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Objectives: Liposomal amphotericin B (L-AMB) and isavuconazonium sulphate are commonly used
antifungal drugs to treat mucormycosis. However, the efficacy of combination therapy of L-AMB/isavucona-
zonium sulphate versus monotherapy is unknown. We used an immunosuppressed mouse model of
pulmonary mucormycosis to compare the efficacy of L-AMB/isavuconazonium sulphate versus either drug
alone.

Methods: Neutropenic mice were intratracheally infected with either Rhizopus delemar or Mucor circinelloides.
Treatment with L-AMB, isavuconazonium sulphate, or a combination of both started 8 h post-infection and con-
tinued through to Day !4. Placebo mice received vehicle control. Survival to Day !21 and tissue fungal burden
(by conidial equivalent using quantitative PCR) on Day !4, served as primary and secondary endpoints,
respectively.

Results: For mice infected with R. delemar, L-AMB and isavuconazonium sulphate equally prolonged median
survival time and enhanced survival versus placebo (an overall survival of 50% for either drug alone, versus 5%
for placebo). Importantly, combination treatment resulted in an overall survival of 80%. Both antifungal drugs
reduced tissue fungal burden of lungs and brain by �1.0–2.0 log versus placebo-treated mice. Treatment with
combination therapy resulted in 2.0–3.5 log reduction in fungal burden of either organ versus placebo and
1.0 log reduction versus either drug alone. Similar treatment outcomes were obtained using mice infected with
M. circinelloides.

Conclusions: The L-AMB/isavuconazonium sulphate combination demonstrated greater activity versus mono-
therapy in immunosuppressed mice infected with either of the two most common causes of mucormycosis.
These studies warrant further investigation of L-AMB/isavuconazonium sulphate combination therapy as an
optimal therapy of human mucormycosis.

Introduction

Mucorales fungi including Rhizopus and Mucor species cause the
lethal infection mucormycosis in immunocompromised hosts,
such as diabetics in ketoacidosis (DKA), neutropenic patients,
patients undergoing haematopoietic cell or solid organ transplant,
or patients receiving corticosteroids.1–4 The infection can also
occur in immunocompetent patients with severe wounds.5,6

Mucormycosis has an overall mortality rate of >40%. In certain
patient populations, such as those with disseminated brain infec-
tion or those who are persistently neutropenic, mortality can
approach 100%.1–4

Lipid formulations of amphotericin B are considered as first-line
therapy for mucormycosis.1,7 Based on a single-arm open-label
trial and experimental evidence of efficacy,8–11 isavuconazonium
sulphate was approved by the US FDA for the treatment of invasive
mucormycosis, and by the EMA for treatment of mucormycosis
when amphotericin B is not appropriate. Despite the fact that the
two drugs are used as first-line treatment options for mucormyco-
sis, there are no data to support the use of both drugs in combin-
ation therapy. Therefore, we investigated the role of combination
therapy of liposomal amphotericin B (L-AMB)/isavuconazonium
sulphate in treating murine mucormycosis.
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Methods

Mucorales and culture conditions

Rhizopus delemar 99–880 and Mucor circinelloides f. jensenii 131 are clinical
isolates obtained from the Fungus Testing Laboratory at the University
of Texas Health Sciences Center at San Antonio (UTHSCSA). The MICs of
isavuconazonium sulphate for R. delemar and M. circinelloides were
0.125 and 4.0 mg/L, respectively. The MIC of L-AMB for both strains was
0.25 mg/L. The organisms were grown on potato dextrose agar (PDA) for
4–7 days at 37�C. The sporangiospores were collected in endotoxin-free
PBS containing 0.01% Tween 80, washed with PBS and then counted with a
haemocytometer to prepare the final concentration.

Immunosuppression
Male CD-1 mice (20–25 g from Envigo, Indianapolis, IN, USA) were used in
this study. Neutropenia was induced by cyclophosphamide [200 mg/kg,
intraperitoneally (IP)] and cortisone acetate [500 mg/kg, subcutaneously
(SC)] on Days #2, !3 and !8 relative to infection. This treatment regimen
results in �14 days of leukopenia with total WBC count dropping from
�130 000/cm3 to almost no detectable leukocytes, as determined by the
Unopette system (Becton, Dickinson and Co.).12 To prevent bacterial
infection, 50 mg/L Baytril (enrofloxacin, Bayer, Leverkusen, Germany) was
added to drinking water on Day #3, then switched to daily ceftazidime
(5 mg/mouse, SC) treatment starting on Day 0 through to Day!13.13

Infection and treatment
Neutropenic mice were intratracheally infected with 2.5%105 spores of
R. delemar or 2.5%106 spores of M. circinelloides using a gel-loading tip
after sedation with isoflurane gas.12 Following inoculation, three mice were
sacrificed and their lungs harvested for quantifying the delivered fungal in-
oculum by quantitative culturing on PDA containing 0.1% Triton X-100.
Treatment with IV injection of 10 mg/kg once daily (q24h) L-AMB (Gilead
Sciences Inc., Foster City, CA, USA), oral isavuconazonium sulphate (Astellas
Pharma US, Inc., Northbrook, IL, USA), equivalent to 56 mg/kg isavuconazo-
nium sulphate given thrice daily (q8h), or a combination of both started 8 h
post-infection and continued through to Day !4. Placebo mice received
vehicle control. The primary and secondary endpoints were time to mori-
bundity of infected mice and tissue fungal burden in lungs and brains

(primary and secondary target organs) using conidial equivalent (CE) by
quantitative PCR, respectively.14

Ethics
Animal studies were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Lundquist Institute at Harbor-UCLA Medical
Center, according to the NIH guidelines for animal housing and care.
Approval reference number 22331.

Statistical analysis
The non-parametric log-rank test was used to determine differences in
survival. Differences in tissue fungal burdens were compared by the non-
parametric Wilcoxon rank sum test for multiple comparisons. P values of
<0.05 were considered significant.

Results and discussion

L-AMB and isavuconazonium sulphate are equally
effective and act synergistically against murine
mucormycosis due to R. delemar

In two independent experiments, neutropenic mice (n = 10 mice/
group/experiment for a total of 20 mice/group) were infected with
R. delemar and treated with either monotherapy or the combin-
ation of L-AMB and isavuconazonium sulphate. As previously
reported,11 L-AMB and isavuconazonium sulphate monotherapy
had equivalent ability to prolong overall survival of neutropenic
mice infected with R. delemar with�50% survival for either mono-
therapy versus 5% survival of placebo-treated mice. L-AMB and
isavuconazonium sulphate monotherapy also prolonged
median survival time to 19 and 16 days, respectively, versus
8 days for placebo. Importantly, mice treated with the L-AMB/
isavuconazonium sulphate combination showed enhanced
overall survival of 80% that was statistically better than either
monotherapy. Furthermore, combination therapy had a median
survival time of >21 days, which was better than the median
survival time of either monotherapy treatment (Figure 1a).
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Figure 1. Combination therapy of L-AMB and isavuconazonium sulphate (ISAV) synergistically protects mice from R. delemar infection. (a) Mice sur-
vival (n = 20/group from two independent experiments with similar results) were infected intratracheally (average inhaled inoculum of 2.9%103

spores). *P < 0.002 versus placebo, **P < 0.0001 versus placebo and P < 0.05 versus either drug alone. (b) Tissue fungal burden of lungs or brain
(expressed as CE/g tissue) of mice (n = 10) euthanized on Day !4 post-infection. P values are shown on each graph and conducted by Wilcoxon rank
sum test.
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Surviving mice appeared healthy when the experiment was
terminated on Day 21 post-infection.

Because combination treatment showed enhanced survival of
mice infected with R. delemar over monotherapy, the effect of
L-AMB/isavuconazonium sulphate treatment on the tissue fungal
burden in target organs was determined. Mice (n = 10/group)
were infected and treated as above. Six hours after the last
treatment on Day !4, mice were sacrificed and their lungs and
brains harvested and processed for tissue fungal burden. Either
monotherapy reduced tissue fungal burden of both organs by
�1.0–2.0 log versus placebo-treated mice. Consistent with the
survival data, treatment with combination therapy resulted in
2.0–3.5 log reduction compared with placebo and 1.0 log reduction
versus either drug alone (Figure 1b). Thus, L-AMB/isavuconazo-
nium sulphate combination therapy is better than monotherapy
in this model of pulmonary mucormycosis due to R. delemar.

L-AMB and isavuconazonium sulphate are equally
effective and act synergistically against murine
mucormycosis due to M. circinelloides

Although mucormycosis is commonly caused by Rhizopus
species,4 we wanted to confirm the synergy between L-AMB and
isavuconazonium sulphate against another Mucorales that is
known to cause human mucormycosis. Neutropenic mice were
infected with M. circinelloides and treated with either monotherapy
or the L-AMB/isavuconazonium sulphate combination, as above.
In two independent experiments (n = 10 mice/group/experiment
for a total of 20 mice/group), L-AMB or isavuconazonium sulphate
resulted in an equivalent ability to enhance overall survival of neu-
tropenic mice infected with M. circinelloides with �50% survival
versus 15% survival of placebo-treated mice. L-AMB and isavuco-
nazonium sulphate monotherapy also prolonged median survival
time to >21 and 20 days, respectively, versus 11 days for placebo.
These results are consistent with the equally documented activity
of L-AMB and isavuconazonium sulphate in prolonging survival of
mice infected with M. circinelloides.10 Similar to the results

obtained with R. delemar-infected mice, combination treatment
with L-AMB/isavuconazonium sulphate prolonged median survival
time to >21 days and showed enhanced overall survival of 85% of
mice infected with M. circinelloides that was statistically better
than either monotherapy (Figure 2a). Surviving mice appeared
healthy when the experiment was terminated on Day 21 post-
infection.

To confirm the superiority of combination treatment in
mice infected with M. circinelloides, we evaluated the ability of
monotherapy or combination therapy in clearing fungal burden of
target organs. Mice (n = 10/group) were infected, treated and
sacrificed on Day !4, 6 h after the last treatment. Both antifungal
drugs reduced tissue fungal burden of lung and brain by
�0.7–1.5 log versus placebo-treated mice. Consistent with the
survival data, treatment of mice with combination therapy
resulted in enhanced 2.0–2.5 log reduction compared with placebo
and 1–1.5 log reduction versus either drug alone (Figure 2b).
Collectively these results confirm the superiority of L-AMB/isavuco-
nazonium sulphate combination therapy over either drug alone in
treating murine mucormycosis due to M. circinelloides.

Due to the poor outcome associated with mucormycosis,
patients are often treated with combination therapy.15 A few stud-
ies conducted in mice16,17 and a single retrospective study with a
limited number of human mucormycosis cases18 suggested a
benefit of using combinations of lipid formulations of amphotericin
B and echinocandins in the setting of DKA. In contrast, we and
others did not detect any benefit in combining polyenes with posa-
conazole (an azole used for salvage therapy for patients with
mucormycosis refractory to or intolerant of polyenes) when using
therapeutic doses in mice.19,20 More recently, a study reviewing
the records of haematological malignancy patients treated for
mucormycosis between 1994 and 2014 showed no difference in
survival outcome between those treated with L-AMB or posa-
conazole monotherapy versus combination therapies of L-AMB/
posaconazole, L-AMB/echinocandin or L-AMB/posaconazole/
echinocandin.15
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Figure 2. Combination therapy of L-AMB and isavuconazonium sulphate (ISAV) synergistically protects mice from M. circinelloides infection. (a) Mice
survival (n = 20/group from two independent experiments with similar results) were infected intratracheally (average inhaled inoculum of 4.6%104

spores). *P < 0.05 versus placebo, **P < 0.0001 versus placebo and P < 0.05 versus either drug alone. (b) Tissue fungal burden of lungs or brain
(expressed as CE/g tissue) of mice (n = 10) euthanized on Day !4 post-infection. P values are shown on each graph and conducted by Wilcoxon rank
sum test.
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In this study and by using two different clinical isolates
of Mucorales, we show that the use of clinically relevant doses of
L-AMB/isavuconazonium sulphate combination therapy has a su-
perior efficacy in enhancing overall survival, prolonging median
survival time and reducing tissue fungal burden in target organs of
neutropenic mice when compared with either drug alone. These
studies warrant further investigation of L-AMB/isavuconazonium
sulphate combination therapy as an optimal therapy of human
mucormycosis.
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