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The alkyl phosphocholine drug miltefosine is structurally similar to natural substrates of the fungal
virulence determinant phospholipase B1 (PLB1), which is a potential drug target. We determined the MICs of
miltefosine against key fungal pathogens, correlated antifungal activity with inhibition of the PLB1 activities
(PLB, lysophospholipase [LPL], and lysophospholipase-transacylase [LPTA]), and investigated its efficacy in
a mouse model of disseminated cryptococcosis. Miltefosine inhibited secreted cryptococcal LPTA activity by
35% at the subhemolytic concentration of 25 pM (10.2 pg/ml) and was inactive against mammalian pancreatic
phospholipase A2 (PLA,). At 250 nM, cytosolic PLB, LPL, and LPTA activities were inhibited by 25%, 51%,
and 77%, respectively. The MICs at which 90% of isolates were inhibited (MIC,,s) against Candida albicans,
Candida glabrata, Candida krusei, Cryptococcus neoformans, Cryptococcus gattii, Aspergillus fumigatus, Fusarium
solani, Scedosporium prolificans, and Scedosporium apiospermum were 2 to 4 pg/ml. The MICs of miltefosine
against Candida tropicalis (n = 8) were 2 to 4 pg/ml, those against Aspergillus terreus and Candida parapsilosis
were 8 pg/ml (MIC,,), and those against Aspergillus flavus (n = 8) were 2 to 16 pg/ml. Miltefosine was
fungicidal for C. neoformans, with rates of Kkilling of 2 log units within 4 h at 7.0 pM (2.8 pg/ml). Miltefosine
given orally to mice on days 1 to 5 after intravenous infection with C. neoformans delayed the development of
illness and mortality and significantly reduced the brain cryptococcal burden. We conclude that miltefosine has
broad-spectrum antifungal activity and is active in vivo in a mouse model of disseminated cryptococcosis. The
relatively small inhibitory effect on PLB1 enzyme activities at concentrations exceeding the MIC by 2 to 20

times suggests that PLB1 inhibition is not the only mechanism of the antifungal effect.

Invasive fungal infections are associated with high rates of
morbidity and mortality. The marketed antifungal drugs have
limitations that include one or more of incomplete spectra of
activity, toxicities, poor stability, lack of oral availability, and high
cost. It is generally accepted that improved drugs that, ideally, act
on different antifungal targets are needed. Virulence determi-
nants common to pathogenic fungi are potential targets.

To this end we have purified and fully characterized crypto-
coccal phospholipase B (PLB1) (5, 7, 34), proved that it is a
virulence determinant (6, 8), and correlated the inhibition of
enzymatic activity with antifungal activity (12). PLB is a viru-
lence determinant in Candida albicans and is produced by
Aspergillus  fumigatus (2, 19, 27), Scedosporium prolificans,
Fusarium oxysporum, and a Mucorales sp. (L. C. Wright and
T. C. Sorrell, unpublished data), suggesting that it is a poten-
tially useful antifungal drug target. The structure and mecha-
nism of action of PLB1 are not understood. However, secreted
PLB1 is involved in the survival of cryptococci in macrophages
(8), adhesion to pulmonary epithelium (12a), destruction of
lung tissue, and production of eicosanoids, which modulate
phagocytic activity (31).

The PLBI protein is unique in that it contains three com-
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ponents with three separate activities: PLB, which removes
both acyl chains simultaneously from phospholipids; lyso-
phopholipase (LPL), which removes the single acyl chain from
lysophospholipids; and lysophospholipase transacylase (LPTA),
which adds an acyl chain to lysophospholipids to form a dia-
cylphospholipid. Which of the secreted phospholipase activi-
ties is important in fungal virulence is not known. We have
used cryptococcal PLB1 as the prototype for testing phospho-
lipase inhibitors as potential antifungal agents (12).

Miltefosine is an alkyl phosphocholine compound that was
initially developed as an anticancer agent but that has activity
against Leishmania species and Trypanosoma cruzi (1, 9, 10,
20). It has been approved in India for clinical use in leishman-
iasis (37). Phosphocholines have structural similarities (Fig. 1)
to the natural substrates of fungal PLB1 (e.g., phosphatidyl-
choline and lysophosphatidylcholine are the preferred sub-
strates of this enzyme [7]), and alkyl-bis-phosphocholines are
present in medicinal plants known for their antifungal proper-
ties (22). In mammalian tumor cells, miltefosine inhibits pro-
tein kinase C and the biosynthesis of phosphatidylcholine and
sphingomyelin (14, 15, 16, 32). The mechanism(s) of its anti-
parasitic effect are not yet defined (9). As a group, the alkyl
phosphocholines are stable molecules, unlike alkyl glycero-
phosphocholines and lysophospholipids (lysophosphocholine
[lyso-PC]), which have previously been investigated for bio-
medical applications but which are chemically and metabolically
labile (Fig. 1) (see reference 1 and references therein).
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Hexadecylphosphocholine (Miltefosine),
a synthetic alkylphosphocholine (APC).
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1-O-Hexadecyl-sn-glycero-3-phosphocholine,
a synthetic alkylglycerophosphocholine (AGPC).

1-Palmitoyl-sn-glycero-3-phosphocholine,
a naturally occuring lysophospholipid (LysoPC).

FIG. 1. Structures of an alkylphosphocholine, an alkylglycerophosphocholine, and a lysophospholipid.

In this study we tested the activity of miltefosine against key
fungal pathogens, including species relatively resistant to cur-
rently available drugs; correlated the antifungal activity with
inhibition of PLB1 enzyme activities; and demonstrated the in
vivo efficacy of miltefosine in a mouse model of cryptococcosis.

(This work was presented in part at the 44th Interscience
Conference on Antimicrobial Agents and Chemotherapy,
Washington, D.C., October 2004 [F. Widmer, L. Wright, D.
Obando, R. Ganendren, C. Wilson, and T. Sorrell, Abstr. 44th
Intersci. Conf. Antimicrob. Agents Chemother., abstr. A-2287,
2004].)

MATERIALS AND METHODS

Fungal isolates and media. A virulent clinical isolate of Cryptococcus neo-
formans var. grubii (serotype A), H99, kindly supplied by Gary Cox (Duke
University Medical Center, Durham, NC), was used for cell-associated phospho-
lipase preparation and inhibition of phospholipase activities.

Preparation of cell fractions and supernatants containing secreted phospho-
lipase activities. Isolate H99 was grown to confluence on Sabouraud dextrose
agar (SDA) in 16-cm-diameter petri dishes for 72 h at 30°C in air. Cells scraped
from 10 to 20 dishes were washed sequentially with isotonic saline and imidazole
buffer (10 mM imidazole, 2 mM CaCl,, 2 mM MgCl,, and 56 mM D-glucose
made up in isotonic saline, pH 5.5), resuspended in a volume of this buffer that
was about 10% of the cell volume, and incubated for 24 h at 37°C. The cell-free
supernatant was separated by centrifugation, as described previously (6), and
stored at —70°C. The residual cells were disrupted and separated by centrifuga-
tion into cytosolic and membrane fractions, as described previously (12).

Radiometric assay method for phospholipases. Enzyme activities were mea-
sured at pH 4 as described previously (7) in a final volume of 125 pl at 37°C. For
the determination of secreted PLB activity, carrier dipalmitoyl phosphatidyl-
choline (DPPC; final concentration, 800 uM) and 1,2-di[1-'*C]palmitoyl phos-
phatidylcholine (20,000 dpm) were dried under nitrogen and suspended in 125
mM imidazole acetate buffer (assay buffer, pH 4.0) by sonication with a Branson
450 sonifier. The reaction time was 22 min, with 1 g total protein used; and PLB
activity was determined by the rate of decrease of the radiolabeled phosphati-
dylcholine (PC) substrate, with the appearance of the label in the free fatty acid.
The secreted LPL and LPTA activities were measured simultaneously in a
reaction mixture containing 1-[1-'*C]palmitoyl lyso-PC (25,000 dpm) and carrier
lyso-PC (final concentration, 200 wM) in assay buffer. The reaction time was 15 s
with 1 pg of total protein, and LPL activity was measured by the rate of loss of
1-[**C]palmitoyl lyso-PC with the release of radiolabeled fatty acids. LPTA
activity was estimated from the rate of formation of radiolabeled PC. The
variations to these conditions for the cytosolic and membrane fraction assays
described by Ganendren et al. (12) were used.

All reactions were terminated by the addition of 0.5 ml of chloroform-meth-
anol (2:1 [vol/vol]). The reaction products were extracted by the method of Bligh
and Dyer (3), separated by thin-layer chromatography, and quantified by a
standard method as described previously (7). In brief, the reaction products were
separated in a one-dimensional run on silica plates with chloroform-methanol-
water (65:25:4 [vol/vol/vol]) as the mobile phase. Authentic, nonradioactive stan-
dards of palmitic acid, 1-palmitoyl lyso-PC, and dipalmitoyl phosphatidylcholine,
were included in each run for identification of the reactants. After development,
the plates were dried and stained with iodine vapor, and dark yellow spots were
scraped into scintillation vials. Five milliliters of scintillation fluid was added to
each vial, and the radioactivity was counted in a scintillation counter.

Protein assays. Total protein estimations were performed by a Coomassie blue
binding assay (for the supernatant containing the secreted enzymes) or the
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TABLE 1. Inhibition of the activities of Cryptococcal neoformans (strain H99) PLB1 by miltefosine

% Inhibition at the indicated concn®

Enzyme fraction LPL LPTA PLB
25uM 25 uM 250 uM 2.5 pM 25 uM 250 WM 25pM 25 uM 250 uM
Secretory enzyme 0 0 34.3% (2.3) 6.8” (2.7) 35.0° (4.0) 80.0° (2.9) 0 0 31.7° (3.8)
Cytosolic enzyme 0 0 50.7° (1.8) 0 14.3% (2.7) 77.0% (0.6) 0 0 25.0° (4.3)
Membrane-bound enzyme 0 0 0 0 11.5% (1.5) 31.0% (1.0) 0 0 0

“ Data are expressed as the means (standard error of the means) of at least three assays.
® Significantly different (P < 0.01) from the results for the inhibitor-free controls by the Dunnett multiple-comparison test.

bicinchoninic acid (BCA kit; Pierce Chemical Co.) for cell-associated fractions,
with bovine serum albumin (Pierce) used as a standard.

Effect of miltefosine on PLB1 enzyme activities. Miltefosine powder (Cayman
Chemical Company, Ann Arbor, MI) was prepared as a stock solution of 700 pM
in assay buffer containing 5 mM EDTA. Serial 10-fold dilutions that gave con-
centrations of 0.07 to 70 uM were made; and 45-pl aliquots of these dilutions or
the stock solution were added to make up a final volume of 125 pl containing
substrate, enzyme, and buffer. The radiometric assay was carried out as described
above. Inhibition was calculated from the percentage of substrate (DPPC or
lyso-PC) remaining, in the case of PLB and LPL activities, or the percentage of
DPPC produced, in the case of the LPTA activity. The enzyme activity in the
presence of miltefosine was expressed as a percentage of that in the inhibitor-
free control (normalized to 100%). All assays were done in triplicate.

Pancreatic phospholipase assay. Porcine pancreatic phospholipase A, was sus-
pended in 3.2 M ammonium sulfate (2.9 mg protein/ml; Sigma, St. Louis, MO). One
part of the well-mixed enzyme suspension was added to 4 parts of buffer (10 mM
Tris-HCI, 10 mM CaCl,, pH 8.2 [11]). The activities and inhibition by the test
compounds were then measured by the radiometric method described above, except
that 25 pl of enzyme solution was used and the reaction time was 1 h. These
conditions resulted in ~60% substrate conversion in the inhibitor-free control.

Antifungal susceptibility testing. Antifungal activity was measured by the CLSI
(formerly the NCCLS) standard broth microdilution methods for yeasts (29) and
filamentous fungi (30). The MIC was defined as that concentration which produced
>80% inhibition of visible growth (turbidity) after 48 h of culture at 35°C for yeasts
or >50% inhibition at 48 to 72 h for filamentous fungi. When >10 isolates of a
fungal species were tested, the results were expressed as the minimum concentra-
tions of test compound at which the growth of at least 50% or 90% of the isolates was
inhibited (MICs, and MICy,, respectively). All tests were performed in duplicate.
The minimum fungicidal concentration (MFC) was determined by subculture of
100-pl aliquots from wells with no visible growth onto yeast extract peptone dextrose
agar. The plates were incubated for 3 days at 35°C.

Kill curves. An inoculum of 10° CFU/ml of cryptococci was prepared in RPMI
broth, and 1-ml aliquots were transferred into each of four test tubes. The cells
were centrifuged, the supernatants were removed, and 1 ml of one of four
concentrations (700, 70, 7, and 0.7 uM) of miltefosine in RPMI medium was
added to the individual tubes, respectively. Fungal cells were resuspended by
vortexing. Aliquots of 100 wl were removed immediately and after 1, 3,4, and 5 h
of incubation at 35°C. The cells were pelleted by centrifugation, washed twice,
plated onto SDA, and incubated for 48 h; and the number of CFU was counted.

Hemolytic activity assay. Human blood was collected in 10-ml Vacutainer
tubes containing potassium-EDTA as an anticoagulant, transferred to a 50-ml
centrifuge tube, and pelleted by centrifugation at 2,000 X g for 10 min; and the
cells were washed three times with 30 ml of calcium- and magnesium-free
phosphate-buffered saline (PBS; GIBCO). The third supernatant was clear and
colorless. The cells were stored in PBS (20 ml) at 4°C for up to 2 weeks. To test
for hemolysis, 0.5 ml of the cell suspension in PBS was mixed with 0.5 ml of the
test compound at concentrations of 700, 350, 175, 70, and 7 pM (final erythrocyte
concentration, about 0.5 X 10 per ml). The mixtures were incubated at 37°C for
1 h with gentle shaking and centrifuged at 2,000 X g for 10 min, the supernatant
was diluted 10-fold with PBS, and the optical density was measured at 540 nm.
The values for 0% and 100% lysis were determined by incubating the cells with
PBS or 0.1% (wt/vol) Triton X-100 in water, respectively. The assays were carried
out in triplicate.

Mouse model assay. Female BALB/c mice (specific pathogen free) were ob-
tained from the Animal Resources Centre, Floreat Park, Western Australia,
Australia, and housed in filter-top cages in a sterile hood. Forty mice were
inoculated with C. neoformans H99 (50 pl sterile isotonic saline containing 10°
cryptococcal cells) by injection into the tail vein on day 1 and were divided into

four groups of 10 mice each. Miltefosine (in 0.5 ml water) was administered daily
by gavage through a stainless steel 18-gauge feeding tube on days 1 to 5 at doses
of 700 uM (group A), 350 pM (group B), and 175 pM (group C). This equates
to doses of 7.2, 3.6, and 1.8 mg/kg of body weight, respectively. Group D
(controls) received water by gavage. The first dose was given 60 to 90 min after
inoculation of C. neoformans. The mice were monitored twice daily for signs of
illness, such as anorexia, weight loss, reduced activity, ruffled fur, cranial bulging,
neurological symptoms, and sluggishness. When the mice became very ill or at
the conclusion of the experiment, the mice were euthanized by CO, asphyxiation
or cervical dislocation. In preliminary experiments, severe illness was inevitably
followed by death within a few hours; and in line with the Western Sydney Area
Health Service Animal Care and Ethics Committee requirements, the animals
were euthanized. This time was recorded as the time of death from cryptococ-
cosis for construction of the survival curves. After euthanasia, the lungs and
brains of all animals were weighed and homogenized in sterile isotonic saline by
hand with a sterile mortar and pestle. The volumes of the homogenates were
noted. Dilutions were made in saline, plated onto SDA (100 wl per plate), and
incubated at 30°C for 72 h. The results were expressed as the numbers of CFU/g
of tissue.

RESULTS

Effect of miltefosine on fungal and pancreatic phospho-
lipases. Miltefosine inhibited the activities of all three compo-
nents of secreted and cytosolic cryptococcal PLBI at high con-
centrations (250 M), with lesser but still significant inhibition
of LPTA at 25 uM (Table 1). Membrane-bound LPTA was
also significantly inhibited at this concentration. Porcine pan-
creatic phospholipase A2 (PLA,) activity (data not shown) was
inhibited by 12% at 250 wM and 0% at 25 pM, indicating the
there is some selectivity of the effect of miltefosine on crypto-
coccal LPTA activity.

In vitro antifungal activity of miltefosine against pathogenic
fungi. The MIC;,, MIC,,,, and MFC data for miltefosine tested
against different species of pathogenic yeasts and filamentous
fungi are summarized in Table 2. The MFC values for miltefosine
are close to the MIC,,, indicating that miltefosine is fungicidal.
Notably, its activity against emerging pathogenic fungi, such as
Scedosporium prolificans and some strains in the class Zygomy-
cetes, that are relatively resistant to marketed drugs is similar
to that against Candida species and Cryptococcus neoformans.
The MICs of fluconazole, itraconazole, voriconazole, ampho-
tericin B, and flucytosine against randomly selected isolates
were also determined (Table 2). The MICs of miltefosine were
similar to or lower than those of fluconazole for the Candida
and Cryptococcus species tested and were generally similar to
or lower than those of the other three antifungals for most
Aspergillus, Fusarium, and Scedosporium isolates tested.

Killing curves for miltefosine against C. neoformans. The
rates of killing of strain H99 of C. neoformans by different
concentrations of miltefosine (from 0.28 to 280 times the MIC)
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TABLE 2. Antifungal activity of miltefosine
Funsal soeci b No. of MIC (pg/ml) MFC
ungal species rug tests Range" 0% 0% (ng/ml)
Candida albicans Miltefosine 14 1.0-2.0 2.0 2.0 4.0
Amphotericin B 7 0.06-0.125 0.06
Fluconazole 7 0.25-8.0 1.0
Flucytosine 7 0.03-0.125 0.06
Itraconazole 7 0.03-0.125 0.06
Voriconazole 7 0.008-0.5 0.03
Candida parapsilosis Miltefosine 10 2.0-8.0 4.0 8.0 8.0
Amphotericin B 5 0.06-0.25 0.25
Fluconazole 5 0.5-4.0 2.0
Flucytosine 5 0.03-0.25 0.06
Itraconazole 5 0.06-0.125 0.06
Voriconazole 5 0.008-0.125 0.03
Candida glabrata Miltefosine 10 2.0-4.0 2.0 4.0 4.0
Amphotericin B 5 0.125-0.25 0.125
Fluconazole 5 16.0-256.0 32.0
Flucytosine 5 0.03-0.125 0.06
Itraconazole 5 0.5-16.0 2.0
Voriconazole 5 0.25-4.0 0.5
Candida krusei Miltefosine 10 2.0-4.0 2.0 2.0 4.0
Amphotericin B 5 0.25-0.5 0.25
Fluconazole 5 64.0 64.0
Flucytosine 5 8.0-16.0 8.0
Itraconazole 5 0.25-1.0 0.5
Voriconazole 5 0.25-1.0 0.25
Candida tropicalis Miltefosine 8 2.0-4.0 4.0 4.0
Amphotericin B 6 0.125-0.25 0.125
Fluconazole 6 2.0-32.0 2.0
Flucytosine 6 0.06—>64.0 0.06
Itraconazole 6 0.25-0.5 0.25
Voriconazole 6 0.06-1.0 0.06
Cryptococcus neoformans Miltefosine 29 0.25-4.0 0.5 2.0 8.0
Amphotericin B 15 0.016-0.25 0.125 0.25
Fluconazole 15 0.5-8.0 4.0 8.0
Flucytosine 15 0.5-2.0 1.0 2.0
Itraconazole 15 0.008-0.25 0.125 0.125
Voriconazole 15 0.008-0.06 0.03 0.06
Cryptococcus gattii Miltefosine 38 0.5-2.0 2 2.0 4.0
Amphotericin B 23 0.06-0.125 0.125 0.25
Fluconazole 23 4.0-16.0 8.0 16.0
Flucytosine 23 0.25-2.0 1.0 2.0
Itraconazole 23 0.06-0.25 0.125 0.125
Voriconazole 21 0.03-0.25 0.06 0.25
Aspergillus fumigatus Miltefosine 10 2.0 2.0 2.0 4.0
Amphotericin B 5 0.125-0.5 0.25
Flucytosine 5 32.0-64.0 64.0
Itraconazole 5 2.0-16.0 4.0
Voriconazole 5 0.06-0.25 0.25
Aspergillus flavus Miltefosine 10 2.0-16.0 8.0 16.0 16.0
Amphotericin B 5 1.0-16.0 2.0
Flucytosine 5 2.0-64.0 64.0
Itraconazole 5 0.25-16.0 0.5
Voriconazole 5 0.25-1.0 0.5
Aspergillus terreus Miltefosine 10 2.0-8.0 4.0 8.0 16.0
Amphotericin B 5 0.25-1.0 0.5
Flucytosine 5 2.0-64.0 32.0
Itraconazole 5 0.016-0.25 0.25
Voriconazole 5 0.25-0.5 0.5

Continued on following page
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TABLE 2—Continued

Funsal soeci b No. of MIC (pg/ml) MFC
ungal species Tug tests Rangea 50% 0% (p.g/ml)
Fusarium solani Miltefosine 10 2.0-4.0 4.0 4.0 4.0
Amphotericin B 5 1.0-8.0 4.0
Flucytosine 5 64.0 64.0
Itraconazole 5 16.0 16.0
Voriconazole 4 1.0-4.0 2.0
Scedosporium apiospermum Miltefosine 10 2.0-4.0 4.0 4.0 4.0
Amphotericin B 5 2.0-8.0 4.0
Flucytosine 5 64.0 64.0
Itraconazole 5 0.5-1.0 0.5
Voriconazole 5 0.125-0.25 0.125
Scedosporium prolificans Miltefosine 10 4.0 4.0 4.0 4.0
Amphotericin B 4 4.0-8.0 4.0
Flucytosine 4 64.0 64.0
Itraconazole 4 16.0 16.0
Voriconazole 4 4.0 4.0
Bipolaris australiensis Miltefosine 6 2.0-4.0 4.0 4.0 8.0
Amphotericin B 1 0.03
Flucytosine 1 64.0
Itraconazole 1 0.25
Voriconazole 1 0.5
Exophiala jeanselmei Miltefosine 2 2.0-4.0 4.0
Amphotericin B 1 2.0
Flucytosine 1 64.0
Itraconazole 1 0.5
Voriconazole 1 0.5
Exophiala spinifera Miltefosine 2 2.0 8.0
Amphotericin B 1 0.25
Flucytosine 1 4.0
Itraconazole 1 0.125
Voriconazole 1 0.5
Paecilomyces lilacinus Miltefosine 8 2.0-4.0 2.0 4.0
Amphotericin B 3 2.0-16.0 2.0
Flucytosine 3 64.0 64.0
Itraconazole 3 0.25-0.5 0.5
Voriconazole 3 0.06-0.125 0.06
Absidia corymbifera Miltefosine 6 2.0-16.0 2.0 16.0
Amphotericin B 3 0.125-16.0 0.25
Flucytosine 3 64.0 64.0
Itraconazole 3 0.5-4.0 0.5
Voriconazole 2 16.0
Rhizopus spp. Miltefosine 4 2-16 8.0 16.0
Amphotericin B 1 0.06
Flucytosine 1 64.0
Itraconazole 1 2.0
Voriconazole 1 4.0
Cunninghamella bertholletiae Miltefosine 4 2.0-4.0 2.0 4.0

“ The range of MICs is given when <10 isolates were tested.

were determined over a 5-h period. As shown in Table 3,
killing at concentrations 280 times the MIC occurred at time
zero, which was actually 9 min (the limit of determination due
to processing required for the assay).

Hemolytic activity of miltefosine. As shown in Table 4, there
was no evidence of hemolysis until concentrations of miltefos-

ine well above the MIC of pathogenic fungi were reached, e.g.,
20% hemolysis at 87.5 wM (35.5 wg/ml). This is probably an
overestimate, because the erythrocyte concentration in the as-
says was half that in normal blood.

Efficacy of miltefosine in a mouse model of cryptococcosis.
Survival curves for mice treated with three different doses of
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TABLE 3. In vitro rate of killing of Cryptococcus neoformans H99 by miltefosine

Viable cryptococci (CFU/ml) at the following time of exposure (h)*:

Concn of miltefosine (uM)

0 3 4 5
700 (285 wg/ml, or 0.0285%) 0 0 0 0
7.0 (2.8 pg/ml, or 0.00028%) 1.95 x 10° 1.23 X 10° 1.5 X 10° 2.7 X 10* 2.0 x 10*
0.7 (0.28 pg/ml) 231 X 10° 2.10 X 10° 1.9 x 10° 1.9 x 10° 1.9 x 10°

“ The number of CFU (drug-free control) at zero time was 2.5 X 10%ml.

miltefosine and controls are shown in Fig. 2. The rates of
survival of mice treated with 7.2 mg/kg (dose A) and 3.6 mg/kg
(dose B) of miltefosine daily for 5 days after infection were
significantly better than those of mice treated with 1.8 mg/kg
(dose C), which died at the same rate as the controls. The
fungal burdens in the brains and the lungs of the treated and
the test mice are summarized in Table 5. The organ burdens at
the time of death were not statistically different for any of the
groups for mice that died during the experiment. The burdens
were reduced in mice treated with 3.6 mg/kg or 7.2 mg/kg of
miltefosine when they were culled at 21 days compared with
those in the control mice and animals treated with the lowest
dose of miltefosine (1.8 mg/kg/day).

DISCUSSION

Enzyme inhibition and mode of action. Subhemolytic con-
centrations of miltefosine showed dose-dependent inhibition
of the LPTA activity of cryptococcal PLB1 and did not inhibit
porcine pancreatic PLA,. This suggests that the effect was due
to selective enzyme inhibition rather than a nonspecific deter-
gent-like action. The association of inhibition of LPTA activity
with antifungal activity in vitro and in vivo is interesting, since
PLB activity, rather than LPL or LPTA activity, has been
shown to be required for adhesion to a lung epithelial cell line
(12a). It has been proposed that cell-associated LPTA is in-
volved in membrane synthesis, remodeling, and repair (23);
hence, miltefosine may exert an antifungal effect by interfering
with cryptococcal cell wall or cell membrane biochemistry.
Since PLB1 is essential for the adhesion of cryptococci to
mammalian cells and for the hematogenous dissemination of
infection (35), inhibition by miltefosine may prevent such dis-
semination. In addition, inhibition of both the secretory and
the cell-associated LPL and LPTA activities may prevent the
utilization and detoxification of the free fatty acids and lyso-
phospholipids formed from host membranes during tissue in-
vasion. Moreover, miltefosine is active against Leishmania do-
novani, other Leishmania species, and Trypanosoma cruzi in
cell culture (for a review, see the work of Croft et al. [9]).
There is evidence that phospholipases are active in both of
these parasites and that they can be inhibited by alkylphospho-
nates (13, 28, 33).

TABLE 4. Hemolytic activity of miltefosine

% Lysis at the following miltefosine concn:

350 pM 175 uM 87.5 uM 35 uM 35 uM
(1425 pg/ml) (712 pg/ml) (355 pg/ml) (142 pg/ml) (1.4 pg/ml)
100.0 92.5 20.5 0 0

Inhibition of LPTA could be important for the prevention of
survival of fungi under the stressful conditions and poor nutri-
tion encountered during invasion of the mammalian host, but
it is unlikely to be the only mechanism of the antifungal effect
of miltefosine, as 50% inhibition of the enzyme in vitro re-
quired concentrations greater than 25 pM, compared with an
MIC and an MFC of 4 puM each. Effects on alternative bio-
chemical pathways have been described in mammalian tumor
cell lines (32). The antiproliferative activity of miltefosine was
correlated with the inhibition of translocation of CTP:phos-
phocholine-cytidylyltransferase from an inactive cytosolic form
to an active membrane-bound form, resulting in reduced syn-
thesis of the abundant membrane phospholipid, phosphatidyl-
choline (14, 16). Furthermore, sphingomyelin synthesis was
inhibited, resulting in increased levels of intracellular ceramide
and the induction of apoptosis (39). Several effects of milte-
fosine and another phosphocholine, edelfosine, have been de-
scribed in Leishmania, including inhibition of PC synthesis,
perturbation of ether lipid metabolism, glycosylphosphatidyli-
nositol anchor biosynthesis and signal transduction, and inhi-
bition of choline uptake (9, 24, 40). While it is unknown
whether choline uptake is critical for fungal viability, we have
preliminary data that C. neoformans takes up and incorporates
choline into phospholipids (L. C. Wright, unpublished data).
Inhibition of phosphatidylinositol-phospholipase C by milte-
fosine has been reported in 7. cruzi epimastigotes (24).

In vitro and in vivo activities. The broad spectrum of activity
against pathogenic fungi with fungicidal concentrations within
the range of those of amphotericin B suggests that the alkyl-
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FIG. 2. Survival of mice infected with C. neoformans without treat-
ment (controls) or treated orally by gavage for 5 days with 0.5 ml of 700

uM (A), 350 pM (B), or 175 uM (C) of miltefosine. The double-ended
arrow indicates the duration of miltefosine therapy.
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TABLE 5. Lung and brain burdens of cryptococci

ANTIMICROB. AGENTS CHEMOTHER.

Time and parameter

Group C
Controls (1.8 mg/kg
miltefosine)

Group B
(3.6 mg/kg
miltefosine)

Group A
(7.2 mg/kg
miltefosine)

At death due to cryptococcosis

No. of animals 9 9 4 4

Brain burden (CFU/g [107])* 273 =47 20.7 = 2.6 17 £ 6.1° 14.7 = 1.8°

Lung burden (CFU/g [107])* 204 =173 23 +82 52.6 * 49° 86 = 32"
At culling on day 21

No. of animals 1¢ 1 5 5

Brain burden (CFU/g [107])" 0.002 10.0 52+ 4.8% 2.2+ 1.9

Lung burden (CFU/g [107]) Nil 7.3 2.7 +2.3%¢ 6.4 = 6.4

“ Data are the means =+ standard errors of the means.

® Not significantly different from the results for the control group or group C by nonparametric analysis of variance.

¢ Significantly different from the results for the controls at death.

4 Significantly different from the results for group C at death (P < 0.05 by nonparametric analysis of variance).

¢ Cryptococcal infection was not regarded as established in this mouse.

phosphocholine class of compounds can be exploited for the
development of a new class of antifungal drugs. It is notable
that the MICs of miltefosine were similar to those of ampho-
tericin B against relatively resistant or highly resistant fungi,
namely, some members of the class Zygomycetes, Fusarium
solani, and Scedosporium prolificans. Amphotericin B is the
only currently marketed drug with activity against the Zygo-
mycetes, but the responses are suboptimal even with prolonged
treatment with high doses of lipid formulations of amphoteri-
cin B in combination with extensive surgical debridement.
There is evidence that zygomycoses have become more com-
mon in immunosuppressed patients with acute leukemia and
recipients of hematopoietic stem cell transplants (HSCT), pos-
sibly related to the increasing use of voriconazole, which has no
activity against this group of fungi (21). Scedosporium spp. and
Fusarium spp. are emerging as pathogens, especially in heavily
immunosuppressed hosts. Scedosporium prolificans infections
have been reported most commonly from Australia and Spain
and result in a high rate of mortality among patients with acute
leukemia and recipients of HSCT. Current antifungals are
ineffective. Azole drugs plus terbinafine exhibit synergistic ac-
tivity in vitro (26) and have successfully been used in clinical
practice (17), but the mortality rate in recipients of HSCT
remains high (18) and additional agents are needed.

The absorption, distribution, and metabolism of miltefosine
have been studied in rats and mice (4, 25, 38). Serum concen-
trations of 110 wM were achieved in rats after 2 weeks of daily
dosing with 10 mg/kg. This is 5 to 20 times the MIC,, for
miltefosine against fungi causing invasive mycoses. We showed
in a mouse model of cryptococcosis that the oral administra-
tion of miltefosine for 5 days following infection increased
survival and reduced the brain and lung cryptococcal burdens.
This was achieved with relatively low doses of 7.2 and 3.6
mg/kg/day of miltefosine and confirmed the potential of this
drug for the treatment of invasive mycoses, including intrace-
rebral infections.

Although miltefosine shows promise as an antifungal drug
and is approved for use in humans with leishmaniasis, it has
disadvantages. The parent compound has a high incidence of
gastrointestinal side effects (30% incidence of usually mild
nausea and vomiting in a study of treatment of visceral leish-
maniasis); a lesser incidence of hepatotoxicity, with typically

transient increases in liver enzyme levels; and occasional
rashes, including rare instances of Stevens-Johnson syndrome
(36, 37). Nausea and vomiting precluded its long-term use in
patients with cancer (36). High doses are teratogenic in rats;
and although congenital abnormalities have not been reported
in humans when the male partner was taking miltefosine (37),
the drug is contraindicated in pregnancy. Although the MICs
of miltefosine are similar to those of amphotericin B, they are
relatively high. The primary molecular target(s) of the drug
and the mechanism(s) of its biological effect(s) on fungi remain
undetermined.

We conclude that miltefosine is a fungicidal, orally active
compound which is effective in vitro against common as well as
resistant and emerging pathogens. Although it has significant
side effects, it provides an alternative to current agents for the
treatment of drug-resistant species such as Scedosporium pro-
lificans. Overall, miltefosine is less toxic than amphotericin B.
Miltefosine is therefore a suitable lead compound for the syn-
thesis of more effective and less toxic antifungal derivatives.
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