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Background. We hypothesized that tacrolimus, an inhibitor of the calcineurin pathway, would enhance the in
vivo activity of posaconazole against Rhizopus oryzae, the Mucorales species most commonly associated with
mucormycosis.

Methods. We examined patterns of growth inhibition and fungicidal activity of posaconazole and tacrolimus,
alone and in combination, against R. oryzae in vitro, using multiple methods (ie, hyphal metabolic and fluorescent
vital dye reduction assays and measurement of chitin concentrations), and in vivo, using 2 mucormycosis models:
an invertebrate model (Drosophila) and a nonlethal murine model of cutaneous mucormycosis.

Results. Combinations of posaconazole and tacrolimus were synergistic in checkerboard assays for 4 clinical
isolates of R. oryzae (48-hour fractional inhibitory concentration index, 0.187–0.281). Pharmacodynamic analysis
of the combination revealed that the 90% effective concentration threshold of posaconazole activity against R.
oryzae could be achieved with 2-fold lower drug concentrations (0.5–1 mg/L) when administered with tacrolimus
(0.007–2 mg/L). In vivo, combination therapy was associated with improved survival in the fly model of mucor-
mycosis (65% vs 57% posaconazole alone) and with significant reductions in cutaneous lesions and R. oryzae
fungal burden, compared with animals that received posaconazole monotherapy, in the cutaneous model of mu-
cormycosis.

Conclusions. Combination posaconazole-tacrolimus therapy displays synergism in vitro and improved anti-
fungal efficacy in vivo in 2 phylogenetically distinct models of mucormycosis.
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Mucormycosis is an aggressive and often lethal oppor-
tunistic fungal infection that is increasing in frequency
among immunocompromised populations, especially
patients with leukemia who undergo hematopoietic
stem cell transplantation (HSCT) [1–3]. The wide-
spread use of anti-Aspergillus active antifungals with

limited activity against Mucorales (ie, voriconazole) [1],
transfusional hemochromatosis, and corticosteroid-
associated hyperglycemia are risk factors that may pre-
dispose a subset of hematology patients to this infec-
tion [4–6]. Mucorales are resistant to many antifungal
agents and can only be controlled with timely admin-
istration of amphotericin B (occasionally used in
combination with echinocandins) and posaconazole.
Unfortunately, many patients still die from mucormy-
cosisdespite intensivemedicalandsurgical interventions,
thus highlighting an urgent need for new treatment
strategies [7].

Tacrolimus is a macrolide lactone immunosuppres-
sive agent widely used after solid-organ and allogeneic
HSCT to prevent graft rejection and modulate graft
versus host disease [8]. Tacrolimus binds to the in-
tracellular protein immunophilin FKB12, thereby in-
hibiting activation of the calcineurin pathway and
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interleukin 2 transcription in T cells [8]. In pathogenic fungi,
the evolutionarily conserved calcineurin pathway functions as
an important “circuit” for fungal homeostatic cell responses,
which counteract the damaging effects of antifungals at the
cell membrane and cell wall, as well as contribute to the devel-
opment and maintenance of antifungal resistance [9–11].

Recent genomic analysis of Rhizopus oryzae, the most
common cause of mucormycosis in US transplant recipients
[1], revealed evidence of an ancestral whole-genome duplica-
tion event that expanded gene families related to cell wall syn-
thesis and homeostatic cell responses, compared with more
common molds, such as Aspergillus [12]. This evolutionary
pathway also led to the duplication of genes involved in the
ergosterol biosynthesis pathway—the principle target for posa-
conazole [12]. As a consequence, R. oryzae appears to be ge-
netically well equipped to overcome the toxic effects of
antifungals such as posaconazole [13]. Therefore, simultane-
ous targeting of both ergosterol synthesis and homeostatic cal-
cineurin pathways in R. oryzae could be an important strategy
for enhancing the potency of antifungal agents against this
devastating pathogen.

Although in vitro reports [14–16] have suggested possible
synergy between triazoles and calcineurin inhibitors against
some Aspergillus species and Mucorales, and although a recent
study reported the antifungal efficacy of the mTOR inhibitor ra-
pamycin in the Galleria mellonella (wax moth) model of mucor-
mycosis [17], no published reports have examined the efficacy
of posaconazole-calcineurin inhibitor combinations in animal
models of mucormycosis [18]. Here, we examined the effects of
tacrolimus on posaconazole activity, using several in vitro and
in vivo methods for characterizing antifungal activity against
R. oryzae. We found that tacrolimus significantly enhanced the
potency of posaconazole in vitro and improved survival in
posaconazole-treated flies with invasive mucormycosis. Combi-
nation tacrolimus-posaconazole therapy also improved control
of invasive, necrotizing cutaneous mucormycosis in immuno-
suppressed mice, compared with posaconazole monotherapy.

METHODS

Study Isolates
Four clinical isolates of R. oryzae recovered from patients at
The University of Texas M. D. Anderson Cancer Center
(Houston, TX) were selected for testing. Isolates were identi-
fied by standard morphological criteria, and the genus identi-
fication was confirmed by sequencing of the ITS1-5.8S-ITS2
region of the fungal ribosomal RNA genes as previously de-
scribed [19]. R. oryzae 557969, a clinical strain that was previ-
ously tested by our laboratory in a murine model of
pulmonary infection [20], was selected for additional in vitro
and in vivo analysis. All isolates were grown on yeast extract
agar glucose (YAG) plates for 48–72 hours at 37°C.

Sporangiospores were collected in sterile normal saline with
0.08% Tween 20, washed twice in normal saline, passed
through 40-µm nylon filters (BD Biosciences, Franklin Lakes,
NJ), and enumerated in a hemocytometer, to standardize the
inoculum for in vitro testing.

Drugs and Susceptibility Testing
For in vitro experiments, stock solutions of posaconazole (20
mg/mL; Merck, Rahway, NJ) and tacrolimus (1 mg/mL; Astel-
las Pharma, Deerfield, IL) were prepared at 100-fold higher
concentrations than the highest test concentration in 100% an-
alytical-grade dimethyl sulfoxide (DMSO), according to CLSI
recommendations [21], and were stored in light-protected
containers at 4°C until use. The final test concentration of
DMSO did not exceed 1% in any experimental group, and
solvent controls were included for in vitro tests.

Posaconazole and tacrolimus minimum inhibitory concen-
trations (MICs) and minimum fungicidal concentrations
(MFCs) were determined using methods outlined by the CLSI
[21] and by Espinel-Ingroff et al [22, 23]. Serial dilutions of
posaconazole and tacrolimus (0.002–4 µg/mL) along with
drug-free controls were prepared in Roswell Park Memorial
Institute (RPMI) 1640 medium buffered with MOPS (3-[N-
morpholino]propanesulfonic acid) at a final concentration of
0.165 mol/L at pH 7.0, with glutamine and without bicarbon-
ate. Spores collected on the day of testing were suspended in
the test medium at 0.5–4 × 104 spores/mL, and 100 µL of the
suspension was inoculated into flat-bottom microtiter trays
containing drug and drug-free control wells. Plates were incu-
bated at 37°C for 48 hours, and the MIC was determined at
24 and 48 hours visually and by spectrophotometry as the
lowest drug concentration resulting in 100% growth inhibition.
MFCs were determined at 48 hours as described previously
[22] and were defined as the lowest drug concentration at
which <3 colonies were observed, which corresponded to a
killing activity of ≥99.9%.

In Vitro Drug Combination Studies
The combined activity of posaconazole and tacrolimus was
initially screened in clinical isolates in triplicate on different
experimental days, using the XTT assay in a checkerboard di-
lution array as previously described [24]. To better understand
the magnitude of synergy, the combination index was calculat-
ed for each ratio of the drug combination tested at the 90%
effective concentration (EC90) for R. oryzae 557969, using the
median-effect equation described by Chou and Talalay, as im-
plemented in the Calcusyn 2.0 software package (Biosoft,
Cambridge, United Kingdom) [25]. Briefly, the method is
derived from mass-action law models and accounts for both
the potency (eg, EC50) and shape of the dose-effect curve for
each drug individually and at each ratio of drug concentra-
tions tested in the checkerboard array, to derive a combination
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index that can be interpreted as antagonism (if >1), synergism
(if 0.3–0.9), and strong synergism (if <0.3) [25, 26].

We also directly examined R. oryzae 557969 hyphae cell
injury following exposure to each drug, alone or in combina-
tion, using vital dye staining with mortal cell injury dye
bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC;
Molecular Probes, Carlsbad, CA) [27]. A standardized suspen-
sion of 1 × 105 R. oryzae spores were grown to hyphae in mi-
crocentrifuge tubes with RPMI 1640 medium plus 0.15% (wt/
vol) Junlon (Nihon Junyaku, Tokyo, Japan) at 37°C with
shaking for 18 hours. Tubes were centrifuged at 13 000 × g to
remove the media, and hyphae were resuspended in RPMI
medium containing 2 μg/mL posaconazole, 2 μg/mL tacroli-
mus, a combination of posaconazole and tacrolimus, ampho-
tericin B 2 μg/mL (positive control), or drug-free medium
(negative control). Tubes were then incubated for 6 hours at
37°C with shaking. Hyphae were then washed twice in 3-(N-
morpholino) propanesulfonic acid (MOPS) at pH 7 (designat-
ed MOPS7), and DiBAC was added from 1 mg/mL stock in
100% ethanol at 2 μg/mL in MOPS7. Tubes were incubated
with gentle shaking at ambient temperature in the dark for 1
hour. Samples then were washed twice in MOPS7 and stored
on ice until fluorescent microscopy was performed. Images of
5 separate microscopic fields containing hyphae were acquired
at 200× magnification under a triple-band fluorescent micro-
scope (Olympus BX-51; Olympus, Melville, NY), using fluo-
rescein isothiocyanate (FITC). Analysis of hyphal staining was
qualitative in nature relative to untreated positive and negative
controls.

Finally, the capacity of the combination to reduce fungal
cell biomass in vitro was analyzed using the chitin assay.
Hyphae were grown as described above in a subinhibitory
concentration of posaconazole (0.5 mg/L), alone or in combi-
nation with low (0.015 mg/L) or high (2 mg/L) concentrations
of tacrolimus. The chitin concentrations were then determined
using methods described by Lehmann and White [28]. Exper-
iments were performed in 4 replicates.

In Vivo Toll-Deficient Fly Drug Protection Assay
An established Toll-deficient Drosophila model of invasive
mucormycosis [29] was used to screen the protective efficacy
of posaconazole, alone or in combination with tacrolimus, fol-
lowing a lethal challenge with R. oryzae 557969 sporangio-
spores. A sterile spatula was used to prepare horizontal and
vertical wells in fly media that were filled (200 μL) with a drug
stock solution containing posaconazole 2 μg/mL, tacrolimus
1 μg/mL, or both drugs in combination. Test concentrations
(doses) were selected on the basis of preliminary studies exhib-
iting 40%–60% fly survival of monotherapy regimens without
toxicity. Yeast particles were then added to each trough to
absorb the drug solution and were fed to Tl− flies for 12 hours
following an 8-hour starvation period. Next, non-drug-treated

and drug-treated Tl− flies (n = 240) were infected by pricking
under CO2 anesthesia with a 10-μm needle that was dipped in
an inoculum of 1 × 108 sporangiospores/mL. Serial dilutions of
each inoculum suspension were plated on YAG and incubated
for 18 hours at 30°C to determine the viable spore count. The
flies were then returned to vials containing antifungal-spiked
food that was changed daily for a total of 10 days.

Cutaneous Murine Model of Mucormycosis
Antifungal synergism may be difficult to assess in an acutely
fatal model of mucormycosis. Therefore, we developed a novel
nonlethal skin and soft tissue model of mucormycosis in neu-
tropenic mice that was similar to the cutaneous aspergillosis
model previously described by our group [30]. The animal
model and experiments were developed in accordance with
guidelines and oversight provided by veterinary staff and the
animal use and care and biosafety committee at the University
of Texas M.D. Anderson Cancer Center.

Eight-week-old female BALB/c mice (National Cancer Insti-
tute, Bethesda, MD) weighing 18–20 g were used in all experi-
ments. Mice were immunosuppressed with 3 intraperitoneal
injections of cyclophosphamide (100 mg/kg), 1 each on days 4
and 1 before infection and 1 on day 2 after infection, to main-
tain neutropenia for 5 days after animal inoculation. Addition-
ally, a subcutaneous injection of cortisone acetate (250 mg/kg)
was administered on day 1 before infection, to impair tissue
macrophage clearance of sporangiospores.

Fur was shaved along the right thigh 1 day before infection.
On the day of inoculation, the mice were anesthetized by inha-
lation of 2% isoflurane and received a subcutaneous injection
of 200 μL of R. oryzae conidial suspension (2.5 × 108/mL),
using a sterile 26-gauge needle, in the right thigh area. Anti-
fungal treatment was started within 30 minutes of infection,
with saline (control), posaconazole 40 mg/kg in an oral sus-
pension by gavage once daily, tacrolimus 1 mg/kg by intraper-
itoneal injection once daily, and posaconazole plus tacrolimus
once daily. Treatment was continued for 7 days with daily
monitoring of animal health and skin lesion size until the
animals were euthanized on day 7 by CO2 asphyxiation. Im-
mediately after euthanization, thigh tissue was excised, ho-
mogenized, and analyzed for tissue fungal burden by
determining tissue chitin concentrations according to
methods described by Lehmann and White [28].

Because of the nonlethal nature of the infection model, no
animals required euthanization for distress or moribund state
before the terminal end point of the study. The posaconazole
dose selected for testing was based on an established dose for
aspergillosis in immunosuppressed murine models [31] and
on preliminary pharmacokinetic studies in our laboratory that
demonstrated that a once-daily 40 mg/kg oral dose maintained
plasma posaconazole trough concentrations of >1 mg/L (data
not shown).
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Infection severity was assessed by daily measurement of
skin lesions by using digital calipers to measure the longest
and shortest diameters of the lesions. The lesion area was ap-
proximated using the following formula: lesion area = π × 0.5
w × 0.5l, where w and l equal the width and length (in milli-
meters) of the lesion, respectively.

Histopathologic examination of thigh tissue was performed
in resected tissue to assess patterns of tissue invasion and
fungal burden. Briefly, necrotic thigh tissue and healthy
margins were resected immediately from euthanized animals,
fixed in 10% formalin, and embedded in paraffin. Tissue sec-
tions were stained with Grocott-Gomori methenamine silver
to aid visualization of hyphae in tissue.

Statistical Analysis
All graphical data were expressed as mean ± standard error of
the mean and compared by the Mann–Whitney U test or the
Kruskal-Wallis test, with Dunn’s posttest for multiple samples
performed when appropriate. Survival curves were compared
by the Mantel-Cox (log-rank) test. Differences were consid-
ered statistically significant when P values were < .05. The
combination index was determined as described previously
[25]. All analyses were performed using JMP 9 (SAS Institute,
Chicago, IL) and the Calcusyn 2.0 software packages (Biosoft).

RESULTS

Posaconazole and Tacrolimus Are Synergistic In vitro Against
R. oryzae
Posaconazole consistently demonstrated 4-fold higher potency
against clinical isolates of R. oryzae, compared with tacrolimus,
with 24-hour median MICs of 0.25 mg/L versus 1.0 mg/L for
tacrolimus (Table 1). Median 48-hour FICs of posaconazole
were 8-fold higher than 24-hour MICs, and 2-fold higher than
corresponding 48-hour MICs. No fungicidal activity was
observed in tacrolimus-exposed isolates over the range of con-
centrations tested. Checkerboard arrays suggested synergism
between posaconazole and tacrolimus against clinical isolates
of R. oryzae, with a 48-hour fractional inhibitory concentra-
tion index of 0.187–0.281.

Tacrolimus enhanced the antifungal potency of posacona-
zole against R. oryzae hyphae, as determined by the checker-
board XTT reduction assay (Figure 1A and 1B). Specifically,
when tested alone, posaconazole reduced R. oryzae hyphal via-
bility by ≥90% at 2 mg/L. A similar magnitude of effect was
achieved with 0.5 μg/mL of posaconazole in the presence of
1 μg/mL of tacrolimus (Figure 1A). Notably, a concentration
of tacrolimus typically encountered in transplant recipients
(0.015 mg/L) significantly enhanced the activity of posacona-
zole concentrations (0.5–1 mg/L) reported in patients receiv-
ing oral posaconazole therapy (Figure 1A) [32].

Derivation of the combination index for fractional drug ex-
posures tested in the checkerboard array confirmed consistent
synergism between sub-EC90 posaconazole concentrations
(0.5–1 mg/L) over a wide range of tacrolimus concentrations
(0.007–2 mg/L) against R. oryzae (Figure 1B). The EC90 com-
bination index for posaconazole-tacrolimus concentrations
against R. oryzae 557969 was 0.31–0.62, with a mean combi-
nation index of 0.5, confirming that an EC90 effect observed
with posaconazole 2 mg/L could be maintained at ≥2-fold
lower posaconazole concentrations (0.5–1 mg/L) when admin-
istered with 0.007–2 mg/L of tacrolimus against R. oryzae
557969. This synergy was also confirmed through analysis of
total cellular chitin concentrations, which were lowest with the
combination regimen versus either drug alone (Figure 1C).

Analysis of synergistic interactions at or just above the EC90

or MFC of posaconazole and tacrolimus are limited with stan-
dard XTT assay procedures, which detect impaired metabolic
activity but not necessarily lethal effects. By using the DiBAC
mortal cell injury dye, we qualitatively observed increased
hyphal damage when R. oryzae was exposed to 2 mg/L of

Table 1. In Vitro Activity of Posaconazole (POS)–Tacrolimus
(TCR) Combinations Against Clinical Isolates of Rhizopus oryzae

Isolate, Drug

MIC, μg/mL,
Median 48-Hour MFC,

μg/mL, Median
(Range)

48-Hour
FIC Index24 hours 48 hours

R. oryzae 557969

POS 0.25 1.0 2.0 (0.5–4) 0.187
POS-TCR … 0.0625 … …

TCR 1.0 1.0 >2 …

TCR-POS … 0.125 … …

R. oryzae 544946

POS 0.25 1.0 2.0 (0.5–4) 0.187

POS-TCR … 0.0625 … …

TCR 1.0 1.0 >2 …

TCR-POS … 0.125 … …

R. oryzae 570983
POS 0.25 1.0 2.0 (0.5–4) 0.187

POS-TCR … 0.0625 … …

TCR 1.0 1.0 >2 …

TCR-POS … 0.125 … …

R. oryzae 529120

POS 0.25 1.0 2.0 (0.5–4) 0.281
POS-TCR … 0.0315 … …

TCR 1.0 1.0 >2 …

TCR-POS … 0.25 … …

Abbreviations: MFC, median fungicidal concentration; MIC, minimum
inhibitory concentration.
a The fractional inhibitory concentration (FIC) index was calculated as (MIC of
POS alone / MIC of POS + TCR combination) + (MIC of TCR alone/MIC of
TCR + POS combination). An index of < 0.5 is indicative of synergy.
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posaconazole and 2 mg/L of tacrolimus in combination
(Figure 1D), suggesting that synergistic lethality may persist at
or above the in vitro EC90 threshold of posaconazole.

Tacrolimus Enhances the In Vivo Activity of Posaconazole in
Experimental Mucormycosis
Monotherapy with posaconazole or tacrolimus significantly
prolonged the median survival time of Tl− deficient flies chal-
lenged with a lethal inoculum of R. oryzae, compared with un-
treated control flies (Figure 2). The highest survival rate at 10
days (65%) was observed in infected flies that were fed the
combination of posaconazole and tacrolimus (P < .001 vs

control) followed by posaconazole alone (57%; P = .004 vs
control) and tacrolimus alone (43%; P = .02 vs control). Mor-
tality curves were not statistically different, however, when
the combination group was compared to the groups that re-
ceived posaconazole alone (P = .47) or tacrolimus alone
(P = .08).

In the neutropenic murine cutaneous model of mucormy-
cosis, inoculation with R. oryzae 557969 resulted in necrotic
skin lesions at the site of inoculation within 48 hours. Lesions
were typically erythematous macules with peripheral enhance-
ment that frequently developed central eschars (Figure 3A).
Skin lesions progressed over 7 days of follow-up and were

Figure 1. Posaconazole (POS) and tacrolimus (TCR) display synergistic interactions in vitro against Rhizopus oryzae. A, Fixed concentrations of TCR
enhance POS inhibition of R. oryzae hyphal viability, as assessed by the XTT reduction assay at 24 hours. Data points represent the mean ± SD of
hyphal viability data from 4 experiments (indexed to drug-free control) for increasing concentrations of POS alone, POS + 0.015 μg/mL TCR, POS + 0.12
μg/mL TCR, and POS + 1 μg/mL TCR. B, POS and TCR exposures display synergistic interactions at concentrations below the 90% effective concentra-
tion (EC90) of POS monotherapy. Combination indexes were calculated from XTT checkerboard arrays at 24 hours, using the multiple drug effect equa-
tions of Chou and Talalay [25, 26]. C, TCR (0.015 and 2 mg/L) enhances the activity of a subinhibitory POS concentration (0.5 mg/L) to reduce R. oryzae
biomass, as determined by measurement of total cell chitin level. Data are presented as mean ± SD of the glucosamine equivalent standard concentra-
tion of chitin analyzed in the assay from experiments performed in 4 replicates. *P < .05 vs control, by the Kruskal-Wallis test with Dunn’s test. D, TCR
2 mg/L enhances POS 2 mg/L hyphal damage, as visualized using DiBAC fluorescent viability dye. Representative micrographs were obtained 24 hours
after drug exposure. Amphotericin B (AMB) 2 μg/mL is a positive control. Increasing fluorescence in DiBAC panels is indicative of membrane damage
and loss of cellular integrity. Images are at original magnification ×200. Scale bar = 15 μm. Abbreviation: OD, optical density.
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not associated with animal death. Mice generally lost up to
10% of their body weight during the initial 4 days of immuno-
suppression, but body weight subsequently stabilized or

increased during the remainder of the experiment. No signifi-
cant differences in animal weights were observed between the
control group and mice that received tacrolimus or posacona-
zole, either alone or in combination.

Treatment of infected animals with oral posaconazole 40
mg/kg significantly reduced the severity (Figure 3A) and area
(Figure 3B) of thigh lesions. The reduction in the thigh lesion
severity correlated with reduced hyphal invasion of subcutane-
ous tissue and muscle, as revealed by histologic analysis
(Figure 3C), and with modest reduction in tissue chitin con-
centrations (Figure 3D). Tacrolimus 1 mg/kg day intraperito-
neally alone was minimally effective at reducing the severity
and size of skin lesions. Thigh tissue of tacrolimus-treated
mice showed extensive hyphal invasion in subcutaneous tissue
and muscle, and tissue chitin concentrations were similar to
those of untreated controls.

In contrast to animals that received monotherapy regimens,
treatment with a combined regimen of posaconazole and ta-
crolimus resulted in near complete prevention or resolution of
erythematous or necrotic macules (Figure 3A), significantly
reduced lesion area as compared to posaconazole alone
(Figure 3B), minimal hyphal invasion and destruction of sub-
cutaneous tissue (Figure 3C), and significant reductions in
tissue chitin concentrations (Figure 3D).

Figure 2. Combination posaconazole (POS) and tacrolimus (TCR) im-
proves survival of Tl-deficient Drosophila challenged with a lethal inoculum
of Rhizopus oryzae. Each treatment group contained 30–40 flies. Median
survival time was 4 days in controls, 7 days in flies fed TCR alone, and >
10 days in flies fed POS alone, or POS plus TCR. P values represent com-
parison versus controls using the Mantel–Cox (log-rank) test.

Figure 3. Combinations of posaconazole (POS) and tacrolimus (TCR) display enhanced activity over either drug alone in an immunosuppressed murine
model of cutaneous mucormycosis (n = 10 mice per treatment group). Necrotic skin lesions were significantly reduced, as revealed by gross examination
(A) and digital caliper measurement (B ) in animals that received the POS 40 mg/kg plus TCR 1 mg/kg combination regimen daily versus controls or
animals that received either drug alone. *P = .001 vs control; **P = .02 vs POS alone. C, Smaller lesion area was associated with reduced hyphal
invasion of subcutaneous tissue and thigh muscle, by histologic analysis. Representative images of tissue collected from necrotic lesions and stained
by Grocott–Gomori methenamine silver before imaging at an original magnification of 200×. Scale bar = 20 μm. D, Combination therapy resulted in a
significantly lower tissue fungal burden, as reflected by analysis of chitin concentrations in tissue. Data are presented as mean values ± SD of glucos-
amine equivalents. *P < .05, by the Kruskal–Wallis test with Dunn’s test.
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DISCUSSION

The calcineurin pathway regulated by the molecular chaperone
Hsp90 has been suggested to be the “Achilles heel” of patho-
genic fungi, because of its central role in a plethora of cell pro-
cesses, including morphogenetic transition and the
development/maintenance of antifungal tolerance and resis-
tance [33–35]. Consequently, selective inhibition of Hsp90 or
the calcineurin pathway in pathogenic fungi could have broad
therapeutic potential, especially if an inhibitor of this pathway
is used in combination with classical antifungal agents that
target the cell membrane or cell wall [34, 36].

Mucorales such as R. oryzae possess an ergosterol biosynthesis
pathway that is genetically similar to that of Aspergillus species
[12], supporting the concept that polyene and triazole antifungal
agents that target this pathway should be therapeutically effective
for both aspergillosis and mucormycosis. However, nearly 50%
of the genes involved in ergosterol biosynthesis in R. oryzae, in-
cluding 14α-demethylase (ERG11), the principal target of tria-
zoles such as posaconazole, are present in multiple copies with
diverged or duplicated protein sequences [12]. This redundancy
and variability in the target of triazole antifungals may contribute
to inherently lower potency and diminished fungicidal effects of
triazoles against Mucorales, relative to Aspergillus [13]. In pa-
tients, the problems of reduced potency are compounded by
pharmacokinetic variability inherent to broad-spectrum triazoles
such as posaconazole, where nearly one-third of patients receiv-
ing the current oral formulation have low or even undetectable
(<0.5 mg/L) plasma concentrations [37, 38].

Given this background, our demonstration of synergy between
a calcineurin inhibitor and posaconazole against R. oryzae raises
a number of intriguing questions. A first question is whether this
synergy is clinically relevant or expected to occur with clinically
used doses of tacrolimus and posaconazole. Although we did not
specifically analyze drug concentrations of either agent in our
Drosophila or cutaneous models of mucormycosis, the doses of
tacrolimus and posaconazole selected for testing in mice have
been previously reported to achieve plasma drug exposures con-
sistent with dosing regimens in humans [31, 39, 40]. Similarly,
our in vitro analysis suggests synergistic interactions between
posaconazole and tacrolimus over a wide range of achievable
concentrations in humans, with a 2-fold enhancement of posaco-
nazole potency at whole-blood concentrations of tacrolimus typi-
cally encountered in patients (0.007–0.015 mg/mL) (Figure 1A)
and at plasma concentrations of posaconazole that have been re-
ported to be borderline therapeutic for aspergillosis (0.5–1 mg/L)
[32, 38]. This finding is also consistent with data from a case
series involving solid-organ transplant recipients that reported
improved response to antifungal therapy for Cryptococcus when
patients were receiving calcineurin inhibitors [41]. However, our
data do not rule out the possibility that the enhanced activity
of the combination could still be affected by an unexpected

pharmacokinetic drug-drug interactions in vivo (ie, posaconazole
increasing the concentrations of tacrolimus, or vice versa).

A second question is whether synergism between posacona-
zole and tacrolimus could be consistently observed across a
wide range of infections, underlying immunosuppression, or
for different Mucorales. Although we observed evidence of en-
hanced posaconazole potency in vivo in 2 phylogenetically dif-
ferent backgrounds, it would be important to formally test the
activity of tacrolimus-posaconazole combinations in neutrope-
nic and corticosteroid-immunosuppressed pulmonary infection
models, as well as in a systemic model of infection in diabetic
ketoacidotic mice, as described by Ibrahim et al [42]. We found
evidence of posaconazole-tacrolimus synergism in vitro in 4
clinical isolates of R. oryzae screened from our institution, but
others have reported that synergy is not uniformly observed in
vitro for all Mucorales species or isolates [14, 15]. Cunningha-
mella bertholletiae, in particular, should be the focus of future
studies, given the higher mortality rates and the high degree of
resistance that have been reported with this species [3, 43].

A final question is whether the narrow therapeutic index of
current calcineurin inhibitors really supports their consideration
as antifungal agents. Although some toxic and immunosuppres-
sive effects could certainly be reduced with limited treatment
durations and therapeutic drug monitoring, the clinical use of a
calcineurin-triazole combination for mucormycosis ultimately
will require a novel agent that selectively targets fungal calci-
neurin pathways without collateral effects in human cells [34].

In conclusion, a combination of 2 common oral agents used
in the transplant patients, tacrolimus and posaconazole, dis-
played synergistic interactions in vitro against clinical isolates
of R. oryzae and evidence of enhanced potency in 2 in vivo
models of mucormycosis. Our findings suggest this strategy
may have therapeutic benefits in humans.
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