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ABSTRACT Invasive pulmonary aspergillosis (IPA) is an important cause of morbid-
ity and mortality in immunocompromised patients. We hypothesized that simultane-
ous inhibition of biosynthesis of ergosterol in the fungal cell membrane and (1¡3)-
�-D-glucan in the cell wall, respectively, by the antifungal triazole isavuconazole (ISA)
and the echinocandin micafungin (MFG) may result in improved outcomes in experi-
mental IPA in persistently neutropenic rabbits. Treatments included ISA at 20 mg/kg
of body weight/day (ISA20), 40 mg/kg/day (ISA40), and 60 mg/kg/day (ISA60); MFG
at 2 mg/kg/day (MFG2); combinations of ISA20 and MFG2, ISA40 and MFG2, and
ISA60 and MFG2; and no treatment (untreated controls [UC]). The galactomannan in-
dex (GMI) and (1¡3)-�-D-glucan levels in serum were measured. The residual fungal
burden (number of CFU per gram) was significantly reduced in ISA20-, ISA40-,
ISA60-, ISA20-MFG2-, ISA40-MFG2-, and ISA60-MFG2-treated rabbits compared with
that in MFG2-treated or UC rabbits (P � 0.01). Measures of organism-mediated pul-
monary injury, lung weights, and pulmonary infarct score were lower in ISA40-
MFG2-treated rabbits than in rabbits treated with ISA40 or MFG2 alone (P � 0.01).
Survival was prolonged in ISA40-MFG2-treated rabbits in comparison to those
treated with ISA40 or MFG2 alone (P � 0.01). These outcome variables correlated
directly with significant declines in GMI and serum (1¡3)-�-D-glucan levels during
therapy. The GMI correlated with measures of organism-mediated pulmonary injury,
lung weights (r � 0.764; P � 0.001), and pulmonary infarct score (r � 0.911; P �

0.001). In summary, rabbits receiving combination therapy with isavuconazole and
micafungin demonstrated a significant dose-dependent reduction in the residual
fungal burden, decreased pulmonary injury, prolonged survival, a lower GMI, and
lower serum (1¡3)-�-D-glucan levels in comparison to rabbits receiving isavucona-
zole or micafungin as a single agent.
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Invasive pulmonary aspergillosis (IPA) is a life-threatening infection in immunosup-
pressed patients, particularly in those with severe and prolonged neutropenia as a

consequence of aplastic anemia, in those receiving myelotoxic chemotherapy for
treatment of acute leukemia, and in those receiving immunosuppressive medication for
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rejection prophylaxis after organ transplantation or treatment of graft-versus-host
disease after allogeneic bone marrow transplantation (1–5). Despite advances in anti-
fungal therapy, the rates of mortality and morbidity remain unacceptably high. New
therapeutic strategies for IPA are clearly needed.

Our recent in vitro studies of the new extended-spectrum antifungal triazole isavu-
conazole (ISA) and the echinocandin micafungin (MFG) demonstrated that they exhib-
ited a synergistic interaction against Aspergillus fumigatus, Aspergillus flavus, and Asper-
gillus terreus (6). We then hypothesized that simultaneous inhibition of the biosynthesis
of ergosterol in the fungal cell membrane and (1¡3)-�-D-glucan in the cell wall,
respectively, by the antifungal triazole isavuconazole and the echinocandin micafungin
may result in improved outcomes in experimental IPA in persistently neutropenic
rabbits.

We therefore studied the efficacy of isavuconazole in combination with micafungin
for the treatment of experimental IPA in persistently neutropenic rabbits. The data from
this study will establish the foundation for further clinical evaluation.

RESULTS

Organism-mediated pulmonary injury was measured by determination of total lung
weights and the pulmonary infarct score. Total lung weights and pulmonary infarct
scores were significantly lower in rabbits treated with ISA at 60 mg/kg of body
weight/day (ISA60), ISA at 20 mg/kg/day (ISA20) plus MFG at 2 mg/kg/day (MFG2), ISA
at 40 mg/kg/day (ISA40) plus MFG2, and ISA at 60 mg/kg/day (ISA60) plus MFG2 than
in those treated with MFG2 and untreated control (UC) rabbits (P � 0.05) (Fig. 1A and
B). In addition, rabbits treated with ISA40-MFG2 demonstrated significantly lower lung
weights and pulmonary infarct scores than rabbits treated with ISA40 or MFG2 alone
(P � 0.01). Rabbits treated with ISA20-MFG2, ISA40-MFG2, and ISA60-MFG2 had sig-
nificantly prolonged survival in comparison to UC rabbits (P � 0.01) (Fig. 2A). Mortality
was numerically greater in monotherapy regimens of ISA20, ISA40, and MCG2. ISA40-
MFG2-treated rabbits demonstrated significantly prolonged survival in comparison to
that for rabbits receiving a single therapy of ISA40 or MFG2 (P � 0.01) (Fig. 2A). There
was a significant reduction in the residual fungal burden (numbers of CFU per gram) in
ISA20-, ISA40-, ISA60-, ISA20-MFG2-, ISA40-MFG2-, and ISA60-MFG2-treated rabbits
compared with that in MFG2-treated or UC rabbits (P � 0.01) (Fig. 2B).

Serum (1¡3)-�-D-glucan levels were significantly lower in all isavuconazole combi-
nation treatment groups than in the groups treated with isavuconazole or micafungin
alone, with the exception of the group treated with ISA60 (P � 0.05) (Fig. 3). The serum
galactomannan index (GMI) was significantly lower in all isavuconazole combination
treatment groups than in the groups treated with isavuconazole or micafungin alone
(P � 0.05) (Fig. 4). GMI strongly correlated with measures of organism-mediated
pulmonary injury (total lung weights [r � 0.764; P � 0.001] and pulmonary infarct
scores [r � 0.911; P � 0.001]) (Fig. 5).

DISCUSSION

This study demonstrated that the combination of ISA40 and MFG2 was significantly
more active than either isavuconazole at 40 mg/kg or micafungin as single agents in
significantly reducing mortality, as well as the parameters of organism-mediated pul-
monary injury (lung weights and pulmonary infarct score), when they were used to
treat experimental pulmonary aspergillosis in persistently neutropenic rabbits. More-
over, the combinations ISA20-MFG2 and ISA40-MFG2 were more active than mono-
therapy in significantly reducing the serum GMI and circulating levels of (1¡3)-�-D-
glucan. GMI also correlated with measures of organism-mediated pulmonary injury
(lung weights and pulmonary infarct score). Thus, rabbits receiving combination ther-
apy consisting of isavuconazole with micafungin demonstrated a significant dose-
dependent reduction in the residual fungal burden, decreased pulmonary injury,
prolonged survival, a lower GMI, and lower serum (1¡3)-�-D-glucan levels in compar-
ison to rabbits treated with isavuconazole or micafungin as a single agent.
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The study of combination antifungal therapy in experimental model systems of
invasive aspergillosis is essential for understanding the basic pharmacology of the
combination, as well for designing, implementing, and derisking clinical protocols for
the treatment of invasive fungal infections. The model system described here investi-
gated a series of endpoints that individually and collectively allowed a detailed
understanding of the efficacies of the antifungals in relation to the distinctive proper-
ties of invasive pulmonary aspergillosis (7). Determination of the values of markers of
organism-mediated pulmonary injury (lung weights and pulmonary infarct scores) is
essential to understand the impact of an echinocandin-based regimen, in which the
quantitative results for cultures may, paradoxically, be elevated. As patients succumb to
pulmonary aspergillosis as the result of organism-mediated pulmonary injury, under-
standing the impact of a combination regimen yields insight into improving a key
clinical outcome parameter. Figure 1 demonstrates significant reductions in the lung
weights and pulmonary infarct scores with all three ISA-MFG2 combinations in com-
parison to those for the untreated controls and a greater numerical effect in compar-
ison to that of monotherapy. While the difference between the effect of the combina-
tion of ISA40 and MFG2 versus that of ISA40 alone on reducing organism-mediated
tissue injury achieved statistical significance, a similar pattern was observed for the

FIG 1 Response of primary pulmonary aspergillosis to antifungal therapy in persistently neutropenic
untreated control (UC) rabbits and rabbits receiving oral isavuconazole (BAL4815), measured by mean
lung weight (A) and mean pulmonary infarct score (B). Values are given as means � SEMs. P values are
indicated as follows: *, P � 0.05; †, P � 0.01. P values are for decreased lung weights and pulmonary
infarct scores in ISA40-MFG2-treated rabbits in comparison to those in rabbits treated with ISA40 or
MFG2 alone.
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effect of the combination of ISA20 and MFG2 versus that of monotherapy. Mono-
therapy with ISA60 was also as effective as the combination therapeutic regimens.
However, in order to achieve the plasma exposure conferred by ISA60, the comparable
human dose would be approximately 400 mg, which is double the licensed daily dose
of 200 mg. By comparison, the plasma exposure achieved with the human dose of 200
mg is approximated by the ISA dosage range in rabbits of between 20 and 40
mg/kg/day.

The Kaplan-Meier plot of survival is consistent with the findings of the reduction of
organism-mediated pulmonary injury, demonstrating that the greatest efficacy is ob-
served with ISA-MFG combinations as well as with ISA60 monotherapy. The greater
mortality observed with MFG2, ISA20, and ISA40 further supports the role of combi-
nation therapy in achieving improved outcomes of invasive aspergillosis in persistently
neutropenic hosts. The antifungal effect is further reflected in the pulmonary fungal
burden, in which complete clearance to the lower limit of quantitation was achieved by
only the two regimens, ISA40-MFG2 and ISA60.

The temporal patterns of serial serum biomarkers for (1¡3)-�-D-glucan and galac-
tomannan also support the efficacy of the ISA and MFG combination. Consistent with
other endpoint parameters, serum (1¡3)-�-D-glucan levels in animals treated with

FIG 2 Response of primary pulmonary aspergillosis to antifungal therapy in persistently neutropenic
untreated control (UC) rabbits and persistently neutropenic rabbits receiving oral isavuconazole
(BAL4815), measured by survival (A) and mean pulmonary tissue residual fungal burden (log number of
CFU per gram) (B). Values are given as means � SEMs. For the measure of survival, the values on the y
axis are the probability of survival. Survival was plotted by Kaplan-Meier analysis. Differences in the rates
of survival between the treatment groups and the untreated controls were analyzed by the log-rank test.
P values are indicated as follows: †, P � 0.01 for decreased residual fungal burden in ISA20-, ISA40-,
ISA60-, ISA20-MFG2-, ISA40-MFG2-, and ISA60-MFG2-treated rabbits versus MFG2-treated or UC rabbits;
¶, P � 0.01 for prolonged survival of ISA40-MFG2-treated rabbits versus rabbits treated with ISA40 or
MFG2 alone; £, P � 0.01 for prolonged survival of rabbits treated with ISA20-MFG2, ISA40-MFG2, and
ISA60-MFG2 versus UC rabbits.
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ISA20, ISA40, or MFG2 monotherapy remained persistently elevated by the end of
therapy. By comparison, combination therapy with ISA20-MFG2 or ISA40-MFG2 resulted
in the resolution of the elevated serum (1¡3)-�-D-glucan levels. As was observed with
other parameters, the elevated serial (1¡3)-�-D-glucan levels also resolved either with

FIG 3 Serum (1¡3)-�-D-glucan levels in persistently neutropenic untreated control (UC) rabbits and
persistently neutropenic rabbits receiving oral doses of isavuconazole (BAL4815) in the model of
experimental pulmonary aspergillosis. Values are given as (1¡3)-�-D-glucan concentrations. P values are
indicated as follows: *, P � 0.05 for the decrease in plasma (1¡3)-�-D-glucan concentrations in
ISA20-MFG2-, ISA40-MFG2-, and ISA60-MFG2-treated rabbits versus MFG2-treated or UC rabbits. d, days.
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FIG 4 Expression of galactomannan antigenemia in persistently neutropenic untreated control (UC)
rabbits with pulmonary aspergillosis and persistently neutropenic rabbits with pulmonary aspergillosis
receiving an oral dose of isavuconazole (BAL4815). Values are given as the mean GMI � SEM. P values
are indicated as follows: *, P � 0.05 for a lower GMI in ISA20-MFG2-, ISA40-MFG2-, and ISA60-MFG2-
treated rabbits versus MFG2-treated or UC rabbits; †, P � 0.01 for a lower GMI in ISA20-MFG2-treated
rabbits than MFG2-treated rabbits.
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ISA60 monotherapy or with ISA60-MFG2 combination therapy. This correlation be-
tween the therapeutic response to combination therapy or triazole monotherapy and
the temporal pattern of (1¡3)-�-D-glucan levels has also been demonstrated in exper-
imental and clinical invasive aspergillosis (8–13).

Similarly, serial GMI values for animals treated with ISA20, ISA40, or MFG2 mono-
therapy remained persistently elevated by the end of therapy, while the elevated GMI
values for animals treated with ISA20-MFG2 or ISA40-MFG2 combination therapy were
resolved. Recapitulating the findings for the parameters of organism-mediated injury,
survival, pulmonary fungal burden, and serial (1¡3)-�-D-glucan levels, animals treated
with ISA60 or ISA60-MFG2 also demonstrated resolution of the elevated GMI in serum.
The validity of GMI in reflecting the therapeutic response is buttressed by previous
studies with animal models of pulmonary aspergillosis (8, 9, 13, 14) and patients with
invasive aspergillosis (15–21).

Current treatment of IPA in immunosuppressed hosts relies on the administration of
antifungal triazoles, particularly voriconazole, as primary therapy (22). Unfortunately,
the overall rate of the response of invasive aspergillosis to voriconazole remains
approximately 50% to 60%, with responses being as low as nearly 30% in hematopoi-
etic stem cell transplantation recipients. Although voriconazole is an important thera-
peutic advance against IPA, the problems of visual hallucinations, cutaneous solar
hypersensitivity, hepatotoxicity, drug interactions, and variable plasma pharmacokinet-
ics and the need for therapeutic drug monitoring warrant the need for new antifungal
agents active against Aspergillus spp. (23). Clearly, new strategies for the treatment of
IPA are needed.

The antifungal triazoles inhibit fungal cell membrane biosynthesis through inhibi-
tion of ergosterol formation at the level of lanosterol 14-demethylase (24). Isavucona-
zole is a new broad-spectrum triazole antifungal agent that has recently been approved

FIG 5 Strong correlation between GMI and outcome variables. (A) Total lung weights (r � 0.764; P �
0.001); (B) infarct scores (r � 0.911; P � 0.001).
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by the FDA for the primary treatment of invasive aspergillosis and mucormycosis
(25–27). Isavuconazole in vitro demonstrates superior hyphal growth inhibition and
MICs against A. fumigatus in comparison to the hyphal growth inhibition and MICs of
voriconazole (28–31). The pharmacodynamics and efficacy of isavuconazole as a single
agent were explored in a model of IPA in neutropenic mice by Lepak and colleagues
(32), in a model of disseminated aspergillosis in immunocompetent mice by Seyed-
mousavi et al. (33), and in a model of invasive pulmonary aspergillosis in persistently
neutropenic rabbits (14, 34).

Micafungin is a cyclic hexapeptide echinocandin that inhibits (1¡3)-�-D-glucan
synthase, an enzyme complex specific to fungi and essential for fungal cell wall
biosynthesis. In vitro studies indicate that micafungin has broad-spectrum fungicidal
activity against Candida spp. (including azole-resistant Candida albicans isolates) and
fungistatic activity against Aspergillus spp. More recent studies have demonstrated that
the combination of micafungin and the triazole isavuconazole achieves significant
synergy against Aspergillus spp. (6).

The comparative pharmacodynamics of micafungin and isavuconazole merit discus-
sion. Micafungin demonstrates an in vitro and in vivo concentration-dependent effect
of paradoxically increasing the number of CFU as its mechanism of disrupting cell wall
biosynthesis in Aspergillus fumigatus (35). The disruption of cell wall integrity results in
truncated hyphal elements with a dose-dependent decrease in angioinvasion, a reduc-
tion of pulmonary infarcts, and an increase in survival. By comparison, isavuconazole
causes an in vitro concentration-dependent and in vivo dose-dependent reduction of
the number of CFU of A. fumigatus, which correlates with reduced organism-mediated
pulmonary injury and increased survival (34). Moreover, using serum GMI as the
dynamic pharmacodynamic variable, a mean plasma isavuconazole area under the
concentration-time curve/MIC (50% effective concentration) ratio of 79.65 (95% confi-
dence interval [CI], 32.2 to 127.1) produced a half-maximal effect in GMI suppression
(14). By comparison, the serum GMI paradoxically increases during micafungin treat-
ment of invasive aspergillosis as the result of the dispersal of cell wall fragments
following inhibition of (1¡3)-�-D-glucan synthesis (35). The dosage of micafungin used
in this study is comparable to a level of plasma exposure of approximately 0.5
mg/kg/day in humans. The dosage of isavuconazole of 20 to 40 mg/kg/day in the rabbit
model approximates the level of plasma exposure achieved by the human adult dose
of 200 mg/day, while the 60-mg/kg dosage of isavuconazole in rabbits would corre-
spond to approximately 400 mg/day in human adults.

We hypothesized that the simultaneous inhibition of ergosterol biosynthesis in the
fungal cell membrane and (1¡3)-�-D-glucan in the cell wall, respectively, by the
antifungal triazole isavuconazole and the echinocandin micafungin may result in
improved outcomes of experimental IPA in persistently neutropenic rabbits. Such
findings provide a scientific foundation for the use of this combination for the treat-
ment of proven and probable IPA in immunocompromised patients and build upon the
findings of previous work with the triazole-echinocandin combination suggesting that
combination therapy may be more effective than triazole therapy alone.

This study has several limitations. Although this study used only one isolate of A.
fumigatus, in vitro assays have demonstrated similar properties of synergistic activity
between isavuconazole and micafungin against other isolates, suggesting the applica-
bility of the findings from this study. Further in vivo studies using additional strains of
A. fumigatus with various MICs would provide valuable insight into the potential clinical
utility of the combination of isavuconazole and micafungin. While additional dosages
of the echinocandin may have been used, our earlier data demonstrated an optimal
effect with 2 mg/kg/day of micafungin, allowing a more focused investigation of the
range of dosages of isavuconazole.

Given the observations in this study that the effects of combination therapy with
ISA40 and MFG2 and monotherapy with ISA60 are comparable, one must consider two
options for clinical trials. The first option would be to combine isavuconazole at 200
mg/day with micafungin and to compare that regimen with isavuconazole at 400
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mg/day as monotherapy. As the licensed dose of isavuconazole for adults, 200 mg/day,
has been well studied and found to have a toxicity profile significantly more favorable
than that of voriconazole (36), patient safety could be better ensured with a dose of 200
mg/day than one of 400 mg/day. A doubling of the dose of isavuconazole from 200
mg/day to 400 mg/day may incur dose-dependent intolerance and end organ toxicity.
Thus, a study of combination therapy with isavuconazole plus micafungin would be the
next logical step in harnessing these data for improved treatment of invasive asper-
gillosis.

Previously, the activity of the combination of the echinocandin anidulafungin and
voriconazole against A. fumigatus was studied by an in vitro broth microdilution
checkerboard assay based on the CLSI M-38A method (13). To quantify the
concentration-effect relationships of anidulafungin and voriconazole alone, a sigmoid
maximum effect model was fitted to the percent growth inhibition obtained at each
concentration of the drugs alone for each replicate to allow Bliss independence-based
drug interaction analysis. In parallel with these in vitro studies, the activities of anidu-
lafungin and voriconazole for the treatment of experimental invasive pulmonary asper-
gillosis in persistently neutropenic rabbits were studied (8). These experiments demon-
strated in vitro and in vivo concentration- and dose-dependent synergistic interactions
between the echinocandin and the triazole by Bliss independence drug interaction analysis
of microbiological, radiological, and antigenic endpoints. The decreases in the pulmo-
nary infarct score, lung weight, residual fungal burden, and level of galactomannan
antigenemia achieved with the combination of anidulafungin at 5 mg/kg/day and
voriconazole were significant compared to those achieved with the monotherapies.
Importantly, the magnitude of these interactions was similar for the in vitro and in vivo
combination studies when they were analyzed by Bliss independence drug interaction
analysis. These results, as well as those of subsequent animal and retrospective human
studies showing a trend toward improved survival with combination therapy, laid the
groundwork for prospective clinical trials of echinocandin-triazole combinations for the
treatment of invasive aspergillosis in humans (37).

This randomized, double-blind, placebo-controlled, multicenter trial was performed
to assess the safety and efficacy of voriconazole and anidulafungin compared with
those of voriconazole monotherapy for the treatment of invasive aspergillosis (38).
Among 277 patients with hematologic malignancy or hematopoietic stem cell trans-
plantation in whom invasive aspergillosis was confirmed, mortality rates at 6 weeks
were 19.3% for combination therapy and 27.5% for monotherapy (95% CI, �19.0 to
1.5%; P � 0.087). However, as invasive aspergillosis was diagnosed by radiographic
findings and maximum galactomannan positivity in most patients (n � 218), a post hoc
analysis of this subgroup was conducted. The rate of mortality at 6 weeks was
significantly lower among those patients receiving combination therapy than among
those receiving monotherapy (15.7% versus 27.3%; 95% CI, �22.7 to �0.4%; P � 0.037).
Although there were limitations to the study design, this trial demonstrated the
potential utility of combination antifungal therapy for the treatment of invasive pul-
monary aspergillosis in patients with hematologic malignancy or hematopoietic stem
cell transplantation.

Further clinical trials of echinocandin-triazole combinations for the primary treat-
ment of invasive aspergillosis are warranted. Our data show that rabbits treated with
combination therapy with isavuconazole and micafungin demonstrated significant
dose-dependent reductions in residual fungal burdens, decreased pulmonary injury,
prolonged survival, lower GMI, and lower serum (1¡3)-�-D-glucan levels in comparison
to the findings achieved by treatment with isavuconazole or micafungin alone. These
encouraging results, in conjunction with the favorable pharmacokinetic and pharma-
codynamic profiles of these compounds, make them attractive agents for use in
patients with invasive pulmonary aspergillosis. These data may help guide the design
and interpretation of the results of studies of isavuconazole and micafungin in pro-
spective clinical trials for the treatment of invasive aspergillosis.
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MATERIALS AND METHODS
Isolate. NIH Aspergillus fumigatus isolate 4215 (ATCC MYA-1163), which has been described previ-

ously (8) and which was obtained from a patient with a fatal case of pulmonary aspergillosis, was used
in the study. The MICs of isavuconazole and the minimum effective concentration (MEC) of micafungin
against A. fumigatus, determined according to CLSI standard microdilution methods (described in CLSI
document M38-A2 [39]), were 1 �g/ml and 0.06 �g/ml, respectively. This isolate has been extensively
used for more than 2 decades in studies of the activities of antifungal agents against invasive pulmonary
aspergillosis.

Animals. Healthy female New Zealand White rabbits (Covance Research Products, Inc., Denver, PA)
weighing 2.6 to 3.5 kg at the time of endotracheal inoculation were used in replicate experiments. All
rabbits were monitored and received humane care in facilities accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International according to the guidelines of the
National Research Council (40) for the care and use of laboratory animals. This study was approved by
the Institutional Animal Care and Use Committee (Weill Cornell Medicine of Cornell University). Rabbits
were housed individually and were given water and standard rabbit feed ad libitum. Atraumatic vascular
access was established by modified surgical placement of a silastic tunneled central venous catheter as
previously described elsewhere (41). The silastic catheter permitted nontraumatic venous access for
administration of parental agents and for repeated blood sampling for the study of plasma pharmaco-
kinetics, serum galactomannan and (1¡3)-�-D-glucan levels, and biochemical and hematological pa-
rameters.

Inoculum and inoculation. For each experiment, an inoculum of 1 � 108 to 1.25 � 108 conidia of
A. fumigatus was prepared in a volume of 250 �l to 350 �l. Inoculation was performed on day 2 of the
experiments while the rabbits were under general anesthesia (0.5 to 0.6 ml of a 2:1 [vol/vol] mixture of
ketamine at 100 mg/ml and xylazine at 20 mg/ml administered intravenously [i.v.]), as described
previously (8).

Immunosuppression and maintenance of neutropenia. Immunosuppression and profound per-
sistent neutropenia (neutrophil concentration, �100 neutrophils/�l) were established and maintained
using cytarabine (Ara-C; cytarabine injection; Zydus Hospira Oncology Private Ltd., Gujarat, India, for
Hospira, Inc., Lake Forest, IL) and methylprednisolone (Solu-Medrol; Pfizer for Pharmacia & Upjohn Co.,
Division of Pfizer Inc., New York, NY), as described previously (8). Antibiotics (ceftazidime, gentamicin,
vancomycin) were used for the prevention of opportunistic bacterial infections during neutropenia (8).

Antifungal compounds and treatment regimens. The treatments included the prodrug isavucona-
zonium sulfate (BAL8557), which is equivalent to the active moiety isavuconazole (ISA; BAL4815),
administered orally at 20 mg/kg/day (ISA20), 40 mg/kg/day (ISA40), and 60 mg/kg/day (ISA60); mica-
fungin administered intravenously at 2 mg/kg/day (MFG2); the combination of ISA20 and MFG2, ISA40
and MFG2, or ISA60-MFG2; or no treatment (UC). Treatment started 24 h after endotracheal administra-
tion of the A. fumigatus inoculum and continued once daily for up to 12 days. The dosage of micafungin
used in this study is comparable to the level of plasma exposure to approximately 0.5 mg/kg/day in
humans. The dosage of isavuconazole of 20 to 40 mg/kg/day in the rabbit model approximates the level
of plasma exposure achieved with the licensed human adult dose of 200 mg/day, while the dosage of
60 mg/kg/day produces an exposure approximating that achieved with 400 mg/day in human patients.

Outcome variables. The following panel of outcome variables was used to assess antifungal efficacy:
survival, pulmonary infarct score, lung weight, and residual fungal burden (log number of CFU per gram).
The outcome variable panel was applied to all study rabbits when possible.

Pulmonary lesion scores, lung weights, and residual fungal burden. The lungs were carefully
resected at autopsy. Pulmonary lesion scores and lung weights were assessed and calculated as
previously described (8). Lung tissue from each rabbit was sampled and cultured by standard excision of
tissue from each lobe as previously described (8). The number of CFU of A. fumigatus was counted and
recorded for each lobe, and the number of CFU per gram was calculated.

Survival. The survival time (in days postinoculation) was recorded for each rabbit in each group.
Following the achievement of humane endpoints, rabbits were euthanized by i.v. administration of
pentobarbital (65 mg of pentobarbital sodium/kg of body weight; Beuthanasia-D Special [euthanasia
solution]; Schering-Plough Animal Health Corp., Union, NJ) on day 13 postinoculation, 24 h after the last
dose of study drug (41).

BAL. Bronchoalveolar lavage (BAL) was performed as described previously (42) on each lung
preparation by the instillation and subsequent withdrawal of 10 ml of sterile normal saline into the
clamped trachea with a sterile 12-ml syringe. The instillations were repeated twice. The lavage fluid was
then centrifuged for 10 min at 400 � g. Part of the supernatant was discarded, leaving 2 ml of pellet with
supernatant, which was then vortexed. An aliquot of 100 �l of this fluid and 100 �l of a dilution (101) of
this fluid were cultured on 5% Sabouraud glucose agar (SGA) plates.

Detection of galactomannan. Serum samples were collected from each rabbit every other day and
stored at �80°C before analysis. Galactomannan antigen levels in serial serum samples were determined,
and BAL fluid obtained postmortem was analyzed by a one-stage immunoenzymatic sandwich micro-
plate assay method (43) (Platelia Aspergillus enzyme immunoassay [EIA]; Bio-Rad, Marnes la Coquette,
France) according to the manufacturer’s instructions and as described elsewhere (42). Enzyme immu-
noassay data were expressed as a serum galactomannan index (GMI), which was plotted over time. The
GMI for each test serum or BAL fluid sample was equal to the absorbance of a standard sample divided
by the absorbance of a threshold serum sample provided by the manufacturer. A GMI of less than 0.5 was
considered a negative result.
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Detection of (1¡3)-�-D-glucan. Serum from each rabbit was collected every other day for deter-
mination of (1¡3)-�-D-glucan levels by using a colorimetric assay (Fungitell; Associates of Cape Cod, Inc.)
read at 405 nm (with subtraction of the 490-nm background reading), based upon para-nitroanilide
absorption at that wavelength. The assay was performed according to the manufacturer’s instructions
and as described in detail elsewhere (44). The (1¡3)-�-D-glucan levels were determined by taking the
mean optical density for duplicate readings and comparing them with the values on a standard curve of
predetermined concentrations. Interpretation of the results for the (1¡3)-�-D-glucan levels was per-
formed according to the manufacturer’s instructions, as follows: �60 pg/ml, negative; 60 to 79 pg/ml,
indeterminate; �80 pg/ml, positive. The median correlation coefficient (r) of the standard curves
performed in these studies was �0.9992 (range, 0.9982 to 0.9998).

Statistical analysis. Comparisons between the groups were performed by analysis of variance
(ANOVA) with Bonferroni’s correction for multiple comparisons or the Mann-Whitney U test, as appro-
priate. The central hypothesis of this analysis was based upon the response to isavuconazole in
comparison to that to voriconazole and that of the untreated controls. A two-tailed P value of �0.05 was
considered statistically significant. Survival was plotted by Kaplan-Meier analysis. Differences in the
survival of the animals in the treatment groups and the untreated controls were analyzed by the log-rank
test. Values are expressed as means � standard errors of the means (SEMs). The values of the
pharmacokinetic parameters were compared using ANOVA or Student’s t test, as appropriate.
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