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ABSTRACT We compared prophylactic or continuous therapy with the investiga-
tional drug VT-1161 to that with posaconazole in treating murine mucormycosis due
to Rhizopus arrhizus var. arrhizus. In the prophylaxis studies, only VT-1161 resulted in
improved survival and lowered tissue fungal burden of immunosuppressed infected
mice. In the continuous therapy, VT-1161 outperformed posaconazole in prolonging
mouse survival time despite its comparable effect in lowering tissue fungal burden.
These results support the further development of VT-1161 against mucormycosis.
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Mucormycoses are progressive, necrotic, and frequently fatal fungal infections
caused by saprobic fungi of the order Mucorales. Genera associated with invasive

disease in humans include Rhizopus, Mucor, Rhizomucor, Cunninghamella, Lichtheimia,
Saksenaea, and Apophysomyces (1–3). Rhizopus arrhizus is the most common cause of
mucormycosis in the United States (1–3). Although mucormycosis is considered to be
uncommon, the last 3 decades witnessed a steady increase in the incidence of this
infection mainly due to the increasing numbers of patients predisposed to infection
(e.g., diabetics and patients undergoing solid organ or hematopoietic transplantation)
(4–6). The groups at highest risk include immunosuppressed hosts (such as those with
poorly controlled diabetes), neutropenic patients, and patients who use corticosteroids
(1–3). Furthermore, cases of mucormycosis in immunocompetent patients suffering
from severe trauma (e.g., combat-related blast injuries and injuries due to natural
disasters) have been reported (7, 8). The overall mortality rate of mucormycosis can be
as high as 50%, even with appropriate therapy, and approaches 100% in patients with
disseminated disease and central nervous system involvement, as well as in those with
a hematologic malignancy (4, 6, 9–12). Therefore, new treatment modalities, particularly
those used for prophylaxis, might improve the outcome of mucormycosis.

VT-1161 is a novel metalloenzyme inhibitor that targets the biosynthesis of ergos-
terol by selectively inhibiting fungal Cyp51 (13). Through the use of a tetrazole (rather
than the pervasively used triazole) to bind the active site heme iron, VT-1161 may avoid
the toxicities and drug interactions that occur with the azoles secondary to cross-
reactivity with human cytochrome P450 enzymes (13; A. W. Fothergill M. G. Rinaldi, W. J.
Hoekstra, R. J. Schotzinger, W. R. Moore, N. P. Wiederhold, and T. F. Patterson, presented
at 50th Interscience Conference on Antimicrobial Agents and Chemotherapy, Boston,
MA, September 2010). In vitro testing has demonstrated that VT-1161 has intrinsic
antifungal activity in the range of 0.12 to 1 �g/ml against some molds, particularly
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against the order Mucorales (e.g., Rhizopus arrhizus var. arrhizus [14], Lichthemia, and
Cunninghamella spp. [A. W. Fothergill, D. I. McCarthy, D. A. Sutton, E. P. Garvey, W. J.
Hoekstra, W. R. Moore, R. J. Schotzinger, and N. P. Wiederhold, presented at 54th
Interscience Conference on Antimicrobial Agents and Chemotherapy, Washington, DC,
September 2014]) and that this activity is synergistic with the cyclophilin inhibitor
tacrolimus (A. W. Fothergill et al., presented at 54th Interscience Conference on
Antimicrobial Agents and Chemotherapy, Washington, DC, September 2014). Moreover,
we have demonstrated substantial activity of VT-1161 in a delayed-therapy model
against murine mucormycosis caused by R. arrhizus var. arrhizus, the most common
cause of mucormycosis (14). Our objectives in the present study were to measure the
in vivo activity of VT-1161 prophylaxis or continuous therapy of murine mucormycosis
caused by R. arrhizus var. arrhizus.

The animal studies described here were approved by the IACUC of the Los Angeles
Biomedical Research Institute at Harbor-UCLA Medical Center, according to NIH guide-
lines for animal housing and care. Male CD-1 mice (20 to 25 g) (Envigo, Indianapolis, IN,
USA) were used in this study. They were given irradiated feed and sterile water
containing 50 mg/liter Baytril (enrofloxacin; Bayer, Leverkusen, Germany) ad libitum on
day �3 (i.e., 3 days before infection) and then switched to daily subcutaneous (s.c.)
ceftazidime treatment (5 mg/mouse) starting day 0 through day �13 (i.e., 13 days after
infection) with R. arrhizus var. arrhizus. Neutropenia was induced by cyclophosphamide
(200 mg/kg of body weight intraperitoneally [i.p.]) and cortisone acetate (500 mg/kg
s.c.) on days �2, �3, and �8. This immunosuppression regimen resulted in �16 days
of leukopenia with total white blood cell counts dropping from �130,000/cm3 to
almost no detectable leukocytes as determined by the Unopette system (Becton-
Dickinson and Co.).

We assessed orally administered VT-1161 (Viamet Pharmaceuticals, Inc., Durham,
NC) as prophylaxis or continuous therapy for mucormycosis. For efficacy studies,
VT-1161 powder was prepared in 0.5% carboxymethyl cellulose (CMC) (low viscosity)
daily prior to administration to the mice. Because of its clinical use in prophylaxis for
patients at high risk of contracting mucormycosis (e.g., bone marrow transplant pa-
tients), the clinically available oral suspension of posaconazole (POS) (Merck & Co., Inc.)
was used as the comparator antifungal drug. Treatment with antifungal drugs was
given on days �2 through 0 (i.e., prophylaxis) or started on day �2 and continued
through day �4 (i.e., continuous therapy). As a positive-control treatment, we included
a group of mice that were infected with R. arrhizus var. arrhizus and treated with POS
on days �1 through �7 (delayed therapy) (15, 16). All treatments were given by oral
gavage, with VT-1161 administered once daily at 15 mg/kg (14), POS at 30 mg/kg twice
daily (15), and 0.5% CMC vehicle once daily.

Immunosuppressed mice were intratracheally infected with 2.5 � 105 spores of R.
arrhizus var. arrhizus 99-892 (a lung isolate with a VT-1161 MIC of 0.5 �g/ml [14] and a
POS MIC of 0.39 �g/ml [15, 16]) after sedation with isoflurane gas. The primary endpoint
for efficacy was the length of time for infected mice to become moribund.

The survival curves for animals prophylactically treated with VT-1161, POS, or CMC
vehicle control are shown in Fig. 1. Consistent with historical data (14, 15), 90% of
placebo-treated mice died within 2 weeks of infection. Prophylaxis with VT-1161 but
not POS protected mice from R. arrhizus var. arrhizus pulmonary infection. The VT-1161
prophylaxis protection was comparable to that of delayed POS therapy. Median survival
times were 8, 10, �21, and 13 days for placebo, POS prophylaxis, VT-1161 prophylaxis,
and delayed POS therapy, respectively. Long-term survival rates, with surviving mice
appearing healthy, were 10%, 15%, 60%, and 40% for placebo, POS prophylaxis,
VT-1161 prophylaxis, and delayed POS therapy, respectively (Fig. 1A).

Because VT-1161 prophylaxis increased the survival rates of immunosuppressed
mice infected with R. arrhizus var. arrhizus, the effect of drug treatment on the tissue
fungal burden in target organs was determined in new sets of experiments. Mice were
treated prophylactically and then infected as described above. Mice were sacrificed on
day �4 (4 h after the last treatment dose), and their lungs and brains (representing
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primary and secondary target organs, respectively) were harvested and tested for tissue
fungal burden by quantitative PCR (qPCR) (17). Prophylaxis in mice with VT-1161
resulted in an approximately 1 log decrease in lung and brain fungal burdens com-
pared to those of placebo-treated controls (P � 0.05). This reduction in tissue fungal
burden was comparable to the decrease in numbers of CFU elicited by delayed POS
treatment (P � 0.05) (Fig. 1B).

In the continuous-treatment study, POS treatment prolonged the survival of mice
infected with R. arrhizus var. arrhizus to a degree similar to that of the positive-control
delayed POS therapy (21-day survival rates, 45% and 40% for continuous and delayed
POS therapies, respectively). However, continuous treatment with VT-1161 significantly
prolonged survival of mice compared to all treatment regimens, including continuous
and delayed POS therapies, with a 21-day survival rate of 80% and surviving mice
appearing healthy (Fig. 2A). These protective results were further corroborated in a new
set of experiments by a significant reduction in the tissue fungal burden in the lungs
and brains of mice infected and treated continuously as described above compared to
those of placebo-treated mice (P � 0.05) (Fig. 2B).

At the same time that fungal burden was assessed, plasma was collected, and
VT-1161 levels were measured by liquid chromatography-tandem mass spectrometry

FIG 1 Prophylaxis with VT-1161 protects immunosuppressed mice from R. arrhizus var. arrhizus pulmonary
infection. (A) Survival of mice (n � 20 per group from two independent experiments with similar results)
treated prophylactically (day �2 until day 0) with VT-1161 or POS (POS-P) and then infected with R. arrhizus
(average inhaled inoculum, 7.6 � 103 per mouse). Mice treated with POS after infection (i.e., delayed
therapy, starting on day �1 and ending on day �7 [POS-D]) were included as a historical positive control
of efficacy (15). (B) Lungs and brains of mice (n � 17 to 19 per group from two independent experiments
with similar results) were harvested on day �4. Data are expressed as medians 	 interquartile range. *, P �
0.03 versus placebo mice; **, P � 0.008 versus placebo and POS prophylaxis by the log rank test; ‡, P � 0.05
versus placebo by the Wilcoxon rank sum test.

FIG 2 Continuous VT-1161 therapy protects immunosuppressed mice from R. arrhizus var. arrhizus pulmo-
nary infection. (A) Survival of mice (n � 20 per group from two independent experiments with similar
results) treated continuously (day �2 until day �4 after infection with R. arrhizus [average inhaled
inoculum, 7.6 � 103 per mouse]) with VT-1161 or POS (POS-C). Mice treated with POS after infection (i.e.,
delayed therapy starting on day �1 and ending on day �7 [POS-D]) were included as a historical positive
control of efficacy (15). (B) Lungs and brains of mice (n � 17 to 19 per group from two independent
experiments with similar results) were harvested on day �4 after the last dose of treatment. Data are
expressed as medians 	 interquartile range. *, P � 0.05 versus placebo mice; **, P � 0.03 versus placebo,
POS-C, or POS-D by log rank test; ‡, P � 0.05 versus placebo by Wilcoxon rank sum test.
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(LC/MS-MS). As can be seen in Fig. 3, and as expected based on VT-1161’s long oral
half-life (�48 h in the mouse) and therefore greater accumulation with longer dosing,
continuous treatment with VT-1161 demonstrated a 3-fold increase in the drug plasma
level over that after prophylaxis treatment. Both treatments showed VT-1161 trough
plasma levels above the median MIC against R. arrhizus var. arrhizus (15, 16), consistent
with the enhanced efficacy seen in mice treated with this drug. Also, we previously
showed (16) that serum concentration of POS when dosed for 4 consecutive days
(similar to VT-1161 continuous therapy) at 30 mg/kg twice per day resulted in trough
levels that exceeded its MIC (e.g., median serum concentration [25th quartile, 75th
quartile], 8.01 [3.3, 6.9] �g/ml while the MIC of POS against strain 99-892 was 0.39
�g/ml) (15, 16).

Mucormycosis has emerged as an important invasive fungal infection in hemato-
logic malignancy patients (18, 19). These patients often receive prophylaxis with azoles,
including POS, for a long time to prevent fungal infections. Despite the in vitro activity
of POS against Mucorales, breakthrough mucormycosis infections (especially with
Rhizopus species) have been reported among patients who receive POS (20, 21).
VT-1161 was rationally designed to selectively target the fungal CYP51 enzyme rather
than human CYP450 enzymes to reduce potential toxicities while maintaining potency
against fungi (13, 22). VT-1161 has broad-spectrum activities against yeast, dermatophytes,
and endemic fungi (23), as well as some invasive mold species (24; A. W. Fothergill, et al.,
presented at 54th Interscience Conference on Antimicrobial Agents and Chemotherapy,
Washington, DC, September 2014). We previously demonstrated the activity of VT-1161 in
treating established murine mucormycosis due to R. arrhizus var. arrhizus (14). Here, we
show that in prophylaxis and continuous-therapy models, VT-1161 outperformed POS in
prolonging survival of mice infected with R. arrhizus var. arrhizus. The continuous therapy,
which is most clinically relevant, assuming that high-risk patients with outbreak infection
would still receive the drug used for prophylaxis, demonstrated the most enhanced survival
outcome and outperformed all other treatments. However, VT-1161 has a higher MIC
against the other clinically common species of Rhizopus, R. arrhizus var. delemar (14), and its
activity in vivo against other Mucorales is currently unknown. Consequently, the activity of
VT-1161 against experimental mucormycosis in prophylaxis and therapeutic models due to
Mucorales other than R. arrhizus var. arrhizus should be evaluated, given its reported
reduced toxicity and favorable pharmacokinetics compared to those of currently used
azoles and polyenes.
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FIG 3 Mouse plasms levels of VT-1161 measured by LC/MS-MS. Plasma samples (n � 19 mice per group
from two independent experiments with similar results) collected on day �4 (i.e., 4 days after prophylaxis
treatment and 4 h after the last dose administered on day �4 for the continuous therapy). *, P � 0.0001
by Wilcoxon rank sum test.
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