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Aspergillus fumigatus causes life-threatening infections, especially in immunocompromised patients. Common drugs for ther-
apy of aspergillosis are polyenes, azoles, and echinocandins. However, despite in vitro efficacy of these antifungals, treatment
failure is frequently observed. In this study, we established bioluminescence imaging to monitor drug efficacy under in vitro and
in vivo conditions. In vitro assays confirmed the effectiveness of liposomal amphotericin B, voriconazole, and anidulafungin.
Liposomal amphotericin B and voriconazole were fungicidal, whereas anidulafungin allowed initial germination of conidia that
stopped elongation but allowed the conidia to remain viable. In vivo studies were performed with a leukopenic murine model.
Mice were challenged by intranasal instillation with a bioluminescent reporter strain (5 � 105 and 2.5 � 105 conidia), and ther-
apy efficacies of liposomal amphotericin B, voriconazole, and anidulafungin were monitored. For monotherapy, the highest
treatment efficacy was observed with liposomal amphotericin B, whereas the efficacies of voriconazole and anidulafungin were
strongly dependent on the infectious dose. When therapy efficacy was studied with different drug combinations, all combina-
tions improved the rate of treatment success compared to that with monotherapy. One hundred percent survival was obtained
for treatment with a combination of liposomal amphotericin B and anidulafungin, which prevented not only pulmonary infec-
tions but also infections of the sinus. In conclusion, combination therapy increases treatment success, at least in the murine in-
fection model. In addition, our novel approach based on real-time imaging enables in vivo monitoring of drug efficacy in differ-
ent organs during therapy of invasive aspergillosis.

Aspergillus fumigatus is the main cause of invasive aspergillosis
in immunocompromised patients. A review of 595 patients

with proven or probable invasive aspergillosis identified a high
rate of treatment failure for a wide range of antifungal drugs
(36%), with only 27% of treated patients demonstrating a com-
plete response to treatment (1). While in some cases failure of
treatment may result from low susceptibility of the pathogen to
the respective antifungal, restricted delivery to the site of infection
may be another reason for a limited treatment response (2).
Therefore, practice guidelines addressing treatment choices sup-
port the aggressive use of different drugs, including amphotericin
B and its lipid formulation as well as different azoles, including
itraconazole, voriconazole, and posaconazole, at the highest rec-
ommended doses (3).

The development of a number of antifungals with increased
potency and lower toxicity has raised optimism that outcomes of
invasive fungal infections can be improved. The availability of
liposomal formulations of amphotericin B, azoles with an ex-
tended spectrum against filamentous fungi, and a new class of
antifungal agents, the echinocandins, confronts the clinician with
a widened range of therapeutic choices. Recent clinical trials have
provided important insights into how these agents should be used.
In particular, voriconazole has demonstrated superior efficacy to
amphotericin B in the management of invasive aspergillosis (4),
posaconazole has been shown to have significant efficacy in the
prophylaxis of invasive fungal infection in high-risk individuals
and plays a role in salvage therapy of invasive aspergillosis (4), and
caspofungin has demonstrated efficacy in salvage therapy of inva-
sive aspergillosis. In addition, each of the echinocandins shows
activity without significant toxicity in therapy of invasive candidi-
asis (5, 6). Nevertheless, many therapeutic areas of uncertainty

remain, including the role of combination therapy, and such ap-
proaches will provide the focus for future studies (4).

Due to the difficulties in treating invasive aspergillosis, it re-
mains challenging to gain new insights into the establishment and
dissemination of infection. Several murine infection models have
been established in recent years to identify virulence determinants
which allow A. fumigatus to act as a pathogen (7). It is well ac-
cepted that compromised immune defense mechanisms on the
host side are generally required to allow fungal tissue invasion (8).
This is also reflected in murine infection models, where high doses
of conidia applied to the respiratory tract are well tolerated only by
immunocompetent individuals (9, 10).

In infection models used nowadays for studying the develop-
ment of invasive aspergillosis, conidia are generally applied intra-
nasally or directly to the trachea by using either a suspension or an
aerosol (11). These treatments are believed to resemble most
closely the natural route of infection as it occurs in immunosup-
pressed patients. However, due to uncertainties about correct lung
infection, drug testing frequently uses intravenous infections re-
sulting in systemic organ infections whereby the natural primarily
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challenged target organ, the lung, remains virtually pathogen free.
To overcome problems in monitoring a successful infection pro-
cess, in vivo imaging systems provide valuable tools.

In recent years, noninvasive bioluminescence imaging (BLI)
has evolved as a powerful technique for studying the establish-
ment and manifestation of infection by pathogens and has pro-
vided new insights into the onset and dissemination of infections
(12, 13). In conventional animal models used for decades to study
experimental aspergillosis, mice were sacrificed at certain time
points and investigated by histopathology to confirm the progres-
sion of infection. The drawbacks of this method are the time-
consuming sample preparation and the selection of organs from
animals that are either moribund or sacrificed at a predefined time
point, which only provides a snapshot of the infection process
rather than giving insights into disease progression. The main ad-
vantage of the in vivo bioluminescence imaging technique is that
real-time monitoring of the spatial and temporal progression of
infection can be achieved on single individual animals, without
the need to sacrifice the animals at a certain time point (12–14). By
using BLI, new insights into the infection process can be gained,
accompanied by the possibility to significantly reduce the number
of animals in studied cohorts.

The first attempt at in vivo monitoring by BLI of pathogenesis
caused by a fungal species in a murine infection model was per-
formed on Candida albicans. In that study, constitutive luciferase
gene expression was enforced by use of the ENO1 promoter (15),
and vaginal mucosal infections were successfully monitored. Ad-
ditionally, the use of the antifungal drug miconazole revealed a
treatment-dependent reduction of bioluminescence which coin-
cided with a decrease in the fungal load (16). However, in a model
of Candida-mediated sepsis, only weak bioluminescence signals
were detected from deep tissues, and emission intensities did not
correlate with fungal loads. This result was attributed to a change
in the morphology from yeast to hyphal growth, in which produc-
tion of hydrophobic surface proteins and cell clumping might
have interfered with the uptake of the D-luciferin substrate (16).

However, to adapt the BLI technique to filamentous fungi and
to confirm that systemic infection can be monitored, we previ-
ously generated a bioluminescent A. fumigatus strain by genomic
integration of the firefly luciferase gene under the control of the
constitutively active glyceraldehyde-3-phosphate dehydrogenase
promoter. The strain turned out to be an excellent tool for follow-
ing the manifestation of infection after application of conidia by
either an intravenous or intranasal route of infection, as visualized
by real-time monitoring of disease progression in murine infec-
tion models. In this case, BLI analysis of intranasal infection re-
flected the progression of pulmonary aspergillosis dependent on
the underlying immune response (17, 18). By using the intrave-
nous route of infection, dissemination of A. fumigatus dependent
on the host immune status was successfully monitored. BLI
thereby visualized the heterogeneity of targeted organs dependent
on immune status, and the luminescence correlated well with his-
topathology. These studies confirmed the general suitability of the
method to study the infection processes of pathogenic filamen-
tous fungi (19).

The aim of this study was the evaluation of treatment efficacies
of various antifungals, such as liposomal amphotericin B, anidu-
lafungin, and voriconazole, either alone or in combination. To
enhance the sensitivity of the system, a codon-optimized lucifer-
ase gene was synthesized and used for reporter strain construc-

tion. With this strain, we examined the effects of the drugs on the
germination of conidia under in vitro conditions and followed
disease progression in vivo after intranasal infection of leukopenic
cyclophosphamide-treated mice.

MATERIALS AND METHODS
Antifungal drugs. (i) LAmB. AmBisome (LAmB; Gilead Sciences, Inc.,
San Dimas, CA), a lyophilized liposomal preparation of amphotericin B,
was reconstituted in sterile water to a final concentration of 5 mg/ml for
injection. The resulting solution of liposomal amphotericin B was further
diluted to 2.5 mg/ml to reach a concentration of 10 mg/kg of body weight
in sterile 5% dextrose for intraperitoneal (i.p.) injection.

(ii) VOR. In this study, we used two formulations of voriconazole
(VOR) (Vfend; Pfizer): (i) a powder (CAS number 137234-62-9; also
known as PF-579 955) that is soluble in dimethyl sulfoxide (DMSO) for in
vitro assays and (ii) a lyophilized preparation of voriconazole reconsti-
tuted to 10 mg/ml. The latter solution of voriconazole was further diluted
to 2.5 mg/ml to reach a concentration of 10 mg/kg in sterile 5% dextrose
for intraperitoneal injection.

(iii) ANI. As for voriconazole, we used two different formulations of
anidulafungin (ANI) (Ecalta; Pfizer): (i) a powder (CAS number 166663-
25-8; also known as PF-3910960) that is soluble in DMSO and ethanol for
in vitro testing and (ii) Ecalta (100 mg soluble drug in 20% alcohol) di-
luted to a concentration of 10 mg/ml. The resulting 10-mg/ml solution of
anidulafungin was further diluted to either 2.5 or 1.25 mg/ml to reach a
concentration of 5 or 10 mg/kg in sterile 5% dextrose for intraperitoneal
injection.

Construction of A. fumigatus strain 2/7/1 containing the codon-
optimized Photinus pyralis luciferase gene lucOpt. A. fumigatus strain C3
was used in previous studies (17–19) and contains a P. pyralis luciferase
gene from plasmid pSP-luc� that is codon adapted to mammalian cells. To
improve luciferase production levels accompanied by an increase in light
emission, a synthetic codon-optimized version of the luciferase gene was gen-
erated (GenBank accession number KC677695). For this purpose, the amino
acid sequence of the luciferase was back translated into the DNA sequence by
applying the A. fumigatus codon usage table (http://www.kazusa.or.jp/codon
/cgi-bin/showcodon.cgi?species�5085&aa�1&style�N). This codon-opti-
mized lucOpt gene, flanked by BamHI and HindIII restriction sites, was syn-
thesized by GenScript Corporation (Piscataway, NJ) and was obtained
subcloned into the standard vector pUC19. The vector was linearized with
BamHI, and the gpdA promoter from A. fumigatus was ligated after BglII
excision from vector pJETPgpdAAf (17). The correct orientation of the pro-
moter was confirmed by PCR. The gpdA promoter additionally contained a
NotI restriction site at its 5= end that allowed the introduction of the pyrithia-
mine resistance cassette ptrA, which was excised from plasmid NotptrA/pJet
(17). The resulting plasmid, PgpdAAf/lucOpt/ptrApUC, was used for trans-
formation of A. fumigatus strain CBS144.89 by the same procedure as that
previously described (17). Twenty transformants were repeatedly streaked on
pyrithiamine-containing plates to obtain pure transformants. Conidia were
harvested and checked for bioluminescence in a microplate assay (17) in
which the bioluminescent strain C3 served as a control. Strains displaying the
strongest luminescence signals were selected for Southern analysis with a
digoxigenin-labeled probe against the codon-optimized luciferase gene (data
not shown). Strain 2/7/1 contained two genomic lucOpt integrations and dis-
played no growth defects under various in vitro cultivation conditions (dif-
ferent temperatures and carbon sources), and it was thus selected for subse-
quent analyses.

In vitro antifungal susceptibility analysis by use of MIC test strips
and the microdilution method. MIC test strips with amphotericin B,
anidulafungin, caspofungin, posaconazole, and voriconazole were pur-
chased from bioMérieux (Etest, Nürtingen, Germany). Analyses were per-
formed by a previously described method (20). In brief, to analyze the
susceptibility of the parental A. fumigatus wild-type strain CBS144.89 and
the bioluminescent reporter strain 2/7/1, conidia were freshly harvested in
phosphate-buffered saline (PBS)– 0.05% Tween 80 from malt extract agar
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slants. Conidial suspensions were filtered through a 40-�m cell strainer
(BD Biosciences, Heidelberg, Germany) and washed in sterile PBS.
Conidium concentrations were determined using a Neubauer chamber
and then adjusted to 1 � 106 conidia/ml. A sterile cotton swab was used to
streak conidial suspensions in three directions on MOPS (morpho-
linepropanesulfonic acid)-buffered (pH 7.0) RPMI 1640 (Sigma-Aldrich
GmbH, Taufkirchen, Germany) agar plates with 2% glucose. Plates were
air dried prior to application of MIC test strips. Plates were incubated at
37°C, and MIC values were determined after 24 and 48 h. Independent
duplicates were analyzed for all drugs and strains. To test the susceptibility
against amphotericin B, voriconazole, and anidulafungin in liquid me-
dium, a microdilution method for conidium-forming molds (EUCAST E.
Def 9.1, July 2008) was followed (21). Appropriate stock solutions were
prepared in the recommended solvent (water or DMSO), and dilutions
were prepared as recommended in the EUCAST protocol to give final
drug concentrations of 0.0624 to 32 mg/liter in 100 �l of double-strength
RPMI–2% glucose medium. Antifungal dilutions were transferred to
wells of a 96-well flat-bottom microplate. Subsequently, 100 �l of fresh
spore suspension containing 2.5 � 105 conidia/ml was added to each well,
resulting in a drug concentration in the range of 0.0312 to 16 mg/liter. All
drug dilutions were tested in triplicate, including positive (no drugs) and
negative (no drugs, no conidia) controls. Plates were incubated at 37°C
and read after 48 h. For amphotericin B and voriconazole, MIC values
were determined from the last dilution that completely inhibited colony
formation. For anidulafungin, the minimal effective concentration (MEC
value) was determined by analyzing colony morphology by microscopic
evaluation using an inverse microscope (Zeiss Axiovert 40 CFL). To test
the combinatorial effects of different drugs, sub-MIC levels of the respec-
tive drugs were combined and tested by the microdilution method (21).
The tested combinations included amphotericin B at a fixed final concen-
tration of 0.25 mg/liter in combination with either voriconazole or anidu-
lafungin in the range of 0.0312 to 0.25 mg/liter (final concentration).
Additionally, voriconazole was used at a fixed final concentration of
0.0625 mg/liter, and then amphotericin B (final concentration range,
0.0625 to 0.5 mg/liter) or anidulafungin (final concentration range,
0.0312 to 0.25 mg/liter) was added. Growth and morphology were eval-
uated microscopically after 48 h of incubation at 37°C. Synergistic or
antagonistic effects were evaluated by comparing growth and growth
morphology against the phenotypes observed for the respective drugs
in single use.

In vitro studies of antifungal drug efficacy by microscopic analysis
and bioluminescence detection. In vitro susceptibility of strain 2/7/1 in
liquid cultures against antifungals was determined by seeding 5 � 105

conidia in wells of a 24-well plate. Each well contained 500 �l of RPMI
1640 cell culture medium (Invitrogen, Gibco, France) supplemented with
10% fetal calf serum (complete RPMI). Antifungal drugs were added at
different concentrations and at the time points indicated in the specific
experiments. Plates were incubated for 10 h at 37°C, and conidial germi-
nation was determined using an inverted microscope equipped with a
Zeiss D1 AxioCam camera (Carl Zeiss SAS, Le Pecq, France). Images were
analyzed by using ImageJ software for Windows, which allows calcula-
tions of the diameters of conidia and the lengths of A. fumigatus hyphae.

After microscopic evaluation, 5 �l PBS containing 0.16 mg of D-lucife-
rin was added to each well, and plates were incubated for 10 min prior to
luminescence acquisition on an IVIS 100 system (PerkinElmer, Boston,
MA). Photons were collected for 1 min on the high-sensitivity setting.
Bioluminescence images were analyzed and the light emission (total pho-
tons flux/s) from a region of interest (ROI) quantified with Living Image
software (version 3.1; PerkinElmer). Experiments were repeated twice for
each concentration, and cultures were made in triplicate.

Murine infection and in vivo bioluminescence imaging using an
IVIS 100 system. Throughout this study, male BALB/cJ mice (23 to 28 g,
8 weeks old) were used and supplied by the breeding center R. Janvier (Le
Genest Saint-Isle, France). Mice were cared for in accordance with Institut
Pasteur guidelines, in compliance with European animal welfare regula-

tion. Upon arrival, animals were placed in isolated ventilated cages in
groups of five mice. Four and one day before infection (D�4 and D�1,
respectively), each mouse received an immunosuppressive regimen by i.p.
injection of 200 �l cyclophosphamide (4 mg/ml). Mice were weighed
daily to monitor changes in body weight. Mice were marked with dots on
the tail to facilitate the distinction between individual mice within the
same group. Immediately prior to infection, antifungal drugs were ad-
ministered by i.p. injection at the indicated concentrations in a final vol-
ume of 100 �l. Mice were then anesthetized by intramuscular injection of
150 �l of a solution containing 10 �g/ml ketamine and 10 �g/ml xylazine.
Mice were inoculated intranasally with a dose of either 2.5 � 105 or 5 �
105 conidia in 25 �l of PBS. Infected control mice were treated with pla-
cebo (5% solution of glucose or 20% ethanol diluted in 5% glucose). The
numbers of animals in high-infectious-dose groups were as follows: pla-
cebo controls, 15; liposomal amphotericin B, 15; voriconazole, 10; and
anidulafungin, 10. The numbers of animals in low-infectious-dose groups
were as follows: placebo controls, 25; liposomal amphotericin B, 10; vori-
conazole, 20; and anidulafungin, 20. The numbers of animals in groups
receiving combination therapy at low infectious doses were as follows:
liposomal amphotericin B plus anidulafungin, 15; liposomal amphoteri-
cin B plus voriconazole, 10; and voriconazole plus anidulafungin, 10.
Bioluminescence imaging was started 24 h after infection and was contin-
ued on a daily basis. Images were acquired using an IVIS 100 system as
previously described (17). In general, each experiment lasted up to 20
days, including 10 days of daily treatment followed by 5 to 10 days without
treatment to monitor weight recovery and the complete disappearance of
the infection by bioluminescence imaging. At the end of the observation
period, surviving animals were euthanized and their organs removed for
histological examination.

Histopathology. Histopathologic analysis was performed on mice
challenged with the low-dose inoculum (2.5 � 105 conidia). Placebo-
treated control mice were analyzed from the day of euthanasia due to
severe signs of disease (3 to 6 days after infection). In contrast, mice from
the treatment groups were analyzed either from the day they succumbed
to infection due to treatment failure or when sacrificed at the end of the
observation period. Lungs were immediately fixed in 4% neutral buffered
formalin and embedded in paraffin. Five-micrometer sections were cut
and stained with hematoxylin and eosin (HE) to visualize immune effec-
tor cells or with Grocott’s methenamine silver stain (GMS) for detection
of fungi (22).

Statistical analyses. (i) In vitro tests. The luminescence values of the
different cultures in the presence of the antifungals were compared to
those of the control cultures by one-way analysis of variance (ANOVA)
followed by Dunnett’s multiple-comparison test.

(ii) In vivo tests. Analyses of survival rates were performed by creating
Kaplan-Meier plots and then performing log rank tests (GraphPad
Prism). All results are expressed as means � standard errors (SE), and
comparisons for survival studies were considered significant if the P value
was �0.05.

Comparisons of body weights and luminescence within the different
groups of mice were performed using two-way ANOVA followed by the
Bonferroni posttest. All tests were performed using GraphPad Prism 5
software.

RESULTS
Bioluminescence of the A. fumigatus reporter strain 2/7/1 car-
rying a codon-optimized luciferase gene. In order to increase the
sensitivity of the bioluminescence-based reporter system, the fire-
fly luciferase gene was codon adapted to the usage of A. fumigatus.
As in the previously generated reporter strain C3 (17), expression
of this new synthetic luciferase gene (lucOpt) was controlled by the
gpdA promoter from A. fumigatus. After transformation of the
wild-type strain CBS144.89, transformants were prescreened for
bioluminescence, and strain 2/7/1 was selected for further exper-
iments because it showed bright luminescence but no other phe-

Galiger et al.

3048 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


notypic differences relative to the parental strain. Southern blot
analysis revealed two copies of the luciferase gene construct that
were stably integrated into the genome. When the luminescence of
strain 2/7/1 was compared with that of the former reporter strain
C3, luminescence was approximately 12 times more intense (Fig.
1A). In addition, taking into account that strain C3 contained four

integrations of the luciferase gene construct, a significant increase
in sensitivity was obtained by using the codon-optimized version
of firefly luciferase.

Correlation of conidial germination with light emission of
the reporter strain 2/7/1. To determine the kinetics of conidial
germination and to correlate light emission of the reporter strain
with the germination process, we cultured 5 � 105 conidia at 37°C
in 24-well microplates containing 0.5 ml complete RPMI me-
dium. From these cultures, microscopic pictures were recorded
and analyzed by ImageJ software. Subsequently, luminescence was
evaluated with an IVIS 100 system. The graph presented in Fig. 1B
displays the increase of bioluminescence in correlation with hy-
phal elongation determined after 0, 5, 6, 8, 10, and 12 h of incu-
bation.

Further incubation resulted in increased bioluminescence, but
the correlation between light emission and hyphal elongation was
difficult to assess (data not shown). This was due mainly to strong
hyphal branching at 15 h rendering the evaluation of the total
hyphal length difficult. Additionally, light scattering and quench-
ing by overlaying hyphae could not be excluded in the biolumi-
nescence reading. Thus, in subsequent in vitro antifungal drug
assays with liquid cultures that used bioluminescence detection as
a readout parameter, incubation times were mainly limited to the
10-h time point.

Comparison of antifungal susceptibilities of wild-type A. fu-
migatus and reporter strain 2/7/1 by standard techniques. To
evaluate the drug susceptibility of the bioluminescent reporter
strain 2/7/1 in comparison to its parental wild-type strain, two
independent standard methods were used: MIC test strips and the
microdilution method. Two methods were used because different
in vitro susceptibility assays, such as the microdilution method,
disc diffusion assays, and MIC test strips, sometimes show vari-
ances in MIC results (23–25). Drug susceptibility analyses with
MIC test strips were performed for amphotericin B, voriconazole,
posaconazole, anidulafungin, and caspofungin, whereas we lim-
ited analyses with the microdilution method to amphotericin B,
voriconazole, and anidulafungin but additionally tested different
combinations of these drugs. Due to possible microcolony forma-
tion on solid media with the use of MIC test strips (26), results
were evaluated at 24 and 48 h, whereas results from microdilution
were read after 48 h, as recommended in the EUCAST guidelines.
Regardless of the test method, no significant differences in suscep-
tibility were observed between the parental A. fumigatus wild-type
strain CBS144.89 and the reporter strain 2/7/1 (Table 1). How-

FIG 1 Growth and bioluminescence of A. fumigatus strains. (A) Comparison
of light emission from A. fumigatus CBS144.89 (wild type; control), a reference
reporter strain (Af C3) containing four copies of the nonoptimized luciferase
reporter, and a new reporter strain (Af 2/7/1) that carries two copies of the
codon-optimized luciferase gene. Wells of a white 96-well plate containing 200
�l potato dextrose broth (PDB) medium were inoculated in quadruplicate
with 50,000 conidia of the respective strain and incubated for 13.5 h at 37°C.
Luminescence was determined in a microplate reader after automatic injection
of D-luciferin. The graph shows the relative light response units for a 0.5-s
interval; data are means and standard deviations for four cultures. (B) Corre-
lation of light emission and hyphal elongation. Bioluminescence was detected
by using an IVIS 100 system, and hyphal elongation was determined micro-
scopically using ImageJ software. Mean values and standard deviations for
three independent cultures are shown.

TABLE 1 MIC determination by use of MIC test strips and the microdilution method

Strain
Time
point (h) Method

MIC (mg/liter)a

Amphotericin B Voriconazole Posaconazole Anidulafungin Caspofungin

Wild type 24 Test strip 0.125–0.19 0.064–0.094 0.047–0.064 0.004–0.006* 0.032*
48 Test strip 1.5 0.094 0.094 0.006–0.008** 0.032–0.047**

2/7/1 24 Test strip 0.094–0.125 0.064–0.094 0.032–0.047 0.004–0.006* 0.032–0.047*
48 Test strip 1.0–1.5 0.094 0.094 0.006–0.008** 0.047–0.064**

Wild type 48 Microdilution 1 0.25 ND �0.032*** ND
2/7/1 48 Microdilution 1 0.25 ND �0.032*** ND
a *, microcolonies were present in the inhibition zone; **, difficult to evaluate due to microcolonies; ***, data are MECs (at the lowest concentration tested, a hyperbranching
phenotype of colonies was observed); ND, not determined.
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ever, MIC values determined by the two independent methods
were slightly different. Furthermore, while amphotericin B
showed a low MIC value after 24 h (0.125 �g/ml) in the test strip
analysis, the MIC increased by a factor of �10 within the next 24
h, due mainly to a fluffy nonsporulating mycelium that entered
the previously formed inhibition zone, but the 48-h reading of
MIC test strips was similar to the microdilution read at 48 h. In
conclusion, regardless of the method used, all in vitro data indi-
cated that the selected A. fumigatus reporter strain should be sus-
ceptible to all tested drugs under in vivo conditions.

Among drug combinations, synergistic effects were observed
with the combination of amphotericin B and voriconazole. Al-
though the drugs were added at sub-MIC levels that allowed nor-
mal mycelium formation in single use, stunted and highly
branched colonies were observed with these combinations. This
was especially true for amphotericin B at a fixed concentration of
0.25 mg/liter with voriconazole at concentrations down to 0.0625
mg/liter. However, no obvious effects of the combination of am-
photericin B or voriconazole with anidulafungin were observed.
These combinations revealed highly branched colonies that were
similar in appearance to those with anidulafungin applied in sin-
gle use.

Evaluation of drug susceptibility by microscopy and biolu-
minescence imaging. The analyses described above revealed that
the bioluminescent reporter (i) showed similar drug susceptibility
to that of the parental wild-type strain and (ii) showed a good
correlation between bioluminescence and biomass formation in
liquid cultures, at least when tested within the first 10 to 12 h after
inoculation. To check whether bioluminescence determinations
also allow correlation of the growth-inhibitory and toxic effects of
antifungals with light emission, we performed susceptibility anal-
yses in 24-well plates and evaluated growth microscopically, fol-
lowed by quantification of bioluminescence intensity. For this
purpose, different concentrations of liposomal amphotericin B,
voriconazole, and anidulafungin were added at different time
points and in different concentrations to conidia growing in com-
plete RPMI medium.

(i) Liposomal amphotericin B. The inhibitory effect of lipo-
somal amphotericin B was tested by culturing conidia for a total of
10 h in the presence of various amounts of the drug in the range of
0.8 �g/ml to 1.6 �g/ml. Microscopic evaluation showed that all
concentrations strongly inhibited germination of conidia (Fig.
2A), and bioluminescence imaging (Fig. 2B) revealed that lipo-
somal amphotericin B significantly (P � 0.05) reduced light emis-
sion at 0.8 �g/ml (92% inhibition), 1 �g/ml (97% inhibition), and
1.6 �g/ml (98% inhibition). These data are in good correlation
with the results of the two standard susceptibility assays described
above. However, since determinations of susceptibility by use of
MIC test strips evaluated after 24 h indicated that even lower con-
centrations might be effective at early time points, we additionally
tested lower concentrations (0.4, 0.2, and 0.02 �g/ml) of lipo-
somal amphotericin B. In this case, a concentration of 0.2 �g/ml
still resulted in 74% decreased bioluminescence, whereas no inhi-
bition was observed with the lowest concentration (0.02 �g/ml)
(data not shown).

In order to determine the drug efficacy in relation to the state of
conidial germination, 0.8 �g of liposomal amphotericin B was
added to germinating conidia at different time points. When lipo-
somal amphotericin B was added at 0 h and maintained in the
medium for 10 h, we observed 92% inhibition. When conidia were
preincubated for either 5 or 4 h prior to liposomal amphotericin B
addition and incubation was continued for a total of 10 h, biolu-
minescence determination revealed 88 or 92% inhibition, respec-
tively. However, when conidia were pregerminated for 8 h prior to
addition of amphotericin B and incubation was continued for
another 2 h, no reduction in light emission in comparison to the
control was observed. This indicates that efficient inhibition may
occur only on either swollen or early-germinating conidia. Alter-
natively, the incubation time of 2 h in the presence of amphoteri-
cin B may have been too short to cause a significant inactivation of
hyphae. Finally, to confirm a fungicidal activity of liposomal am-
photericin B, conidia were incubated in the presence of the drug at
0.8 �g/ml for 10 h. Subsequently, cultures were washed and fur-
ther incubated for 10 h at 37°C. Liposomal amphotericin B signif-

FIG 2 Effect of liposomal amphotericin B on growth of A. fumigatus in liquid cultures. (A) Conidia were cultured for 10 h at 37°C in the presence of increasing
doses of liposomal amphotericin B (LAmB) ranging from 0.8 �g/ml to 1.6 �g/ml. The microscopic images show hyphal growth in the control culture, whereas
LAmB at 1.6 �g/ml inhibited germination of conidia. (B) Conidia were cultured in triplicate (n � 6) to a final concentration of 5 � 105 conidia in 0.5 ml of
complete RPMI medium and incubated for 10 h at 37°C. LAmB added at time zero significantly inhibited germination of conidia, and the luminescence decreased
accordingly (**, P � 0.05).
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icantly inhibited germination of conidia, and determination of
light emission revealed 99% inhibition in comparison to the con-
trol (P � 0.05). This experiment showed that liposomal ampho-
tericin B was not only fungistatic but also fungicidal on A. fumiga-
tus conidia.

(ii) Anidulafungin. Anidulafungin is a broad-spectrum echi-
nocandin that inhibits fungal cell wall synthesis. MIC test strip
analysis showed that low concentrations in the range of 4 to 8
ng/ml were effective. However, microcolonies formed on the
plates and were also observed in the microdilution test, which is in
agreement with a fungistatic rather than fungicidal effect of this
drug (27).

To evaluate the correlation between light emission and growth
in the presence of this drug, the same approach as that described
for liposomal amphotericin B was followed. Compared to a con-
trol without drug, the addition of anidulafungin significantly in-
hibited the elongation of hyphae (P � 0.05) at 1 ng/ml (51%
inhibition), 10 ng/ml (53% inhibition), and 100 ng/ml (55% in-
hibition), but evaluation of biomass formation by microscopic
analysis was difficult due to hyperbranching of hyphal tips (not
shown).

However, monitoring bioluminescence using the IVIS system
showed that anidulafungin added at 0 h at concentrations of 1 and
10 ng/ml resulted in 25 and 26% inhibition of light emission,
respectively. Similarly, addition of the drug at 100 ng/ml only
slightly but significantly increased this inhibition, to 34% (P �
0.05). These data are in agreement with a high effectiveness of
anidulafungin even at low concentrations but also show that ger-
minated conidia are still alive due to the production of luciferase
and ATP, which are both required for the light-emitting reaction
during the oxidation of D-luciferin (13).

(iii) Voriconazole. Similar to liposomal amphotericin B, vori-
conazole targets the fungal cell membrane (28, 29) and is fungi-
cidal against most A. fumigatus isolates (30). MIC testing by the
two standard assays revealed effective concentrations in the range
of 94 to 250 ng/ml at 48 h. Therefore, experiments with liquid
cultures were performed at increasing doses of 1, 10, and 100
ng/ml, and incubation was performed for a total of 10 h.

Microscopic observations showed that no germination oc-
curred in the presence of voriconazole at all three concentrations.
However, the luminescence intensities indicate that not all conidia
were killed during this treatment. Light emission was reduced by
85 to 86% for all three concentrations, which indicates that at least
some active luciferase and ATP were still present. This is in agree-
ment with results from microdilution, in which mycelial growth
was observed at the 48-h time point for concentrations below 250
ng/ml.

In vivo drug efficacy in therapy of invasive aspergillosis. Our
in vitro studies confirmed the susceptibility of the bioluminescent
A. fumigatus reporter strain against the important antifungals li-
posomal amphotericin B, voriconazole, and anidulafungin. How-
ever, the latter drug allowed initial germination of conidia that
might hinder its use in monotherapy. In contrast, voriconazole
and liposomal amphotericin B were highly efficient at preventing
conidial germination and could be assumed to be highly effective
under in vivo conditions. To address these questions and to visu-
alize the power of bioluminescence imaging in reporting the effi-
cacy of antifungals under in vivo conditions, therapy studies were
performed on leukopenic mice. In the first approach, antifungal
monotherapy was tested after pulmonary challenge of mice with

different numbers of conidia, i.e., 5 � 105 and 2.5 � 105 conidia.
Treatment was started at the time of infection and continued on a
daily basis by intraperitoneal injection of the respective drug. Pro-
gression of infection or recovery was monitored by body weight
determination and bioluminescence imaging.

Monotherapy with liposomal amphotericin B. Cyclophos-
phamide-treated mice were challenged with 5 � 105 or 2.5 � 105

conidia. The placebo groups received 5% glucose, and the treated
group received liposomal amphotericin B (10 mg/kg/day). Treat-
ment was given by intraperitoneal injection on a daily basis for 10
days, after which treatment was discontinued and mice were mon-
itored for an additional 10 days to determine the level of fungal
elimination. Following infection with the high infectious dose, the
graphs presented in Fig. 3A illustrate (i) the correlation between
the increase of bioluminescence signals and the weight loss during
the first 6 days of infection in the placebo- and liposomal ampho-
tericin B-treated groups of mice (data from a total of 15 animals
for each group); and (ii) starting at day 4 postinfection, a signifi-
cant difference between the treated and untreated groups for both
bioluminescence signals (P � 0.05 at D4 and P � 0.001 at D6) and
weight loss (P � 0.05 at D4 and P � 0.01 at D6). While body
weight continued to decrease in the placebo group, the biolumi-
nescence signal strongly increased. Furthermore, within this time
frame, and regardless of the infectious dose, all placebo-treated
animals succumbed to infection, with high luminescence signals.
In contrast, in the treated group, only a transient increase in bio-
luminescence accompanied by a transient decrease in body weight
was observed. Six days after infection, mice started to recover body
weight and the bioluminescence decreased, reaching background
levels of 1 � 105 total photons flux/s at day 20, when the experi-
ment was terminated. Thus, treatment with liposomal amphoter-
icin B had a beneficial effect on the outcome of infection at a high
infectious dose.

A more detailed analysis of the development of biolumines-
cence signals is depicted in Fig. 3B. Regardless of treatment, weak
and homogenous luminescence signals were detected from the
sinus and lung regions of all mice early after infection, confirming
successful infection. Furthermore, along with the expected biolu-
minescence signal increase from the lung region in placebo-
treated animals, development of strong bioluminescence from the
sinus region was common, especially at the infectious dose of 5 �
105 conidia. Interestingly, the sinus region also appeared as the
major site of disease establishment in the liposomal amphotericin
B-treated group, implying that liposomal amphotericin B has a
higher therapeutic efficacy in the pulmonary region than in the
sinus region. However, the majority of animals treated with lipo-
somal amphotericin B showed only a transient increase of biolu-
minescence signals, and as stated above, the decrease in light emis-
sion was accompanied by a gain in weight. A similar pattern of
luminescence decrease following infection was observed with the
reduced dose of 2.5 � 105 conidia (data not shown).

In conclusion, liposomal amphotericin B had a strongly posi-
tive effect on life span and survival of treated mice and was effec-
tive at both infectious doses, with 80% of infected mice surviving
the observation period (also see Fig. 4C).

Anidulafungin and voriconazole treatment at a high infec-
tious dose. Similar to the liposomal amphotericin B treatment, in
the first approach for anidulafungin and voriconazole, mice were
challenged with 5 � 105 conidia and treated with either voricona-
zole or anidulafungin at a concentration of 10 mg/kg body weight
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for a total of 10 days. Control mice receiving the respective placebo
treatment showed the development of luminescence signals and
mortality described above. However, and unexpectedly, at this
infectious dose, 90% of the treated animals developed severe signs
of infection, loss of body weight, and increasing bioluminescence

signals (Fig. 4A). Infected mice displayed signals from the lungs
and also from the trachea, head, and sinus, indicating fungal in-
vasion of these organs and suggesting a possible tracheitis, kerati-
tis, and sinusitis. Infection at these sites was clearly visible even in
the dorsal view for the treated and untreated groups (Fig. 4B).

FIG 3 In vivo monitoring of liposomal amphotericin B efficacy in therapy of invasive pulmonary aspergillosis. (A) Immunosuppressed mice were infected with
5 � 105 conidia of A. fumigatus strain 2/7/1, and luminescence and body weight were monitored on a daily basis. The graphs for the LAmB-treated (n � 15) and
placebo-treated (n � 15) groups show that increases in luminescence (gray) were concomitant with decreases in body weight (black). A significant difference
concerning body weight and light emission (P � 0.05) between the treated and placebo groups was observed from D4 following infection. (B) Visualization of
bioluminescence imaging exemplified for a representative group of LAmB- and placebo-treated mice. In survivors from the therapy group, luminescence
decreased to background levels by 20 days postinfection. In contrast, luminescence strongly increased in the placebo group. Strong lung and sinus signals were
predictive of the imminent death of mice.
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Thus, among a total of 10 mice from each treated group at this
high infectious dose, only 10% (P � 0.05) survived the infection
(Fig. 4C). These results imply that either (i) bioavailability of vori-
conazole or anidulafungin after intraperitoneal injection was too
low to efficiently inhibit fungal growth, (ii) both drugs were not
effective in treatment of lung aspergillosis, or (iii) the fungal load
was too high to allow for efficient therapy. To address these pos-
sibilities, a second therapy approach was performed, in which the
infectious dose was lowered to 2.5 � 105 conidia per mouse.

Anidulafungin and voriconazole treatment at a reduced in-
fectious dose. Despite the unsuccessful treatment of mice with
anidulafungin or voriconazole at a high infectious dose, we re-
peated these treatment approaches but reduced the infectious
dose to 2.5 � 105 conidia.

As observed in the above-described experiment with liposomal
amphotericin B, the placebo-treated group rapidly succumbed to
infection and displayed high luminescence signals (Fig. 5A). How-

ever, and in contrast to the case with the higher infectious dose,
anidulafungin and voriconazole treatments significantly (P �
0.0001) reduced mortality rates (Fig. 5B). This result was particu-
larly unexpected for anidulafungin, which allowed early germina-
tion of conidia under in vitro conditions. However, early germi-
nation was in agreement with a transient increase of luminescence
until day 4 in all anidulafungin-treated animals (Fig. 5A). During
the following days, 8 of 20 mice succumbed to infection, with high
bioluminescence signals, as exemplified for mouse number 4
(M4) in Fig. 5A. A strong signal was also observed from a second
mouse (M5), but this animal recovered from infection and
showed no luminescence signal above background at day 17, when
the experiment was terminated. Thus, the growth-inhibitory ef-
fect of anidulafungin on germinated conidia appears to be suffi-
cient for therapy success at the reduced infectious dose.

Similarly, a significant improvement was also observed with
voriconazole treatment. In the three mice shown as examples in

FIG 4 In vivo monitoring of anidulafungin and voriconazole efficacies in therapy of invasive pulmonary aspergillosis following infection with 5 � 105 conidia.
(A) Immunosuppressed mice were infected with 5 � 105 conidia of A. fumigatus strain 2/7/1. Luminescence and weight were monitored daily for placebo (n �
15)-, anidulafungin (ANI; n � 10)-, and voriconazole (VOR; n � 10)-treated mice. Drugs (10 mg/kg/day) were administered daily. At this infectious dose, no
difference was observed between the placebo-treated and therapy groups. The increase in luminescence was accompanied by a decrease in weight. (B) Lumi-
nescence images in dorsal view from a representative experiment with placebo-, ANI-, and VOR-treated mice 4 days after infection. Besides signals from the
region of the lungs and trachea, luminescence from the head areas implies the development of severe sinusitis. (C) Analyses of survival rates of mice infected with
5 � 105 conidia following treatment with LAmB (also see Fig. 3), ANI, and VOR. Analyses were performed by Kaplan-Meier plots followed by the log rank
(Mantel-Cox) test. *, P � 0.05; ***, P � 0.001.
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Fig. 5A, no strong increase in luminescence was observed for the
duration of the treatment and the following observation period.
This is in agreement with our in vitro results, which showed that
voriconazole efficiently controlled conidial germination. How-
ever, as shown for the depicted group of mice, even at this reduced
infectious dose, two mice (M4 and M5) revealed increasing bio-
luminescence signals and succumbed to infection on days 6 and 7,
with signals from the lungs, trachea, and sinus (Fig. 5A). Thus, in
total, 8 of 20 infected animals also succumbed to infection under
this infection and treatment regimen.

In conclusion, in comparison to placebo-treated mice, which
rapidly succumbed to infection even at the reduced infectious
dose, treatment significantly improved survival for both drugs
(P � 0.0001) (Fig. 5B). Treatment resulted in 60% survival fol-
lowing anidulafungin or voriconazole therapy, in contrast to 0%

survival for the placebo group. However, to further improve ther-
apy success, we investigated combination therapies in the re-
duced-dose infection model.

Combination treatments using the low-infectious-dose
model of invasive pulmonary aspergillosis. To investigate the
effect of combination therapy on treatment efficacy, we applied
drugs in the following combinations: (i) 15 animals were treated
with liposomal amphotericin B (10 mg/kg) in combination with
anidulafungin (5 mg/kg), (ii) 10 animals were treated with lipo-
somal amphotericin B (10 mg/kg) in combination with voricona-
zole (10 mg/kg), and (iii) 10 animals were treated with anidula-
fungin (5 mg/kg) in combination with voriconazole (10 mg/kg).
Infection of cyclophosphamide-treated animals was performed
with 2.5 � 105 conidia. The different drugs were given intraperi-
toneally and independently to mice.

FIG 5 In vivo monitoring of anidulafungin and voriconazole efficacies in therapy of invasive pulmonary aspergillosis following infection with 2.5 � 105 conidia
of strain 2/7/1. (A) Representative luminescence images of immunosuppressed mice infected with 2.5 � 105 conidia of A. fumigatus and treated with either
anidulafungin (ANI), voriconazole (VOR), or a placebo. In comparison to the higher infectious dose (see Fig. 4), reduction of the infectious dose increased
therapy efficacy, with partial to complete reduction of light emission from surviving animals. (B) Analyses of survival rates were performed by Kaplan-Meier plots
followed by the log rank (Mantel-Cox) test for LAmB (n � 10), ANI (n � 20), and VOR (n � 20) treatments in comparison to the placebo group (n � 25) at the
reduced infectious dose. For all drug treatments, a significant increase in survival (***, P � 0.001) was observed.
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Figure 6B presents Kaplan-Meier plots of cumulative mortality
for the respective treatment groups in the combination study
compared to monotherapy groups and untreated placebo con-
trols. In comparison to placebo-treated mice (P � 0.0001) and
monotherapy groups, the combination treatments significantly
improved the outcome of infection. Although the concentration
of anidulafungin in combination with liposomal amphotericin B
was reduced to 5 mg/kg to avoid toxic side effects, this protocol
significantly improved the survival, to 100% (P � 0.01) (Fig. 6B).

Mice treated with this combination developed only mild signals
from the sinus region and maintained near-background lumines-
cence from the lung region (Fig. 6A). This implies that this com-
bination reduced fungal growth not only at pulmonary regions
but also at extrapulmonary sites, without obvious major adverse
side effects.

When liposomal amphotericin B was combined with vori-
conazole, survival increased from 60% for voriconazole mono-
therapy to 90%, but this combination appeared to be not signifi-

FIG 6 In vivo monitoring of the efficacy of drug combination treatments in therapy of invasive pulmonary aspergillosis following infection with 2.5 � 105

conidia of strain 2/7/1. (A) Representative luminescence images of immunosuppressed mice treated with combinations of liposomal amphotericin B (LAmB),
anidulafungin (ANI), and voriconazole (VOR), as indicated. Mice surviving to day 6 showed full recovery, with light emission near background values. (B)
Comparisons of all therapy approaches (single and combination treatments) at the reduced infectious dose. Analyses were performed by Kaplan-Meier plots
followed by the log rank (Mantel-Cox) test. Monotherapy or combination therapy significantly improved the outcomes for the treatment group versus control
group (***, P � 0.0001). Liposomal amphotericin B combined with anidulafungin significantly improved the outcome in comparison to that for mice treated
only with anidulafungin (**, P � 0.01). Numbers of animals in groups were as follows: for LAmB � ANI, n � 15; for LAmB � VOR, n � 10; for VOR � ANI,
n � 10; and for placebo, n � 25 (also see Fig. 5B).
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cantly superior to liposomal amphotericin B monotherapy, which
showed 80% survival. As shown in Fig. 6A, a transient increase in
bioluminescence was observed, especially at extrapulmonary sites
such as the trachea and sinuses (depicted in M1, M3, and M5).
However, in M1 and M3, these signals decreased with ongoing
therapy, indicating the efficacy of this combination.

Finally, when anidulafungin at 5 mg/kg was combined with
voriconazole at 10 mg/kg, survival of mice also increased to 80%,
in comparison to 60% for monotherapy for both drugs. Although
signals from the sinus generally remained very low, individual
mice (exemplified for M4 in Fig. 6A) developed strong lung sig-
nals and succumbed to infection.

From these experiments, we concluded that following infec-
tion with the reduced dose of conidia and in comparison to pla-
cebo-treated mice, which all succumbed to infection, (i) no antag-
onism was observed following the combinations; (ii) all
combination treatments improved survival; and (iii) in this mu-
rine model, the best results were obtained following the combina-
tion of liposomal amphotericin B with anidulafungin (P � 0.01
compared to liposomal amphotericin B monotherapy).

Histopathology. For histopathological analysis, we considered
the control (placebo) group and six treatment conditions: anidu-
lafungin, liposomal amphotericin B, and voriconazole as mono-
therapies as well as liposomal amphotericin B plus anidulafungin,
anidulafungin plus voriconazole, and liposomal amphotericin B
plus voriconazole as combination therapies. Control mice that did
not receive any treatment died within 6 days after inoculation
(inoculation dose, 2.5 � 105 conidia). These mice displayed
marked to severe pulmonary lesions characterized by multifocal
to coalescent infiltrations of neutrophils and macrophages associ-
ated with bronchiolar and alveolar epithelial cell necrosis and vas-
cular phenomena (necrosis, thrombi, and hemorrhages). Within
these lesions, we identified a high density of hyphae (Fig. 7). In
contrast, mice under therapy that survived the observation period
were euthanized between days 17 and 20. Pulmonary lesions were
heterogenous in the different treated groups, varying from no vis-
ible lesions to infiltrates of mononucleated cells or abscesses and
granulomas. However, the overall density of intralesional hyphae
was markedly decreased. Among the different conditions, two
treatments, i.e., liposomal amphotericin B in combination with
either voriconazole or anidulafungin, appeared superior to the
other treatment regimens. These treatments resulted in an ab-
sence of significant histological lesions and fungal elements in the
observed tissue sections (Fig. 7).

DISCUSSION

In this study, we generated a bioluminescent A. fumigatus strain
expressing a codon-optimized version of firefly luciferase. As pre-
viously described for the use of a codon-adapted synthetic version
of firefly luciferase in research on Neurospora crassa (31), codon
adaptation significantly increased light emission in A. fumigatus as
well. This optimization resulted in increased sensitivity of the re-
porter system in both in vitro and in vivo experiments compared to
that of a strain carrying a luciferase gene codon adapted for ex-
pression in mammalian cells (17, 18). Since the selected reporter
strain, strain 2/7/1, revealed no phenotypic growth defects, it ap-
peared to be suitable to investigate the effectiveness of antifungals
under in vivo conditions. Indeed, the bioluminescent reporter
strain enabled real-time monitoring of infection after intranasal
inhalation of conidia. Bioluminescence detection visualized not

FIG 7 Lung histology of mice infected with 2.5 � 105 conidia of strain 2/7/1.
Representative images of the placebo group 6 days after infection (A) and of
the groups receiving combination treatment with liposomal amphotericin B
(LAmB) and anidulafungin (ANI) (B) or LAmB and voriconazole (VOR) (C)
are shown. Surviving animals from the combination treatment groups were
euthanized at day 17 postinfection. (Left) Hematoxylin-eosin (HE) staining.
(Right) Grocott’s methenamine silver staining. Placebo-treated mice dis-
played multifocal pulmonary inflammatory lesions (arrowheads) containing a
high density of fungi (arrows) and were characterized by multifocal infiltrates
of macrophages and neutrophils filling bronchiolar spaces and extending to
alveoli, associated with necrosis of epithelial cells and hemorrhages (magnifi-
cation of HE staining). LAmB-ANI- and LAmB-VOR-treated mice did not
display significant histological lesions or fungal elements at D17 postinfection.
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only lung infections but also infections at extrapulmonary sites,
such as the sinus or the trachea, and also visualized the kinetics of
disease progression in individual animals. For placebo-treated
mice challenged with either a high or reduced dose of conidia,
mice succumbed to infection within 4 to 6 days, accompanied by
increasing bioluminescence signals from the sinus region, trachea,
and lungs. Therefore, this system appeared to be well suited for
studying antifungal therapy approaches.

Liposomal amphotericin B (32, 33) and voriconazole (34–36)
are common drugs in prophylactic use to prevent fungal infec-
tions in high-risk patients, although treatment failure and break-
through of invasive fungal infections have been observed (2, 37,
38). Furthermore, echinocandins generally show good in vitro ef-
fectiveness against Candida and Aspergillus species, and several
retrospective studies on the efficacies of micafungin and caspo-
fungin in prophylactic and therapeutic approaches showed simi-
lar efficacies to those observed for various azoles and amphoteri-
cin B (39). However, due to the lack of large randomized trial
studies, the use of these antifungals in primary prophylaxis has not
yet been recommended. This is especially true for anidulafungin,
which was approved only recently: in 2006 in the United States
and in 2007 in Europe (39). Thus, reports on the efficacy of this
drug are rather limited.

Although our analyses revealed that liposomal amphotericin B,
anidulafungin, and voriconazole had good in vitro activities
against A. fumigatus, only liposomal amphotericin B was highly
effective in monotherapy, regardless of the infectious dose admin-
istered. However, breakthrough of infection was observed in some
cases, especially following infection with the high dose of conidia.
In this situation, disease manifestation was limited mostly to the
trachea and sinuses, whereas lung signals remained generally low
in all animals. This implies that amphotericin B might display a
reduced bioavailability within the sinus region. This is in agree-
ment with an investigation in which the efficacies of liposomal and
conventional amphotericin B were compared in therapy of sinus
infections. Although liposomal formulations appeared superior to
conventional amphotericin B, treatment success remained low, at
50%, compared to 18.8% with the conventional formulation (37).
However, it needs to be mentioned that the patient populations
studied were significantly different, which might have caused the
better outcome with the liposomal formulation. Nevertheless, in
our analyses, the bioluminescence signals from the sinus region
for liposomal amphotericin B treatment support the idea that ex-
trapulmonary bioavailability, even that of lipid formulations,
might be low. However, 80% of mice survived infection with lipo-
somal amphotericin B treatment, with a complete clearance of the
luminescence signal between days 17 and 20, which supports the
suitability of this drug for primary therapy of pulmonary aspergil-
losis.

In contrast to the case for liposomal amphotericin B, treatment
success with voriconazole and anidulafungin was highly depen-
dent on the infectious dose. While both drugs nearly completely
failed when the higher infectious dose was used, the success rate
increased significantly with the reduced dose. The treatment fail-
ure with anidulafungin at the high infectious dose is consistent
with the results obtained for a model of experimental pulmonary
aspergillosis in neutropenic rabbits that were challenged with 4
times the amount of inoculum given in this study. Under therapy
with anidulafungin at 10 mg/kg/day, only 18% of animals sur-
vived (40). A recent analysis of the pharmacokinetics of anidula-

fungin in mice revealed a good correlation of serum level with the
applied dose, which indicates that an effective concentration in
serum can be achieved (41). However, the same study showed that
although therapy success increased with increasing dosages of the
drug, the maximum response was not obtained, even at 20 mg/kg.
Furthermore, increasing the dose to 40 mg/kg caused toxic side
effects (41). In our study, we did not increase the anidulafungin
concentration but slightly reduced the fungal load by maintaining
100% mortality in the control group. This reduction caused sig-
nificantly less invasive growth in a majority of mice and allowed
the recurring immune system to clear the infection in 60% of
infected animals.

Concerning voriconazole, the situation appears different, al-
though the treatment success was comparable to that with anidu-
lafungin. Although some studies reported a response rate of only
50% for voriconazole for therapy of pulmonary disease (40), the
good in vitro effectiveness against the tested A. fumigatus strain
should have resulted in a higher in vivo efficacy. The main prob-
lem in the use of voriconazole in the murine system seems to
derive from rapid inactivation by cytochrome P450, which is au-
toinduced by voriconazole in mice (42). Therefore, specific feed-
ing conditions, such as the addition of grapefruit juice to the
drinking water (43), seem to be required to study the effectiveness
of this drug in the murine system. Therefore, care has to be taken
in the interpretation of therapy efficacy in our models. However,
in agreement with the assumption of low bioavailability, vori-
conazole was effective at the lower infectious dose, as some ani-
mals survived, without development of high bioluminescence sig-
nals.

Another aim of our study was to investigate the success of
combination therapy. Combination therapy with echinocandins
and triazoles or polyenes and echinocandins has been assumed to
be more active for therapy of invasive aspergillosis than therapy
with a single agent (44, 45). However, although not followed in
our study, it seems important to monitor blood markers for
hepato- and nephrotoxicity. When we tried to increase the anidu-
lafungin concentration in combination with liposomal amphoter-
icin B to 20 mg/kg/day, rapid death of mice occurred, indicating
the occurrence of severe complications from either drug (data not
shown).

However, when we reduced the anidulafungin concentration
to 5 mg/kg/day, synergistic interactions between anidulafungin
and voriconazole and between anidulafungin and liposomal am-
photericin B were observed. The latter combination led to 100%
survival, with only low transient increases of bioluminescence
from the lungs and sinuses. With respect to our in vitro data, we
assume that a potentially broadened bioavailability of drugs at all
body sites might have caused this synergism, rather than a direct
synergistic effect of both drugs on individual fungal cells. Mice
treated with liposomal amphotericin B monotherapy suffered
mainly from histologically confirmed sinus infections (data not
shown), whereas anidulafungin monotherapy frequently resulted
in high signals from the pulmonary tract. The combination of
both drugs controlled infection at both sites, resulting in 100%
survival. Thus, combination therapy might indeed help to combat
life-threatening infections if the side effects are tolerated by pa-
tients.

Interestingly, despite the presumably low bioavailability of
voriconazole due to its rapid inactivation in the murine system, we
also observed efficacy of liposomal amphotericin B combined
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with voriconazole in the setting of invasive pulmonary aspergillo-
sis in the murine model. This is in contrast to a potential antago-
nism that was observed for the combination of ravuconazole with
liposomal amphotericin B in a rabbit model of invasive pulmo-
nary aspergillosis (46). Antagonistic effects were also observed
with combination therapy of C. albicans sepsis with amphotericin
B and itraconazole, since the combination was strongly inferior to
amphotericin B monotherapy (47). Thus, it remains unclear
whether our improvement derived from the use of a different
azole or was observed only because of the low bioavailability of
voriconazole in our model, reducing toxic and antagonistic ef-
fects. However, our in vitro combination experiment at least
showed that amphotericin B in combination with voriconazole,
both given at sub-MIC levels, displayed a synergistic effect. Fur-
thermore, examples of successful combination therapy with vori-
conazole and lipid formulations of amphotericin B were also given
for experimental murine central nervous system (CNS) aspergil-
losis (44, 48). Additionally, recent data published on the exposure
of patients to voriconazole and liposomal amphotericin B showed
no antagonism of these drugs, at least when given sequentially
(49).

In summary, bioluminescence imaging strongly refines animal
models by providing detailed spatial and temporal information on
disease progression from diverse body sites. Due to the repeated
imaging of individual animals, the total number of animals re-
quired to draw conclusions can be reduced significantly. In all our
studies, a strong increase in the bioluminescence signal correlated
with breakthrough infections and eventual death of animals.
Therefore, bioluminescence imaging in addition to body weight
determination can be used as a suitable marker for predicting
treatment efficacy in future experiments. Just recently, biolumi-
nescent reporter strains were also generated for Aspergillus terreus
and revealed insights on disease establishment of invasive pulmo-
nary aspergillosis dependent on the immunosuppressive regimen
(50). Furthermore, bioluminescent Fusarium strains and im-
proved bioluminescent C. albicans strains have been generated
that are under investigation for their suitability for monitoring
invasive fungal infections (unpublished data). This set of fungal
species will allow us to test new therapy approaches on a broad
range of important fungal pathogens.

The current study on A. fumigatus in the setting of invasive
aspergillosis shows that (i) even if drugs are given intraperitone-
ally, the distribution of drugs to different sites of infection is pos-
sible; (ii) depending on their bioavailability, some drugs seem able
to control only moderate fungal burdens under in vivo conditions;
and (iii) the infectious dose used in model systems can strongly
influence the results. Our data also imply that the efficacy of treat-
ment relies on the experimental model system applied. Different
organs are targeted depending on the route of infection, e.g., sys-
temic infection, intracerebral injection, or intranasal infection.
Bioluminescence imaging may provide a more detailed analysis of
drug efficacy in different target organs and should therefore be
considered in future antifungal testing.
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