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The fungal pathogens Cryptococcus neoformans and Histoplasma capsulatum produce melanin-like pigments
in the presence of L-dopa in vitro and during mammalian infection. We investigated whether melanization affect-
ed the susceptibilities of the fungi to amphotericin B, caspofungin, fluconazole, itraconazole, or flucytosine
(5FC). Using the standard macrodilution MIC protocol (the M27A protocol) of the National Committee for
Clinical Laboratory Standards for yeast, we found no difference in the susceptibilities of melanized and
nonmelanized C. neoformans and H. capsulatum isolates. Killing assays demonstrated that melanization
reduced the susceptibilities of both fungi to amphotericin B and caspofungin. Laccase-deficient C. neoformans
cells grown with L-dopa were significantly more susceptible than congenic melanin-producing yeast to killing
by amphotericin B or caspofungin. Preincubation of amphotericin B or caspofungin with melanins decreased
their antifungal activities. Elemental analysis of melanins incubated with amphotericin B or caspofungin
revealed an alteration in the C:N ratios of the melanins, which indicated binding of these drugs by the
melanins. In contrast, incubation of fluconazole, itraconazole, or 5FC with melanins did not significantly affect
the antifungal efficacies of the drugs or the chemical composition of the melanins. The results suggest a
potential explanation for the inefficacy of caspofungin against C. neoformans in vivo, despite activity in vitro.
Furthermore, the results indicate that fungal melanins protect C. neoformans and H. capsulatum from the
activities of amphotericin B and caspofungin and that this protection is not demonstrable by standard broth
macrodilution assays.

Cryptococcus neoformans and Histoplasma capsulatum are
relatively frequent causes of serious fungal infections in immu-
nocompromised patients. The prevalence in the United States
of cryptococcal meningoencephalitis in patients with AIDS is
estimated to be 5 to 10% (6, 22). Disseminated histoplasmosis
occurs in approximately 5% of patients with AIDS residing in
areas of the United States where histoplasmosis is endemic
(12). Patients with AIDS complicated by cryptococcosis or
histoplasmosis often respond poorly to treatment and require
lifelong maintenance therapy since current antifungal agents
seldom eradicate these fungal pathogens in the setting of se-
vere immune suppression (11, 38).

The ability to produce melanin-like pigments in vitro was
associated with virulence in C. neoformans (4, 17, 19), and
melanin synthesis occurs during human infection (28). H. cap-
sulatum has also recently been shown to produce melanin in
vitro and in vivo (25a). Melanins are complex polymers that are
ubiquitous in nature (14) and have been associated with di-
verse biological effects ranging from camouflage to energy
transformation to drug binding (14, 15, 20). In C. neoformans,
melanin protects the fungus against damage caused by UV
light, oxidants, extremes in temperature, and macrophages in
vitro (for a review, see reference 5). Additionally, there is
evidence that melanin affects the susceptibility of C. neofor-
mans to certain compounds, such as amphotericin B, triflu-
oroperazine, and microbicidal peptides (7, 34, 35). Therefore,
we evaluated the effects of melanin synthesis on the suscepti-

bilities of C. neoformans and H. capsulatum to currently avail-
able systemic antifungals.

MATERIALS AND METHODS

Chemicals. Glucose, MgSO4, and KH2PO4 were purchased from J. T. Baker
Inc. (Philipsburg, N.J.). Glycine, NaCl, RPMI 1640 medium (with L-glutamine
and without sodium bicarbonate), vitamin B1, synthetic melanin (prepared by the
oxidation of tyrosine with hydrogen peroxide), morpholinepropanesulfonic acid
(MOPS), and L-dopa were purchased from Sigma Chemical Co. (Cleveland,
Ohio). Amphotericin B was purchased from Bristol-Myers Squibb (New York,
N.Y.), fluconazole was purchased from Pfizer (New York, N.Y.), flucytosine
(5FC) was purchased from Roche (Nutley, N.J.), itraconazole was purchased
from Janssen (Spring House, Pa.), and caspofungin was purchased from Merck
(Whitehouse Station, N.J.). Caspofungin was used in these experiments, even
though it has limited clinical efficacy against these pathogens, to establish proof
of principle for the effect of melanin on antifungal drugs.

C. neoformans and H. capsulatum. C. neoformans strain 24067 (serotype D) and
H. capsulatum strain G217B were obtained from the American Type Culture
Collection (Manassas, Va.). C. neoformans H99 (serotype A) was obtained from
J. Perfect (Durham, N.C.). A pair of congenic strains, 2E-TUC (laccase positive)
and 2E-TU (laccase deficient), were gifts from P. R. Williamson (Chicago, Ill.)
(32). H. capsulatum strain CIB 1980 was a gift from A. Restrepo (Medellín,
Colombia). Melanization was induced by growing yeast cells on defined minimal
medium agar plates (15 mM glucose, 10 mM MgSO4, 29.4 KH2PO4, 13 mM
glycine, 3.0 �M vitamin B1, 2% agar; Difco) with the addition of 1 mM L-dopa
for 10 days. Nonmelanized controls were obtained by growing yeast cells on
defined minimal medium agar plates without L-dopa for 10 days. C. neoformans
and H. capsulatum cells were grown at 30 and 37°C, respectively. Growth of
C. neoformans strain 2E-TU in agar with L-dopa resulted in albino colonies.

MIC determination. MICs were determined by the standardized protocol (the
M27A protocol) for yeasts developed by the National Committee for Clinical
Laboratory Standards (NCCLS) (24). Briefly, melanized or nonmelanized yeast
cells were suspended in sterile normal saline and diluted to a concentration of
2 � 106 cells/ml. Cell counts were determined with a hemacytometer. The sus-
pensions were diluted 1:1,000 in RPMI 1640 medium with L-glutamine, without
bicarbonate, and buffered to pH 7.0 with 0.165 M MOPS. Polystyrene tubes
containing 0.1-ml aliquots of an antifungal at 10 times the final drug concentra-
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tion were inoculated with 0.9 ml of the diluted suspensions. Final drug concen-
trations ranged from 0.0625 to 4 �g/ml for amphotericin B, 0.125 to 16 �g/ml for
fluconazole and 5FC, 0.0625 to 4 �g/ml for itraconazole, and 0.125 to 64 �g/ml
for caspofungin. The MICs were recorded after incubation at 35°C (C. neofor-
mans strains 24067 and H99) or 37°C (H. capsulatum strain CIB 1980) for 72 h.
The MICs of amphotericin B and caspofungin were defined as the lowest con-
centrations at which there was an absence of growth. The MICs of fluconazole,
itraconazole, and 5FC were defined as the lowest drug concentrations which
achieved 80% growth inhibition compared to the growth of the drug-free control.

Killing assay. Yeast cells were suspended in sterile normal saline at a density
of 2.2 � 103 cells/ml. Cell counts were determined with a hemacytometer.
Microcentrifuge tubes containing 0.1-ml aliquots of an antifungal at 10 times the
final concentration were inoculated with 0.9 ml of the yeast suspensions. For
C. neoformans, final drug concentrations ranged from 0.125 to 0.5 �g/ml for
amphotericin B, 16 to 64 �g/ml for caspofungin, 0.25 to 4 �g/ml for 5FC and
fluconazole, and 0.125 to 0.5 �g/ml for itraconazole. For H. capsulatum, final
drug concentrations ranged from 0.125 to 0.5 �g/ml for amphotericin B, 2 to
8 �g/ml for caspofungin, 0.25 to 4 �g/ml for 5FC and fluconazole, and 0.125 to
0.5 �g/ml for itraconazole. After incubation at 35°C (C. neoformans) or 37°C
(H. capsulatum) for 2 h, aliquots were plated on Sabouraud dextrose agar
(C. neoformans) or brain heart infusion agar (H. capsulatum) to determine their
viabilities, as measured by determination of the numbers of CFU. The rate of
survival was compared to that of fungal cells incubated in phosphate-buffered
saline (PBS).

Melanin ghosts. The term “melanin ghosts” refers to the melanin structures
isolated from melanized C. neoformans. The ghosts were obtained from mela-
nized C. neoformans cells as described previously (31). Briefly, melanized cryp-
tococcal cells were serially treated with 10 mg of cell wall-lysing enzymes (from
Trichoderma harzianum; Sigma) per ml, 4.0 M guanidine thiocyanate, and 1.0 mg
of proteinase K per ml, extracted three times with chloroform, and boiled in
6.0 M HCl for 1 h. The resulting black debris was then dialyzed against distilled
H2O (dH2O) for 10 days. Nonmelanized cryptococcal cells that are subjected to
this protocol are completely solubilized.

Binding of antifungal drugs to melanin. Two milliliters each of stock solutions
of fluconazole (5 mg/ml in dH2O), amphotericin B (0.25 mg/ml in dimethyl
sulfoxide), and caspofungin (5 mg/ml in dimethyl sulfoxide) was incubated with
cryptococcal melanin (7.7 � 109 particles/ml) and synthetic melanin (20 mg) for
2 h at 30°C. Itraconazole and 5FC (5 mg/ml in dH2O) were incubated with
synthetic melanin. The melanins were removed by centrifugation. The superna-
tants of the amphotericin B and caspofungin solutions were used in the killing
assay with C. neoformans strain 24067 and H. capsulatum strain CIB 1980. The
supernatants of the fluconazole, itraconazole, and 5FC solutions were used for
MIC determinations with C. neoformans strain 24067 and H. capsulatum strain
CIB 1980. The melanin pellets from the incubated solutions were washed exten-
sively with dH2O and lyophilized with a Flexi-Dry microprocessor (FTS Systems,
Inc., Stone Ridge, N.Y.). As controls, cryptococcal melanin and synthetic mela-
nin in dH2O were lyophilized. Quantitative elemental analysis of the melanins
was performed by Quantitative Technologies Inc. (Whitehouse, N.J.). Briefly,
the melanin samples were converted into gases by combustion, and the product
gases were separated under steady-state conditions. The percentage of each
element was measured as a function of thermal conductivity. Elemental ratios
were calculated by dividing the percentage of each element measured by its
respective atomic weight.

Statistics. Microsoft Excel 97 software was used to determine the standard
deviations, standard errors of the means, and P values (Student’s t test).

RESULTS

MICs. Table 1 summarizes the in vitro susceptibilities of
melanized versus nonmelanized cells of C. neoformans strains
24067 and H99 and H. capsulatum strain CIB 1980 to ampho-
tericin B, caspofungin, fluconazole, itraconazole, and 5FC. The
MICs were within the range of values previously reported for
these fungi (9, 16, 18, 21, 36), except for the relatively low MIC
of caspofungin for H. capsulatum (16, 18). There were no
significant differences in the MICs for melanized and nonmela-
nized cells of the same strain for any of the drugs tested. For
H. capsulatum, an extended incubation time for MIC testing
has been described (29, 36). Even though there was sufficient
growth to determine the MICs at 72 h, we also measured the
MICs for H. capsulatum at 96 to 144 h. These tests also showed
no differences in the MICs for the melanized and the nonmela-
nized cells (data not shown).

In an attempt to determine whether the inability to demon-
strate differences between melanized and nonmelanized cells
was due to the absence of substrate for further melanin for-
mation in the melanized cells and their progeny (J. Nosanchuk,
A. L. Rosas, and A. Casadevall, Abstr. 99th Gen. Meet. Am.
Soc. Microbiol., abstr. F13, 1999), we added L-dopa to the
RPMI medium. However, this resulted in the formation of
black precipitates when the antifungals were added to the
medium, whether or not yeast cells were present. We also tried
a modification of the NCCLS protocol using yeast nitrogen
base medium buffered at a pH of 7.0 instead of RPMI medium
(10, 37). Unfortunately, this modification was not successful
since precipitates also formed when antifungals and L-dopa
were added to this medium in the presence or absence of cells.
The precipitates could be a complex of drug and L-dopa or
could represent the induction of auto-oxidation of L-dopa by
the antifungals. Other precursors, such as epinephrine, caused
similar precipitates. Hence, we were unable to modify the assay
to investigate this question.

Killing assay. Melanized cells were significantly less suscep-
tible to amphotericin B or caspofungin than nonmelanized
cells (Fig. 1 and 2). The differences were statistically significant
for all concentrations tested with C. neoformans (Fig. 1). Mel-
anized cells of H. capsulatum were significantly protected
against amphotericin B compared to the susceptibilities of
nonmelanized cells at concentrations �0.25 and �0.5 �g/ml
for strains CIB 1980 and G217B, respectively. Melanized C.
neoformans cells were also less susceptible than nonmelanized
cells to caspofungin at all concentrations tested, except for
strain 24067 with caspofungin at 64 �g/ml (Fig. 2). For H.

TABLE 1. MICs for C. neoformans and H. capsulatum strains

Drug

MIC (�g/ml)

C. neoformans H99 C. neoformans 24067 H. capsulatum CIB 1980

With L-dopa Without L-dopa With L-dopa Without L-dopa With L-dopa Without L-dopa

Amphotericin B 0.125 0.125 0.1875 0.125 0.125 0.25
Fluconazole 1 1 1 1 0.5 0.5
Itraconazole 0.625 �0.625 �0.625 �0.625 �0.625 �0.625
5FC 2 2 2 3 0.125 0.1875
Caspofungin 8 8 8 8 �0.125 �0.125
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capsulatum, significant differences in rates of survival between
melanized and nonmelanized cells were demonstrated at con-
centrations �2 and �4 �g/ml for strains CIB 1980 and G217B,
respectively. With fluconazole, itraconazole, and 5FC, there
were no significant differences in rates of survival for mela-
nized versus nonmelanized cells (data not shown).

To further validate these findings, we investigated the effects
of antifungal agents on laccase-deficient C. neoformans strain
2E-TU, which does not melanize in the presence of L-dopa.
The MICs, determined by the NCCLS M27A protocol, for

melanized and nonmelanized cells of strains 2E-TU and 2E-
TUC were similar (Table 2). However, melanized C. neofor-
mans strain 2E-TUC was significantly less susceptible to killing
by either antifungal than strain 2E-TU (laccase-deficient) incu-
bated with L-dopa or either strain grown without L-dopa (P �
0.001 for all concentrations tested) (Fig. 3). This demonstrates
that the protective effect seen in cells grown in the presence of
L-dopa occurs only if the yeast cells produce melanin.

Binding of antifungals to melanin. To evaluate whether the
results of the killing assays were due to binding of the drugs to

FIG. 1. Amphotericin B killing assay. The rates of survival of melanized versus nonmelanized yeast cells (C. neoformans strains H99 [CN H99]
and 24067 [CN 24067] and H. capsulatum strains CIB 1980 [HC CIB 1980] and G217B [HC G217B]) after exposure to various concentrations of
amphotericin B for 2 h were compared to those of fungal cells incubated in PBS. Values are averages � standard errors of the means for four
measurements. P values were calculated by comparing nonmelaninzed and melanized cells. P values were �0.01 unless noted otherwise (�, P �
0.06; ��, P � 0.1) (Student’s t test). Similar results were obtained in two separate experiments.

FIG. 2. Caspofungin killing assay. The rates of survival of melanized versus nonmelanized yeast cells (C. neoformans strains H99 [CN H99] and
24067 [CN 24067] and H. capsulatum strains CIB 1980 [HC CIB 1980] and G217B [HC G217B]) after exposure to various concentrations of
caspofungin for 2 h were compared those of fungal cells incubated in PBS. Values are averages � standard errors of the means for four
measurements. P values were calculated by comparing nonmelaninzed and melanized cells. �, P � 0.001; ��, P � 0.05 (Student’s t test). Similar
results were obtained in two separate experiments.
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melanin, we incubated the antifungals with melanin before we
performed the killing assays or determined the MICs. Incuba-
tion of amphotericin B or caspofungin with either C. neofor-
mans or synthetic melanin prior to use significantly reduced
the efficacies of the drugs compared to their efficacies in assays
in which the antifungals were not preincubated with melanin
(Fig. 4). The MICs of fluconazole, itraconazole, and 5FC de-
termined after incubation with melanin were unchanged (data
not shown).

The results of the elemental analysis of the melanins incu-
bated with the antifungals are shown in Table 3. The analysis
was performed twice with melanins from different experiments,
with similar results obtained in each experiment. Incubation of
melanin with amphotericin B or caspofungin resulted in alter-
ations of the C:N ratios of the melanins, which is consistent
with the fact these drugs had bound to the melanins. In con-
trast, incubation of melanin with the azoles or 5FC did not
alter the melanin C:N ratios. Additionally, analysis of the mel-
anins revealed no fluorine after incubation with either flucon-
azole or 5FC and no chloride after incubation with itracon-
azole (data not shown). These results are consistent with the
notion that caspofungin and amphotericin B bind to melanin,
whereas fluconazole, itraconazole, and 5FC do not.

DISCUSSION

The prognosis for AIDS patients with cryptococcosis or his-
toplasmosis is poor, despite therapy (13, 30). The problem is
that the currently available antifungal agents seldom eradicate
infection in the setting of severe immune suppression. In a
small study carried out several years ago, we suggested that
melanization of certain fungal pathogens may affect the activ-
ities of antifungal drugs (5). Here we have revisited that ques-
tion and demonstrate that melanization of C. neoformans and
H. capsulatum reduces their susceptibilities to amphotericin B
and caspofungin. However, melanin did not protect these or-
ganisms against fluconazole, itraconazole, or 5FC.

We were unable to demonstrate the protective effect of
melanization against these antifungal drugs using the NCCLS
standard broth macrodilution protocol for assessing the sus-
ceptibilities of yeast to antifungals. This may have resulted
from the absence of substrates for melanization in the medium
used in the NCCLS protocol. Even though we started with
melanized cells for MIC determinations, replicating yeast cells
were unable to further synthesize melanin. Growth of mela-
nized C. neoformans in the absence of substrates results in
large defects in the melanin layer of the parent cells after
budding and an absence of melanin in the daughter cells
(Nosanchuk et al., Abstr. 99th Gen Meet. Am. Soc. Micro-
biol.). Hence, the NCCLS assay does not actually compare
melanized and nonmelanized cells. We attempted to bypass
this problem by adding L-dopa to RPMI, but this resulted in
the formation of a black precipitate that precluded use of this
modification to the assay. The NCCLS methodology has pre-
viously been shown to have inherent problems with measuring
the susceptibility of C. neoformans, including a long incubation
period, suboptimal growth, and a narrow range of MICs (33).
Furthermore, the MICs obtained by the NCCLS protocol are
not predictive of the clinical outcomes of C. neoformans infec-

FIG. 3. Killing assay with C. neoformans congenic strains 2E-TUC (laccase positive) and 2E-TU (laccase deficient). Yeast cells were grown with
or without L-dopa for 10 days and then exposed to various concentrations of amphotericin B or caspofungin for 2 h, and the rates of killing were
compared to those for fungal cells incubated in PBS. Values are averages � standard errors of the means for three measurements. Melanized
2E-TUC yeast cells were significantly (P � 0.001) less susceptible to killing under each condition examined.

TABLE 2. MICs for C. neoformans 2E-TU and 2E-TUC

Drug

MIC (�g/ml)

C. neoformans
2E-TU

C. neoformans
2E-TUC

With
L-dopa

Without
L-dopa

With
L-dopa

Without
L-dopa

Amphotericin B 0.25 0.125 0.25 0.25
Caspofungin 16 16 16 16
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tions in patients with AIDS (37). This lack of correlation be-
tween MIC and outcome could reflect melanization of the
fungus in vivo (28). Our findings that the NCCLS protocol
cannot be adapted to measure susceptibility to C. neoformans
in the presence of laccase substrates indicates yet another
limitation of this method.

Killing assays demonstrated that melanization of C. neofor-
mans and H. capsulatum protected the yeast cells from ampho-
tericin B and caspofungin. No benefit for melanin formation
was detected when fluconazole or itraconazole was used. How-
ever, neither azole resulted in significant killing, which is con-
sistent with the fungistatic properties of these drugs. We also
did not detect significant killing when we tested the potentially
fungicidal drug 5FC in our killing assay. The protective effect
of melanin against amphotericin B and caspofungin, but not
against the azoles or 5FC, can be explained by the results of the
binding assays performed after incubation of the antifungals
with synthetic or C. neoformans melanin and the subsequent
analyses of these melanins. Preincubation of amphotericin B
and caspofungin with melanin reduced the fungicidal activities
of the drugs, with the synthetic melanin having a greater effect.
The two melanins have significant differences in their surface
areas and epitope distributions (27), charges (24), and C:N
ratios (31). Therefore, the interactions of the two melanins
with the antifungals may be different. In our assays we based
the quantity of melanin used for the experiments on the
amount necessary for quantitative elemental analysis, rather
than attempting to have equivalent surface areas. Therefore,
the significant finding is that preincubation with melanin re-
duced the efficacies of amphotericin B and caspofungin. Chem-
ical analysis indicated that both synthetic and C. neoformans
melanins bound to amphotericin B and caspofungin, as indi-
cated by a change in the C:N ratios of the melanin exposed to

these drugs. However, there was no change in the melanin C:N
ratio or the F or Cl content after exposure to either azole or
5FC, consistent with no binding by these drugs.

In addition to intercalating into fungal cell membranes and
presumably causing pore formation, amphotericin B is a potent
immunomodulator (for a review, see reference 25). Thus, bind-
ing of amphotericin B by melanin may also have a significant
impact on the course of fungal infection by abating the effect of
the drug on diverse host factors, such as T-cell and macro-
phage activation. Melanins are also immunologically active
molecules with notable anti-inflammatory effects (2, 23). Con-
sequently, melanins down regulate cytokines as well as de-
crease host cell stimulation by binding to amphotericin B.
These factors may contribute to the inability of amphotericin B
to eradicate C. neoformans and H. capsulatum infections in im-

FIG. 4. Killing assay with melanins. The rates of survival of nonmelanized yeast cells (C. neoformans strain H99 [CN H99] and H. capsulatum
strain CIB 1980 [HC CIB 1980]) exposed to amphotericin B or caspofungin with or without preincubation of the antifungals with C. neoformans
or synthetic melanin were compared. Values are averages � standard errors of the means for four measurements. P values refer to the difference
between the rates of survival for nonmelanized yeast cells after preincubation of the antifungals with C. neoformans or synthetic melanin and those
for cells not preincubated with synthetic melanin (control). All P values were �0.001 unless noted otherwise (�, P � 0.01) (Student’s t test).

TABLE 3. Elemental analysis of melanins

Sample C:N ratio

Control ghosts ................................................................................. 8:1

Amphotericin B � ghosts ..............................................................11.5:1
Caspofungin � ghosts .................................................................... 10:1
Fluconazole � ghosts ..................................................................... 8:1
Itraconazole � ghosts..................................................................... 8:1
5FC � ghosts................................................................................... 8:1

Control synthetic melanin.............................................................. 9:1

Amphotericin B � synthetic melanin .......................................... 10:1
Caspofungin � synthetic melanin................................................. 10:1
Fluconazole � synthetic melanin.................................................. 9:1
Itraconazole � synthetic melanin ................................................. 9:1
5FC � synthetic melanin ............................................................... 9:1
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munocompromised individuals. The antifungal effects of cas-
pofungin are attributed to the inhibition of synthesis of 1,3-�-
D-glucan linkages in fungal cell walls (3). For C. neoformans,
caspofungin may also affect 1,6-�-D-glucan synthesis (8). Our
findings suggest that drug binding by melanin may also repre-
sent a mechanism for the lack of efficacy of caspofungin in vivo
for cryptococcosis (1) and histoplasmosis (16).

Melanization is essential for virulence in C. neoformans, and
melanin is synthesized during human infection (28). Melaniza-
tion also occurs in mammalian tissues during H. capsulatum
infection (25a). Here, we show that melanization decreases the
susceptibilities of C. neoformans and H. capsulatum to ampho-
tericin B and caspofungin. With standard in vitro susceptibility
testing, this effect was not appreciated, and thus, these tests
may underestimate the resistance of these organisms to am-
photericin B or caspofungin in vivo. Since amphotericin B is
considered the “gold standard” antifungal for the treatment
of infections caused by C. neoformans or H. capsulatum, this
finding is particularly important when the relative levels of
effectiveness of antifungal agents are compared. Standard ma-
crodilution susceptibility testing may also underestimate the
activities of amphotericin B and caspofungin against other
fungal organisms that produce melanin, such as Aspergillus
spp., Paracoccidioides brasiliensis, Sporothrix schenckii, and Wan-
giella dermatitidis. These results suggest that drugs that inhibit
fungal melanization, as has recently been reported for glypho-
sate (26), could be synergistic with amphotericin B and caspo-
fungin. These findings should be considered in the design of
future susceptibility testing protocols and in drug development.

ACKNOWLEDGMENTS

A. Casadevall was supported by National Institute of Health (NIH)
grants AI33774, AI13342, and HL59842. J. D. Nosanchuk was sup-
ported by NIH grant AI01489.

REFERENCES

1. Abruzzo, G. K., A. M. Flattery, C. J. Gill, L. Kong, J. G. Smith, V. B.
Pikounis, J. M. Balkovec, A. F. Bouffard, J. F. Dropinski, H. Rosen, H.
Kropp, and K. Bartizal. 1997. Evaluation of the echinocandin antifungal
MK-0991 (L-743,872): efficacies in mouse models of disseminated aspergil-
losis, candidiasis, and cryptococcosis. Antimicrob. Agents Chemother. 41:
2333–2338.

2. Avramidis, N., A. Kourounakis, L. Hadjipetrou, and V. Senchuk. 1998.
Anti-inflammatory and immunomodulating properties of grape melanin. In-
hibitory effects on paw edema and adjuvant induced disease. Arzneimittel-
forschung 48:764–771.

3. Bouffard, F. A., R. A. Zambias, J. F. Dropinski, J. M. Balkovec, M. L.
Hammond, G. K. Abruzzo, K. F. Bartizal, J. A. Marrinan, M. B. Kurtz, D. C.
McFadden, et al. 1994. Synthesis and antifungal activity of novel cationic
pneumocandin B(o) derivatives. J. Med. Chem. 37:222–225.

4. Buchanan, K. L., and J. W. Murphy. 1998. What makes Cryptococcus neo-
formans a pathogen? Emerg. Infect. Dis. 4:71–83.

5. Casadevall, A., A. L. Rosas, and J. D. Nosanchuk. 2000. Melanin and viru-
lence in Cryptococcus neoformans. Curr. Opin. Microbiol. 3:354–358.

6. Currie, B. P., and A. Casadevall. 1994. Estimation of the prevalence of
cryptococcal infection among HIV infected individuals in New York City.
Clin. Infect. Dis. 19:1029–1033.

7. Doering, T. D., J. D. Nosanchuk, W. K. Roberts, and A. Casadevall. 1999.
Melanin as a potential cryptococcal defence against microbicidal proteins.
Med. Mycol. 37:175–182.

8. Feldmesser, M., and A. Casadevall. 1997. Effect of serum IgG1 to Crypto-
coccus neoformans glucuronoxylomannan on murine pulmonary infection.
J. Immunol. 158:790–799.

9. Franzot, S. P., J. Mukherjee, R. Cherniak, L. C. Chen, J. S. Hamdan, and A.
Casadevall. 1998. Microevolution of a standard strain of Cryptococcus neo-
formans resulting in differences in virulence and other phenotypes. Infect.
Immun. 66:89–97.

10. Ghannoum, M. A., A. S. Ibrahim, Y. Fu, M. C. Shafiq, J. E. Edwards, Jr., and
R. S. Criddle. 1992. Susceptibility testing of Cryptococcus neoformans: a
microdilution technique. J. Clin. Microbiol. 30:2881–2886.

11. Graybill, J. R. 1988. Histoplasmosis and AIDS. J. Infect. Dis. 158:623–626.
12. Hajjeh, R. 1995. Disseminated histoplasmosis in persons infected with hu-

man immunodeficiency virus. Clin. Infect. Dis. 21(Suppl. 1):S108–S110.
13. Hajjeh, R. A., P. G. Pappas, H. Henderson, D. Lancaster, D. M. Bamberger,

K. J. Skahan, M. A. Phelan, G. Cloud, M. Holloway, C. A. Kauffman, and
L. J. Wheat. 2001. Multicenter case-control study of risk factors for histoplas-
mosis in human immunodeficiency virus-infected persons. Clin. Infect. Dis.
32:1215–1220.

14. Hill, Z. H. 1992. The function of melanin or six blind people examine an
elephant. Bioessays 14:49–56.

15. Kaliszan, R., A. Kaliszan, and I. W. Wainer. 1993. Prediction of drug binding
to melanin using a melanin-based high-performance liquid chromatographic
stationary phase and chemometric analysis of the chromatographic data.
J. Chromatogr. 615:281–288.

16. Kohler, S., L. J. Wheat, P. Connolly, C. Schnizlein-Bick, M. Durkin, M.
Smedema, J. Goldberg, and E. Brizendine. 2000. Comparison of the echi-
nocandin caspofungin with amphotericin B for treatment of histoplasmosis
following pulmonary challenge in a murine model. Antimicrob. Agents Che-
mother. 44:1850–1854.

17. Kozel, T. R. 1995. Virulence factors of Cryptococcus neoformans. Trends
Microbiol. 3:295–299.

18. Kurtz, M. B., C. Douglas, J. Marrinan, K. Nollstadt, J. Onishi, S. Dreikorn,
J. Milligan, S. Mandala, J. Thompson, and J. M. Balkovec. 1994. Increased
antifungal activity of L-733,560, a water-soluble, semisynthetic pneumocan-
din, is due to enhanced inhibition of cell wall synthesis. Antimicrob. Agents
Chemother. 38:2750–2757.

19. Kwon-Chung, K. J., I. Polacheck, and T. J. Popkin. 1982. Melanin-lacking
mutants of Cryptococcus neoformans and their virulence for mice. J. Bacte-
riol. 150:1414–1421.

20. Larsson, B. S. 1993. Interaction between chemicals and melanin. Pigment
Cell Res. 6:127–133.

21. Lopez-Jodra, O., J. M. Torres-Rodriquez, R. Mendez-Vasquez, E. Ribas-
Forcadell, Y. Morera-Lopez, T. Baro-Tomas, and C. Alia-Aponte. 2000. In
vitro susceptibility of Cryptococcus neoformans isolates to five antifungal
drugs using a colorimetric system and the reference microbroth method.
J. Antimicrob. Chemother. 45:645–649.

22. Mitchell, T. G., and J. R. Perfect. 1995. Cryptococcus in the era of AIDS—
100 years after the discovery of Cryptococcus neoformans. Clin. Microbiol.
Rev. 8:515–548.

23. Mohagheghpour, N., N. Waleh, S. J. Garger, L. Dousman, L. K. Grill, and
D. Tuse. 2000. Synthetic melanin suppresses production of proinflammatory
cytokines. Cell. Immunol. 199:25–36.

24. National Committee for Clinical Laboratory Standards. 1997. Reference
method for broth dilution antifungal susceptibility testing for yeasts. Ap-
proved standard M27-P. National Committee for Clinical Laboratory Stan-
dards, Villanova, Pa.

25. Nosanchuk, J. D., and A. Casadevall. 1999. Amphotericin B: activity beyond
fungal cell sterols. Recent Res. Dev. Antimicrob. Agents Chemother. 3:7–15.

25a.Nosanchuk, J. D., B. L. Gomez, S. Youngchim, S. Diez, P. Aisen, R. M.
Zancope-Oliveira, A. Restrepo, A. Casadevall, and A. J. Hamilton. 2002.
Histoplasma capsulatum synthesizes melanin-like pigments in vitro and dur-
ing mammalian infection. Infect. Immun. 70:5124–5131.

26. Nosanchuk, J. D., R. Ovalle, and A. Casadevall. 2001. Glyphosate inhibits
melanization of Cryptococcus neoformans and prolongs survival of mice after
systemic infection. J. Infect. Dis. 183:1093–1099.

27. Nosanchuk, J. D., A. L. Rosas, and A. Casadevall. 1998. The antibody
response to fungal melanin in mice. J. Immunol. 160:6026–6031.

28. Nosanchuk, J. D., A. L. Rosas, S. C. Lee, and A. Casadevall. 2000. Melani-
sation of Cryptococcus neoformans in human brain tissue. Lancet 355:2049–
2050.

29. Ren-Kai, L., M. A. Ciblak, N. Nordoff, L. Pasarell, D. W. Warnock, and M. R.
McGinnis. 2000. In vitro activities of voriconazole, itraconazole, and ampho-
tericin B against Blastomyces dermatitidis, Coccidioides immitis, and Histo-
plasma capsulatum. Antimicrob. Agents Chemother. 44:1734–1736.

30. Robinson, P. A., M. Bauer, M. A. E. Leal, S. G. Evans, P. D. Holtom, D. M.
Diamond, J. M. Leedom, and R. A. Larsen. 1999. Early mycological treat-
ment failure in AIDS-associated cryptococcal meningitis. Clin. Infect. Dis.
28:82–92.

31. Rosas, A. L., J. D. Nosanchuk, B. L. Gomez, W. A. Edens, J. M. Henson, and
A. Casadevall. 2000. Isolation and serological analyses of fungal melanins.
J. Immunol. Methods 244:69–80.

32. Salas, S. D., J. E. Bennett, K. J. Kwong-Chung, J. R. Perfect, and P. R.
Williamson. 1996. Effect of the laccase gene, CNLAC1, on virulence of
Cryptococcus neoformans. J. Exp. Med. 184:377–386.

33. Sanati, H., S. A. Messer, M. Pfaller, M. Witt, R. Larsen, A. Espinel-Ingroff,
and M. Ghannoum. 1996. Multicenter evaluation of broth microdilution
method for susceptibility testing of Cryptococcus neoformans against flucon-
azole. J. Clin. Microbiol. 34:1280–1282.

34. Wang, Y., and A. Casadevall. 1994. Growth of Cryptococcus neoformans in
presence of L-dopa decreases its susceptibility to amphotericin B. Antimi-
crob. Agents Chemother. 38:2648–2650.

35. Wang, Y., and A. Casadevall. 1996. Susceptibility of melanized and nonmela-

VOL. 46, 2002 SUSCEPTIBILITIES OF MELANIZED FUNGI 3399



nized Cryptococcus neoformans to the melanin-binding compounds triflu-
operazine and chloroquine. Antimicrob. Agents Chemother. 40:541–545.

36. Wheat, J., P. Marichal, H. Vanden Bossche, A. Le Monte, and P. Connolly.
1997. Hypothesis on the mechanism of resistance to fluconazole in Histo-
plasma capsulatum. Antimicrob. Agents Chemother. 41:410–414.

37. Witt, M. D., R. J. Lewis, R. A. Larsen, E. N. Milefchik, M. A. Leal, R. H.
Haubrich, J. A. Richie, J. E. Edwards, Jr., and M. A. Ghannoum. 1996.

Identification of patients with acute AIDS-associated cryptococcal meningi-
tis who can be effectively treated with fluconazole: the role of antifungal
susceptibility testing. Clin. Infect. Dis. 22:322–328.

38. Zuger, A., E. Louie, R. S. Holzman, M. S. Simberkoff, and J. J. Rahal. 1986.
Cryptococcal disease in patients with the acquired immunodeficiency syn-
drome: diagnostic features and outcome of treatment. Ann. Intern. Med.
104:234–240.

3400 VAN DUIN ET AL. ANTIMICROB. AGENTS CHEMOTHER.


