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Invasive pulmonary aspergillosis remains an important cause of morbidity and mortality among transplant
recipients and patients receiving cancer chemotherapy. The lipid-associated formulation of amphotericin B
(AmB), AmB lipid complex (ABLC), was evaluated for its prophylactic efficacy when it was administered as an
aerosol in a rat model of pulmonary aspergillosis. Aerosol ABLC (aero-ABLC), in doses from 0.4 to 1.6 mg/kg
of body weight given 2 days before infection, significantly delayed mortality compared to the mortality of rats
given placebo (P < 0.001). At day 10 postinfection, 50% of rats in the 0.4-mg/kg group and 75% of rats in the
1.6-mg/kg group were alive, while all control animals had died. In a second trial aero-ABLC was more effective
than an equivalent dose of aerosol AmB (aero-AmB) in prolonging survival, with 100% survival at day 14
postinfection in the ABLC group, compared to 62.5% survival in the AmB group. Mean concentrations of AmB
in lungs were 3.7 times higher at day 1 (P < 0.002) and almost six times higher at day 7 (P < 0.001) after
treatment with aero-ABLC than after treatment with a similar dose of aero-AmB. We conclude that aero-ABLC
provided higher and more prolonged levels of the parent compound in the lungs than aero-AmB and was more
effective in delaying mortality from aspergillosis in this model.

Invasive pulmonary aspergillosis remains a significant com-
plication of bone marrow transplantation and of cancer che-
motherapy in patients with hematologic neoplasms (10, 13).
Intravenous amphotericin B (AmB) is the standard treatment
for invasive pulmonary aspergillosis, but the drug is toxic and is
often poorly tolerated, and treatment failures are common.
Inhalation of airborne Aspergillus spores with deposition in the
lungs is thought to be the initial step leading to infection. Yet,
in a study of the distribution of intravenous AmB, the highest
concentrations of the drug were found in the liver, spleen, and
kidneys (4). Inhalation of drug aerosols, by yielding high drug
concentrations in the lungs and decreasing the systemic drug
burden, should maximize effectiveness and limit systemic tox-
icity. Study of the pharmacokinetics of aerosol AmB (aero-
AmB) in rats has shown that this route efficiently delivered
AmB to the lungs, while it limited accumulation of the drug in
other organs (12). In a rat model of pulmonary aspergillosis,
prophylactic administration of aero-AmB provided high con-
centrations of the drug in the lungs and significantly prolonged
survival (14).
Lipid-associated formulations of AmB, when administered

intravenously, have been reported to be less toxic than and as
effective as AmB desoxycholate in the therapy of fungal infec-
tions in experimental animals (6) as well as in humans (2, 9).
One of these, AmB lipid complex (ABLC), which is composed
of AmB and the phospholipids dimyristoylphosphatidylcholine
and dimyristoylphosphatidylglycerol, had therapeutic efficacy
comparable to that of AmB in an immunocompromised mouse
model of aspergillosis (5).
The therapeutic application of liposomal aerosols has been

extensively reviewed (15). Uptake of liposomes by the alveolar

macrophages with a subsequent slow release of the drug is
thought to occur. Therefore, the use of an aerosolized lipid
formulation should result in prolonged pulmonary residence of
the associated drug. In a rat model of pulmonary aspergillosis
(14), we studied the pharmacokinetics of aerosol ABLC (aero-
ABLC) and its prophylactic efficacy compared to that of aero-
AmB.

MATERIALS AND METHODS

Animal model of pulmonary aspergillosis. The animal research procedures
were approved by the Institutional Animal Care and Use Committee of Memo-
rial Sloan-Kettering Cancer Center. Male Sprague-Dawley rats (Charles River
Breeding Laboratories, Wilmington, Mass.) were used for all experiments.
The rats were fed a low-protein diet (8% protein; Dyet, Bethlehem, Pa.) and

were given tetracycline (250 mg dissolved in 750 ml of drinking water) to prevent
bacterial infection. Under light anesthesia with enflurane (Ethrane; Ohmeda,
Madison, Wis.), the rats were treated thrice weekly with subcutaneous injections
of cortisone acetate (150 mg/kg of body weight). The injections were given for 2
weeks until the day of infection (trial 1) or throughout the experiment (trial 2).
A spore suspension of Aspergillus fumigatus H11-20, isolated from a steroid-

treated rat dying of spontaneously acquired pulmonary aspergillosis, was used for
infection. Spores were obtained after subculturing the organism on Sabouraud
dextrose agar for 4 to 5 days; they were harvested by using a 0.02% Tween 80
solution and were washed twice in sterile saline. A final suspension of 107

spores/ml was prepared by counting with a hemacytometer. Hemacytometer
counts were confirmed by culturing dilutions of the spore suspension on Sab-
ouraud dextrose agar.
While the rats were under general anesthesia induced by inhaled enflurane,

their tracheas were exposed and 0.1 ml of the Aspergillus spore suspension (106

spores) was injected with a tuberculin syringe. The wound was closed with
surgical staples (Autoclip; Clay Adams, Parsipanny, N.J.).
Administration of aerosols. AmB desoxycholate (Fungizone) was purchased

from Squibb & Sons, Princeton, N.J. A 5.0-mg/ml solution was prepared with
distilled water immediately prior to its use. ABLC (ABELCET; 5 mg/ml) was
obtained from The Liposome Co., Princeton, N.J., and was stored in a refriger-
ator. At the time of administration, the stock solution was diluted in sterile water
to the final concentrations.
The rats were treated 48 h before infection. They were placed in a glass

chamber which was swept with a stream of aerosolized drug solution. The aerosol
was generated by air flowing at 8 liters/min through a nebulizer (Cadema Med-
ical Products, Middletown, N.Y.). The estimated amount of AmB or ABLC
inhaled by the rats was calculated from the product of the concentration of the
drug in the chamber, the minute volume of the rats (lung volume times respi-
ratory rate), and the time of exposure (14). To deliver a dose of 1.6 mg of
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aero-AmB or aero-ABLC per kg, the nebulizer was charged with 4.5 ml of a
5-mg/ml stock solution, which was aerosolized for 15 min.
In trial 1, rats in groups of eight rats each were treated with either placebo

(sterile water) or three different doses of aero-ABLC once, 2 days before infec-
tion. The doses administered were 0.4, 0.8, and 1.6 mg of ABLC per kg. The
immunosuppressive treatments with cortisone acetate were discontinued at the
time of infection. The animals were monitored for survival daily for 7 days.
In trial 2, rats in groups of 8 to 10 rats each received either placebo (sterile

water), a single dose of 1.6 mg of aero-AmB per kg, or 1.6 mg of aero-ABLC per
kg 2 days before infection. Immunosuppressive treatment with cortisone acetate
was continued through 14 days postinfection.
Concentration of AmB in lung tissue. At 1 and 7 days after the administration

of a single 4.8-mg/kg dose of either aero-ABLC or aero-AmB, the rats were
euthanized with carbon dioxide. The lungs, liver, kidneys, and spleen of each rat
were removed and homogenized in distilled water (3 ml/g of tissue). After
ethanol extraction, AmB levels were determined by high-performance liquid
chromatography (4). All samples were assayed in duplicate. The concentrations
of AmB were determined from a linear regression analysis of the peak areas
obtained with standard solutions of AmB in water. Results were expressed in
micrograms of AmB per gram of tissue. The lowest detectable concentration of
AmB was 0.125 mg/g. The elimination half-life of AmB from the lungs was
determined by using a semilogarithmic plot of the concentrations of the drug in
the lungs at 1 and 7 days posttreatment.
Statistical analysis. Survival analysis comparing treatments was performed by

the log-rank test. Survival curves were generated by the method of Kaplan and
Meier. Student’s t test was used to assess significant differences in lung tissue
drug concentrations.

RESULTS

Prophylactic efficacy of aero-ABLC: trial 1. Control animals
were moribund as early as 2 days following infection, with an
overall survival rate of less than 12.5% at 7 days and a survival
rate of 0% at 10 days. On the other hand, 50% of the rats in the
0.4-mg/kg group and 75% of the rats in the 1.6-mg/kg group
were alive at day 10 (Fig. 1). All treatment groups exhibited
better survival than the control group (P , 0.001). Although
efficacy in prolonging survival appeared best at the highest
dose tested (1.6 mg/kg), the survival times among the three
treatment groups were not significantly different (P , 0.7).
Prophylactic efficacy of aero-ABLC compared to that of

aero-AmB: trial 2.Up until day 7 postinfection, aero-AmB and
aero-ABLC appeared to be equally effective in delaying mor-
tality compared with that of the placebo (Fig. 2). However,
aero-ABLC was 100% effective in prolonging survival through
day 14, while the survival rate declined to 62.5% in the aero-
AmB group and to 30% in the placebo group by day 10.
Although aero-AmB was marginally better than the placebo in
delaying mortality (P , 0.067), its efficacy was less prolonged
than that of ABLC, which was significantly better than that of
the placebo (P 5 0.001). Aero-ABLC was marginally better
than aero-AmB in delaying mortality, although the difference
did not reach statistical significance (P 5 0.063).

Treatments with aero-ABLC were well tolerated by the an-
imals. While rats treated with aero-ABLC or placebo appeared
undisturbed, rats in the aero-AmB group showed consistent
huddling during treatment. They also displayed signs of eye
irritation in the sense that they kept their eyes closed during
treatment, whereas the rats in the ABLC group kept their eyes
open during treatment. Also, nebulization of AmB desoxy-
cholate resulted in significant foaming in the reservoir com-
pared to nebulization of ABLC.
Pulmonary deposition and elimination of aero-ABLC com-

pared to those of aero-AmB. The levels of AmB in the lungs
were 3.7 times higher at 24 h (P , 0.002) and almost 6 times
higher at 7 days (P , 0.001) after treatment with aero-ABLC
than after treatment with the same dose of aero-AmB (Table
1). A more prolonged half-life of elimination of AmB from the
lungs was noted after the administration of aero-ABLC com-
pared to that after the administration of aero-AmB (9.8 versus
5.8 days). AmB was undetectable in the liver, spleen, or kid-
neys at 24 h after the administration of either aero-AmB or
aero-ABLC.

DISCUSSION

Invasive fungal infection due to Aspergillus spp. remains an
important cause of morbidity and mortality in patients with
prolonged granulocytopenia and is still too often an autopsy
discovery. Once established, the infection will usually progress,
despite the use of high-dose AmB, unless the predisposing
immunosuppression is reversed. Therefore, preventing estab-
lished infection is desirable.
Previously, prophylactic aero-AmB delayed mortality in a rat

model of pulmonary aspergillosis (14). In the current studies, a
single treatment with aero-ABLC 2 days before infection with
Aspergillus at doses ranging from 0.4 to 1.6 mg/kg significantly

FIG. 1. Survival of animals in trial 1 in which corticosteroid treatment was
discontinued at the time of infection (day 0). Treatment was administered 2 days
before infection.

FIG. 2. Survival of animals in trial 2 in which corticosteroid treatment was
continued throughout the experiment. Treatment was administered 2 days be-
fore infection.

TABLE 1. Concentration of AmB in lungs on days 1 and 7
following administration of a single aerosolized dose of 4.8 mg of

either AmB desoxycholate or ABLC per kg

Treatment
Mean 6 SD concn (mg/g of tissue)a t1/2

(days)bDay 1 Day 7

AmB desoxycholate 9.4 6 3.5 (n 5 2) 3.9 6 1.2 (n 5 2) 5.8
ABLC 35.1 6 2.0c (n 5 3) 22.6 6 1.6d (n 5 3) 9.8

a n is number of rats.
b t1/2, elimination half-life.
c P , 0.002 compared with AmB desoxycholate.
d P , 0.001 compared with AmB desoxycholate.
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prolonged the survival of immunosuppressed rats compared to
that of untreated animals, and ABLC was also more effective
than AmB in prolonging survival in this model. The levels of
the parent compound in the lungs were also significantly higher
with ABLC than with AmB 24 h and 7 days after treatment
with the aerosolized forms.
Factors that could account for higher levels in tissue after

treatment with ABLC include better delivery to the airways
and/or higher and more prolonged retention of the drug. AmB
desoxycholate tended to foam more than ABLC, which could
have affected drug delivery. Sorensen et al. (16) demonstrated
in earlier studies that the tendency of AmB desoxycholate to
foam resulted in more variable drug concentrations in chamber
air compared to that of another lipid-associated AmB prepa-
ration, AmBisome. Allen et al. (1) also found that nebulization
of lipid-associated AmB was more consistent than that of AmB
desoxycholate. The respiration pattern of the animals is also an
important factor in determining the actual dose delivered to
the lungs. The apparent irritant effect of AmB desoxycholate
on the rats in the current study might have adversely affected
their respiratory patterns. Another major factor accounting for
the higher levels in the lung and the prolonged half-life of
elimination of AmB with ABLC is greater entrapment by al-
veolar macrophages with subsequent slow release. Since the in
vitro killing activity of AmB is concentration dependent, effi-
cacy in vivo is likely to correlate with levels in tissue.
This is the first study, to our knowledge, in which a lipid-

associated formulation of AmB achieved greater efficacy (as
measured by prolonged survival) than an equivalent dose of
AmB (on a milligram-per-kilogram basis). Although Allen et
al. (1) observed that lipid-associated AmB was more effective
than AmB desoxycholate in preventing Aspergillus infections,
as determined with quantitative lung cultures, no significant
difference in survival between the two groups could be dem-
onstrated.
These results have potential implications for immunocom-

promised persons who could benefit from similar prophylactic
measures if efficacy and safety were likewise demonstrated.
Studies with humans demonstrated that the use of prophylactic
aero-AmB in granulocytopenic patients was safe and well tol-
erated (3, 7, 8). The major side effects of the treatments were
cough and aftertaste, which were believed to be due to the
desoxycholate carrier rather than the AmB. Studies with mice
(11) and human volunteers (17) provide strong evidence that
liposomal aerosols are innocuous, even after prolonged admin-
istration. Plans for such studies are under development.
In conclusion, the administration of aero-ABLC provided

higher and more prolonged levels of AmB compared with
those provided by the administration of aero-AmB. This was
associated with improved efficacy in the prophylaxis of exper-
imental aspergillosis, as measured by overall survival.
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