile agents is
clear (17). Indeed, the recent approval of fidaxomicin is evidence
of the therapeutic need. Desirable characteristics of an antimicro-
bial agent for treating CDI include selectivity for C. difficile, a high
local concentration in the colon, and low rates of resistance. Based
on the results presented here and other unpublished findings,
MBX-500 appears to meet those criteria. For example, MBX-500
is not a broad-spectrum antibacterial agent and therefore will be
less likely than vancomycin and metronidazole to cause recur-
rence since it should not decimate the native intestinal microflora.
In addition, MBX-500 demonstrates very low oral bioavailability
(T. Bowlin, unpublished observation), which is expected to pro-
vide higher concentrations in the gut at the location of C. difficile
infection. In this regard, MBX-500 offers a clear advantage over
drugs which are absorbed systemically, such as metronidazole.
Finally, we have shown that treatment with the hybrid antibacte-
rial MBX-500 is less likely to select resistance mutations since the

aac.asm.org 4789


http://aac.asm.org

Butler et al.

TABLE 3 MICs for 30 C. difficile isolates with antibiotic resistances”

RM. Alden MIC (ug/m)

strain Phenotype MBX-500 Moxi Vanco Metro
QC strain Sensitive 2 2 1 0.5
8826 Er CI' Te" 4 32 1 0.25
8827 Er" CI" Sy" 4 32 1 0.25
8830 Er CI' Te" 4 32 1 0.25
8831 Er* 4 2 1 0.25
8832 Er" CI" Sy" Lz" 2 2 1 0.25
8834 Er" CI"Sy"Im" Te" Lz" 4 32 1 0.5
9400 Er* CI" Sy" Te" 2 32 1 0.25
10540 Er" CI" Te" 1 2 1 0.5
11788 Er' Im" 2 32 4 1
12019 Te" 2 2 0.5 0.25
13879 Er" CI" Sy" Im" Te" 4 32 1 0.5
16277 Er* CI" Sy" 4 32 4 0.25
16278 Er* CI' Sy" Lz" 2 32 4 0.25
16282 CI"Im" Lz" 4 32 1 0.25
16286 Er* CI" Sy Lz* 2 32 1 0.25
16458 Cl"Lz" 2 32 1 0.5
19556 NAP1/027 2 32 1 2
19560 NAP1/027 2 64 1 2
19562 NAP1/027 2 64 1 2
19565 NAP1/027 2 32 1 1
19566 NAP1/027 2 32 1 1
19567 NAP1/027 2 16 1 1
19569 NAP1/027 2 32 1 1
19571 NAP1/027 2 32 2 1
19574 NAP1/027 2 64 1 2
19575 NAP1/027 2 64 1 2
19643 NAP1/027 2 32 1 1
19645 NAP1/027 4 16 4 1
19646 NAP1/027 2 32 1 4
19647 NAP1/027 2 32 1 1
MIC,, 4 64 4 2
MIC;, 2 32 1 1
MIC range 1-4 2-64 054 0254

“ 1, resistant; Er, erythromycin; Cl, clindamycin; Te, tetracycline; Sy, synercid; Lz,
linezolid; Im, imipenem; NAP1/027, North American pulse-field type 1, ribotype 27;
Moxi, moxifloxacin; Vanco, vancomycin; Metro, metronidazole.

hybrid mimics the administration of two drugs targeting three
separate bacterial enzymes: the replicative DNA polymerase,
topoisomerase, and gyrase (8). The results of this study provide
details on the in vitro and in vivo potencies of MBX-500 for CDI.

The in vitro MIC values for MBX-500 against individual iso-
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lates of a wide range of anaerobic gut pathogens suggest that the
compound is rather selective for C. difficile. In addition, MBX-500
has broad activity across C. difficile isolates (Tables 2 and 3), in-
cluding those with resistance to multiple antibiotics. When poten-
cies for antibiotic-sensitive (Table 2) and antibiotic-resistant (Ta-
ble 3) isolates were compared, the fact that the MBX-500 MIC,,
values increased only slightly, from 2 to 4 g/ml, within experi-
mental error for this type of assay, was noteworthy due to the fact
that at least 26 of the isolates were fluoroquinolone (FQ) (moxi-
floxacin) resistant and the activity of MBX-500 is, at least in part,
due to its FQ component. We have previously shown in other
Gram-positive species that cross resistance among anilinouracil
(AU)- and FQ-resistant mutants and double mutants indicates
that the hybrid acts in the intact cell by targeting both the poly-
merase and topoisomerase/gyrase activities (8). This appears to
hold true for C. difficile, although it would be prudent to generate
an AU-resistant isolate to fully evaluate cross-resistance. Further-
more, MBX-500 displayed the same MIC,, for the NAP1/027
strains (Table 3, 14 of 30 isolates) as it did for the nontoxigenic
strains. These results suggest that this hybrid antibacterial may not
play a role in providing a selective advantage for the epidemic
NAP1/027 strains, a role that FQs have played in the emergence of
this strain (19).

MBX-500 was as efficacious as vancomycin (50 mg/kg once
daily) in acute (<5 days) infections, with doses of 100 mg/kg once
daily (hamster) and 50 mg/kg once daily (mouse) providing com-
plete protection (Fig. 2 and 4A). The required efficacious dose for
MBX-500 is expected to be lower once an optimal formulation
(solution instead of suspension) has been identified.
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In the recurrent hamster model, the recurrence rates for MBX-
500 and vancomycin were identical (29%), although the timing
was delayed for vancomycin (Fig. 3A). Interestingly, although
hamsters treated with MBX-500 and vancomycin demonstrated
lower weight gains than the uninfected control animals during the
acute phase of CDI (Fig. 3B), the animals treated with MBX-500
gained weight at the same rate as uninfected controls during later
stages of the study. In the recurrent murine infection, MBX-500
(100 mg/kg, once daily) outperformed vancomycin, providing
complete protection from recurrence for 12 days postinfection
(Fig. 4A). In contrast, vancomycin dosed at a similar level (50
mg/kg once daily) provided only 80% protection. Weight obser-
vations in the mice were similar to those in the hamster model.
After withdrawal of treatment, the vancomycin-treated animals
continued to lose weight, whereas the MBX-500-treated mice
gradually regained weight. In previous studies, observations of
improved weight gain have correlated with less severe disease as
quantified by histopathological injury (3). These results suggest
that MBX-500 may be useful as a first-line agent or in salvage
therapy for recurrent infections.

The fact that MBX-500 demonstrates a decrease in recurrence
rates over vancomycin merits further studies. The newly approved
CDI antibiotic fidaxomicin exhibits a statistically significant re-
duction in recurrence of CDI for non-NAP1/027 strains of C.
difficile compared to vancomycin (7.8% versus 25.5%); however,
there was no difference in recurrence rates for those patients in-
fected with the NAP1/027 ribotype (24.4% versus 23.6%), desig-
nating fidaxomicin as noninferior to vancomycin rather than su-
perior (18). MBX-500 has the potential to increase treatment
options for recurrent CDI caused by toxigenic strains, especially
those with the NAP1/027 ribotype, based on the promising in vitro
results with the NAP1/027 isolates and its in vivo potency against
other toxigenic isolates.
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In summary, we have identified a novel hybrid antibacterial,
MBX-500, representing dual mechanism activities of an AU DNA
polymerase inhibitor and an FQ topoisomerase/gyrase inhibitor.
Although hybrid molecules containing an FQ moiety have been
evaluated in the past (7, 14, 24), no group has linked a novel,
unexploited DNA polymerase inhibitor to the FQ moiety. Further
refinement of this new class of antibiotics selectively targeting C.
difficile may provide a new weapon against the highly virulent,
toxigenic NAP1/027 strain that is causing epidemics in U.S. hos-
pitals and worldwide. MBX-500 is ideally suited for this applica-
tion since it is administered orally, is locally active with no sys-
temic absorption, and has a narrow spectrum of activity, avoiding
the decimation of normal gut microflora, a key risk factor for
recurrence of CDI. Finally, use of a triple-target agent such as
MBX-500 will likely reduce the rate of resistance compared to that
of a single-target agent.
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