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New, more accessible therapies for cryptococcosis represent an unmet clinical need of global importance. We took a repurposing
approach to identify previously developed drugs with fungicidal activity toward Cryptococcus neoformans, using a high-
throughput screening assay designed to detect drugs that directly kill fungi. From a set of 1,120 off-patent medications and bio-
active molecules, we identified 31 drugs/molecules with fungicidal activity, including 15 drugs for which direct antifungal activ-
ity had not previously been reported. A significant portion of the drugs are orally bioavailable and cross the blood-brain barrier,
features key to the development of a widely applicable anticryptococcal agent. Structural analysis of this set revealed a common
chemotype consisting of a hydrophobic moiety linked to a basic amine, features that are common to drugs that cross the blood-
brain barrier and access the phagolysosome, two important niches of C. neoformans. Consistent with their fungicidal activity,
the set contains eight drugs that are either additive or synergistic in combination with fluconazole. Importantly, we identified
two drugs, amiodarone and thioridazine, with activity against intraphagocytic C. neoformans. Finally, the set of drugs is also
enriched for molecules that inhibit calmodulin, and we have confirmed that seven drugs directly bind C. neoformans calmodu-
lin, providing a molecular target that may contribute to the mechanism of antifungal activity. Taken together, these studies pro-
vide a foundation for the optimization of the antifungal properties of a set of pharmacologically attractive scaffolds for the devel-
opment of novel anticryptococcal therapies.

Cryptococcus spp. are basidiomycetous yeasts that cause disease
in nearly 1 million people each year, leading to more than

600,000 attributable deaths worldwide (1). The majority of cases
of cryptococcosis occur in people living with HIV/AIDS, and ap-
proximately one-third of all HIV/AIDS-associated deaths are due
to cryptococcal disease, surpassing tuberculosis (TB) in this re-
gard. The Cryptococcus species complex that infects humans in-
cludes Cryptococcus neoformans and Cryptococcus gattii (2). C.
neoformans more commonly causes disease in people with com-
promised immune function. C. gattii, on the other hand, displays
a distinct epidemiology based on molecular types. For example, C.
gattii molecular types VGI and VGII have been associated with
outbreaks among healthy individuals, while molecular types
VGIII and VGIV, like C. neoformans, primarily affect immuno-
compromised people (3). Although cryptococcosis can affect a
variety of organ systems, it most commonly manifests as crypto-
coccal meningoencephalitis (CEM). In regions with high HIV in-
fection rates, Cryptococcus is the most common cause of meningi-
tis and, accordingly, is one of the most common AIDS-defining
opportunistic infections (1).

Currently, the gold standard regimen for the treatment of CEM
(4) is a combination of an amphotericin B preparation (AMB) and
5-flucytosine (5FC) and is associated with relatively low mortality
rates (10 to 20%). Unfortunately, AMB-5FC is not widely avail-
able in resource-limited regions (5) because (i) it is expensive; (ii)
it requires intravenous administration; and (iii) it is toxic, and
thus requires therapeutic monitoring that is not practical in these
regions. In resource-limited regions, fluconazole (FLU) is the
most commonly used agent, since it is safe, administered orally,
and currently freely available from Pfizer’s donation program (5).

The mortality with standard-dose FLU is as high as 50%, and thus
it is much less effective than AMB-5FC. Recent studies indicate
that the difference in efficacy between AMB-5FC (6) and FLU may
be due to the fact that AMB-5FC is rapidly fungicidal, while FLU is
fungistatic (6). Higher doses of FLU have been studied in a num-
ber of clinical trials and appear to provide improved fungicidal
activity as well as better outcomes (5); however, further clinical
studies are needed before a definitive alternative to AMB-5FC can
be established.

From these considerations, it is clear that new drugs are needed
for the treatment of cryptococcosis and that these drugs would be
of enormous benefit to world health. Ideally, a new anticryptococ-
cal agent would have the following four characteristics: (i) fungi-
cidal activity or ability to combine with a current agent to yield a
fungicidal cocktail, (ii) ability to cross the blood-brain barrier,
(iii) good oral absorption to allow its use in resource-limited re-
gions, and (iv) activity against C. neoformans within macrophages
so as to access all niches occupied by the pathogen. Unfortunately,
the pace of new antifungal drug development has been slow. In-
deed, the gold standard combination of AMB and 5FC is based on
medications that have been used for nearly 50 years (7). The most

Received 9 November 2012 Accepted 10 December 2012

Published ahead of print 14 December 2012

Address correspondence to Damian J. Krysan,
damian_krysan@urmc.rochester.edu.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/EC.00314-12

278 ec.asm.org Eukaryotic Cell p. 278–287 February 2013 Volume 12 Number 2

http://dx.doi.org/10.1128/EC.00314-12
http://ec.asm.org


recent additions to the antifungal pharmacopeia, the echinocan-
dins, are not efficacious against Cryptococcus spp.

As an approach to addressing this unmet clinical need, we ini-
tiated a project to identify small molecules that directly kill Cryp-
tococcus by use of a novel high-throughput screening (HTS) assay
recently developed in our laboratory (8). The assay is based on the
release of the intracellular enzyme adenylate kinase (AK) into the
growth medium as a reporter of yeast cell lysis. Molecules that
cause cell death lead to compromised cellular integrity and in-
creased levels of AK in the growth medium. We have applied this
assay to a variety of organisms (8), and here we report its applica-
tion to the identification of off-patent drugs with fungilytic activ-
ity toward C. neoformans.

We screened the Prestwick library of 1,120 off-patent drugs
and molecules with known biological activity (Prestwick Chemi-
cal). This type of repurposing approach has several advantages (9).
First, in the ideal scenario, a molecule with previously unrecog-
nized but clinically useful activity can be translated rapidly to clin-
ical trials, since it is already approved for another indication. A
second, more likely scenario is that molecules with the desired
activity will be identified but the potency will require further op-
timization. In this scenario, the chemical scaffold is already “drug-
like,” and therefore medicinal chemistry efforts can focus on op-
timizing the antifungal activity (in this case) rather than
optimizing both activity and pharmacology. Repurposing has
emerged as an attractive and successful approach to developing
new therapies expediently.

As described below, we identified a set of previously developed
drugs with features that make them extremely attractive as poten-
tial anticryptococcal scaffolds: (i) oral bioavailability, (ii) ability to
cross the blood-brain barrier, (iii) fungicidal activity in the pres-
ence of fluconazole, and (iv) ability to target intracellular Crypto-
coccus.

MATERIALS AND METHODS
Strains, media, and materials. Cryptococcus neoformans serotype A strain
H99 was a gift from Joseph Heitman and was used for all experiments,
unless otherwise noted. C. neoformans was cultivated from frozen stocks
on yeast extract-peptone-2% dextrose (YPD) agar plates at 30°C and used
within 2 weeks for subsequent experiments. Liquid cultures (YPD) were
incubated at 30°C unless otherwise noted. YPD medium and plates were
prepared using standard recipes. The Prestwick library was obtained from
the manufacturer, and a working stock (100 �M in water containing 2%
dimethyl sulfoxide [DMSO]) in a 384-well format was prepared. The
working stock was used for screening experiments. Individual drugs and
chemicals were obtained from Sigma Chemicals (St. Louis, MO) and used
as received. Stocks of all drugs and molecules were prepared in DMSO.
The final DMSO concentration was 1% for all experiments.

Adenylate kinase assay screen of Prestwick library. The AK screen
was carried out using the protocol described by DiDone et al. (8). Briefly,
H99 was grown overnight to mid-logarithmic phase (optical density at
600 nm [OD600] of �0.5). The cells were washed with fresh YPD and
suspended to a density of 2 � 106 cells/ml based on counts with a hemo-
cytometer. Using a plate filler, the cell suspension (25 �l) was added to
384-well plates containing library compounds (100 �M) in 25 �l of sterile
water (2% DMSO), giving a final volume of 50 �l in each well (50 �M
drug and 1% DMSO). The plates were incubated at 37°C for 4 h and then
equilibrated to ambient temperature for 1 h. In a separate experiment, the
entire 5-h incubation was performed at ambient temperature. Toxa-Light
(Lonza) reagent (50 �l) was added to each well and incubated at ambient
temperature for 1 h. The luminescence was measured with an Envision
plate reader (Beckman). The raw luminescence for each plate was normal-

ized to that for wells of the same plate containing DMSO (1%) only, and
compounds inducing a 3-fold or greater increase in relative light units
(RLU) were scored as “hits.” Hits were confirmed using the same assay
protocol in a 96-well format, using a dilution series of the compound from
an independent source.

In vitro antifungal susceptibility assays. The in vitro antifungal ac-
tivity of the hits was tested in accordance with CLSI document M27-A2
(12), using RPMI 1640 (with glutamine and phenol red, without bicar-
bonate) medium buffered to pH 7.0 with 0.165 M morpholinepropane-
sulfonic acid (MOPS), an inoculum of 1.5 � 103 cells/well, and incubation
at 37°C. DMSO was used as the solvent for all drugs, and its final concen-
tration was 1%. The MIC was defined as the lowest dilution of the mole-
cule resulting in no visible growth of the organism after 72 h of incubation
at 37°C. The fractional inhibitory concentration indexes (FICI) for se-
lected hits in combination with fluconazole were determined using the
checkerboard method and formulas as described previously (25). Synergy
was defined as an FICI of �0.5. The minimum fungicidal concentration
(MFC) was determined by plating dilution series of the well contents from
MIC and checkerboard assays on YPD medium. The starting CFU per well
was 1.5 � 103, and the MFC was defined as the lowest concentration of
compound that reduced the starting inoculum by 2 log10. Propidium
iodide (PI) staining was performed as described previously (13). All assays
were performed on two or three separate days with independent isolates of
H99, and each assay was performed in triplicate. Time-kill assays were
performed as described previously (14). C. neoformans cells from over-
night cultures were washed twice with Dulbecco’s phosphate-buffered
saline (DPBS), adjusted to a density of 2 � 107 CFU/ml in YPD (50 ml),
and treated with either fluconazole (2 �g/ml), a test compound (2 to 16
�g/ml), or a combination of fluconazole and the test compound at the
same concentrations. Cultures were incubated at 37°C, and 10-fold dilu-
tions were plated on YPD at 0 h and 24 h. Plates were incubated at 30°C for
48 h and scored for CFU/ml.

Intracellular replication of C. neoformans in murine phagocytes.
Freshly split, murine J774 phagocyte-like cells were added to a tissue cul-
ture-treated 12-well plate at a final density of 1 � 105 cells/well and incu-
bated overnight at 37°C with 5% CO2 in Dulbecco’s modified Eagle me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS),
Glutamax, and penicillin-streptomycin. Cryptococcus neoformans H99
was grown in YPD overnight at 30°C, harvested, washed twice with DPBS,
and opsonized with 18b7 antibody (Ab) (a generous gift of A. Casadevall;
final concentration of 2 �g/ml) at 37°C for 1 h, with rotation. The op-
sonized yeast cells were then added to phagocytes at a final density of 5 �
104 CFU/well (multiplicity of infection [MOI] � 0.5) and incubated at
37°C with 5% CO2 for 80 min. The wells were washed with DPBS to
remove nonadherent or extracellular yeast. Fresh growth medium buff-
ered with HEPES (10 mM) containing either drug in DMSO or DMSO
alone was added, and the plates were incubated at 37°C with 5% CO2 for
24 h. The supernatants were removed, and the phagocytes were treated
with cold Triton X-100 (0.2% solution in water) and incubated at 37°C
with 5% CO2 for 10 min to lyse the cells. Lysates were serially diluted,
spread onto YPD plates, and incubated at 30°C for 48 h to determine
CFU/ml. The potential cytotoxic effects of the drugs on J774 cells were
determined by measuring lactate dehydrogenase (LDH) activity in the
supernatants of J774 cells treated with drugs in the absence of H99 cells.
LDH activity was measured using a commercially available kit (CytoTox-
ONE; Promega) according to the manufacturer’s protocol. LDH release
triggered in amiodarone (10 �g/ml)-, thioridazine (2 �g/ml)-, and
DMSO (1%)-treated cells was not distinguishable from background and
was less than 5% of that generated by cells lysed with the manufacturer’s
lysis reagent.

Expression, purification, and in vitro activity of C. neoformans
calmodulin. C. neoformans var. neoformans CAM1 carried on a pRSET
plasmid (a gift from J. Heitman) that also encoded a histidine tag at the C
terminus of the protein (Invitrogen) was expressed in Escherichia coli
BL21 cells (Invitrogen) by induction of logarithmic-phase cells with IPTG

Off-Patent Drugs with Anticryptococcal Activity

February 2013 Volume 12 Number 2 ec.asm.org 279

http://ec.asm.org


(isopropyl-�-D-thiogalactopyranoside; 1 mM) following the manufactur-
er’s protocol. The protein was purified using a Talon affinity purification
kit (Clontech) following the manufacturer’s instructions and was �90%
pure by SDS-PAGE–Coomassie blue analysis.

The function of the purified CnCam1 protein was confirmed by its
ability to activate human calcineurin in a commercially available colori-
metric calcineurin assay kit (Calbiochem). Briefly, reactions were done at
30°C according to the kit instructions, with each well containing 40 U
calcineurin, 0.15 mM RII phosphopeptide substrate, 10 �l distilled water
(dH2O), and a final volume of 50 �l. Reactions progressed for 60 min and
then were terminated by the addition of 100 �l malachite green and incu-
bation at room temperature for an additional 10 min for the color to fully
develop. Absorbance at 620 nm was read on a SPECTROmax 5 M plate
reader (Eppendorf). Human calmodulin (hCam) was also prepared ac-
cording to the kit instructions, with a final concentration of 0.25 �M in
reaction wells. In experiments where C. neoformans var. neoformans cal-
modulin was used, protein stocks of 1 mg/ml in DPBS with calcium chlo-
ride were diluted in 2� assay buffer. Concentrations were adjusted to a
final concentration of �0.25 �M Cam, and CnCam1 was substituted for
human calmodulin where indicated.

Thermal shift assay. Thermal shift assays were performed using the
fluorescence resonance energy transfer (FRET) channel of a Bio-Rad
CFX96 real-time thermal cycler, using the manufacturer’s protocol and
software. A DPBS solution (25 �l) of CnCam1 (0.5 mg/ml) containing
calcium chloride (1.8 mM), 5� SYPRO orange, and DMSO (4%) was
used to generate a thermal denaturation curve in the absence of drug; for
curves generated in the presence of drug, the final drug concentration was
400 �g/ml. The thermal cycle was as follows: 40°C for 3 min, 40°C to
100°C in 0.5°C steps (5 s/step), and 100°C for 10 s. The melting tempera-
ture (Tm) was identified by analyzing the first derivative of the fluores-
cence with respect to temperature. The thermal shift data are means for
three independent experiments performed in triplicate, with error bars in
figures representing standard deviations.

RESULTS
Screen of Prestwick library identifies drug-like molecules with
fungilytic activity toward C. neoformans. The majority of screens
for antifungal molecules that have been reported in the literature
have used Candida albicans, the most common human fungal
pathogen, or Saccharomyces cerevisiae, the most widely studied
model yeast. In addition, screening efforts are generally focused
on identifying anti-infective agents that have broad spectra of ac-
tivity. Both C. albicans and S. cerevisiae are ascomycetes, while C.
neoformans is a basidiomycete that has diverged considerably
since the last common ancestor for these lineages. Since C. neofor-
mans is a pathogen of worldwide importance and has important
biological distinctions compared to the ascomycetous fungi, we
hypothesized that directly screening a small-molecule library
against C. neoformans would identify molecules with anticrypto-
coccal activity that would be missed by screening with ascomyce-
tes. We further focused our screen on molecules that directly kill
C. neoformans, because drugs with this type of activity have been
shown to be more effective in the treatment of C. neoformans
disease than molecules that simply inhibit growth. To identify
molecules that directly kill C. neoformans cells, we used an AK
release assay recently developed in our laboratory (8, 13). The AK
assay detects the release of the intracellular enzyme AK into the
growth medium by cells that have lost membrane integrity by
coupling its conversion of ADP to ATP with a luciferase reporter
reaction. We have previously shown that the assay is robust in the
HTS setting and is more sensitive than growth assays (8, 13). Fur-
thermore, it is specific for molecules that directly kill yeast cells;

for example, the fungistatic drug fluconazole is completely inac-
tive in this assay (13).

We screened against serotype A C. neoformans var. grubii strain
H99, since it is the most common species and serotype isolated
from patients. As alluded to above, we screened the Prestwick
library of off-patent and biologically active molecules (Prestwick
Chemical) at a final drug concentration of 50 �M, using the AK
assay as the readout. As previously described (8), positively scor-
ing molecules (hits) were defined as those inducing a 3-fold in-
crease in extracellular AK activity. Each hit was evaluated using a
set of three secondary screening assays. First, each was retested to
confirm AK release by using a dilution series of the drug to gener-
ate a dose-response curve. Second, the MIC for each confirmed hit
was then determined using CLSI-approved methods (12). Third,
we confirmed the ability of the molecule to directly kill H99 by
using a propidium iodide-based viability assay (13).

We performed the initial AK screening assay at two tempera-
tures: ambient and 37°C. A scatterplot of the raw AK data from a
representative plate is shown in Fig. 1. More drugs (31 versus 9)
were active at 37°C, i.e., human body temperature, than at ambi-
ent temperature (15). Two molecules were active only at ambient
temperature, and the majority of molecules active at low temper-
ature were general antiseptic drugs that directly disrupt plasma
membranes (6/11 molecules [55%]). The ability of C. neoformans
to grow at 37°C is an important virulence factor, and it is possible
that some of the hits directly interfere with this trait (3, 15). Alter-
natively, the increased physiological stress of high-temperature
growth may increase the susceptibility of the organism to the com-
pounds; it is likely that both possibilities are represented within
the set of hits.

We obtained samples of 21/31 compounds (Table 1) from al-
ternative sources/lots and confirmed their activity in dose-re-
sponse experiments with the AK assay. The dose-response curve
for amiodarone is shown in Fig. 2A, as a representative example.
All retested molecules were confirmed as hits, indicating a low
false-positive rate. We excluded known antifungals and general
antiseptics from additional testing. From the remaining set, we
determined the MICs against C. neoformans strain H99 and C.
albicans SC5314 for 15 of the drugs (Table 1), using standardized
CLSI microdilution susceptibility testing (12). We also deter-
mined the MFC, which was identical to the MIC for all com-
pounds tested. Interestingly, all molecules identified in the screen
were either more active against C. neoformans or equally active
against the two organisms. Of the hits tested, all but two drugs had
MIC values of 64 �g/ml or lower. The two drugs that did not have

FIG 1 Representative primary screening data. The scatterplot shows the fold
changes in library drug-treated wells relative to DMSO (1%)-treated wells for
a representative plate in the primary AK screen.
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MIC values at or below 64 �g/ml were pimozide and fluspirilen
(solubility limited the identification of the MIC). Both drugs in-
duced cell lysis as determined by AK release and PI staining, indi-
cating that the AK assay is more sensitive than growth assays and is
able to identify molecules with anticryptococcal activity below the
MIC. The ability of the AK assay to detect antifungal activity at
concentrations well below the MIC is due to the fact that a drug
may cause up to 20% cell lysis, but the logarithmic nature of mi-
crobial growth over the 24- to 48-h period typical of growth assays
masks these effects (8, 13).

One of the drugs identified in our screen, amiodarone, has
previously been reported to have activity against S. cerevisiae, C.
albicans, and C. neoformans (16, 17). In addition, its activity to-
ward C. albicans and S. cerevisiae has been the subject of a number
of mechanistic studies (17–19). The anti-C. albicans activity of
amiodarone is pH dependent, and it appears to be active only at

pH 5, well below physiologic pH (18). In contrast, we found that
amiodarone is equally active toward C. neoformans at pH 5 and pH
7, indicating a significant interspecies difference in activity. Inter-
estingly, dronedarone, a recently approved analog of amiodarone
(20), also has similar activity toward C. neoformans but little ac-
tivity against C. albicans (dronedarone MIC, 8 �g/ml for C. neo-
formans and �64 �g/ml for C. albicans) at physiologic pH. The
distinctions in activity between C. albicans and C. neoformans for
this class of molecules provide further support for the notion that
the search for new anticryptococcal agents will require the direct
screening of C. neoformans in order to maximize the likelihood of
finding active molecules.

As a final secondary screening assay, we confirmed that the
identified drugs directly killed C. neoformans cells by using the
well-established PI stain (13). All compounds tested caused sig-
nificantly increased levels of PI staining in C. neoformans, either at

TABLE 1 Drugs inducing adenylate kinase release at 37°C in C. neoformans var. grubii

Compound
no. Drug Therapeutic use

AK
releasea

C. neoformans
MIC/MFCb

C. albicans
MICb

Known
antifungalc

Modulation
of Camd

Oral
administratione

Lysosome
tropismf FICIg

1 Tomatine Fungicide 29 NT NT Y N NA N NT
2 Dicyclomine Anticholinergic 5 64 �128 N N Y N I
3 Perhexilene Antiangina 3 8 32 N N Y Y A
4 Chlorhexidine Antiseptic 3 NT NT Y N NA N NT
5 Tamoxifen Antiestrogen 4 4 32 Y Y Y Y A
6 Miconazole Antifungal 4 NT NT Y Y Y N NT
7 Tolnafate Antifungal 6 NT NT Y N N N NT
8 Pimozide Antipsychotic 6 �128 �128 N Y Y Y I
9 Thioridazine Antipsychotic 3 16 64 N Y Y Y A
10 Trifluoperazine Antipsychotic 4 32 128 Y Y Y Y A

11 Amiodarone Antiarrhythmic 8 8 �128 Y Y Y Y A
12 Polymyxin E Antibiotic 14 Y Y N N A
13 Suloctodil Antihypertensive 12 4 16 Y N Y N S
14 Chlorprothixene Antipsychotic 4 32 64 N Y Y Y A
15 Norcyclobenzaprine Muscle relaxant 4 NT NT N N Y N NT
16 Cyclobenzaprine Muscle relaxant 3 32 64 N N Y N I
17 Bepridil Antihypertensive 3 32 �128 N Y Y Y A
18 Methiothepin Antipsychotic 5 16 64 N N Y N A
19 Dimethisoquin Topical anesthetic 3 NT NT N N Y N NT
20 Prochlorperazine Antipsychotic 7 64 32 N Y Y Y A

21 Hexetidine Antiseptic 4 NT NT Y N NA N NT
22 Fluspirilen Antipsychotic 24 �128 �128 N Y Y Y S
23 Thonzonium Antiseptic 4 NT NT Y N Y N NT
24 Methylbenzethonium

chloride
Antiseptic 6 NT NT Y N Y N NT

25 Thiethylperazine Antipsychotic 5 NT NT N Y Y NT
26 Sertaline Antidepressant 5 6h 14–28 Y Y Y Y Sh

27 Meclozine Antiemetic 4 NT NT N N Y NT
28 Clomiphene Antiestrogen 7 64 64 Y Y Y Y A
29 Pheniramine Antihistamine 4 NT NT N N Y N NT
30 Alexidene Antiseptic 9 NT NT Y N NA N NT
31 Benzethonium Antiseptic 3 4 4 Y N NA N NT
a Fold change in AK activity relative to that in cells treated with DMSO solvent.
b MICs were determined by a standard CLSI protocol. The MFC was the lowest concentration that decreased the number of CFU by 2 log10 units relative to the initial inoculum and
was identical to the MIC for all compounds tested. NT, not tested.
c Y, reported to have in vitro antifungal activity; N, no previous report of antifungal activity.
d Y, drug or drug class has been reported to modulate mammalian calmodulin activity; N, not reported to modulate mammalian calmodulin activity.
e Y, drug is administered orally for its primary clinical indication; N, drug is not administered orally; NA, data not available.
f Y, reported to traffic to the lysosomes of eukaryotic cells; N, not reported to traffic to the lysosomes of eukaryotic cells.
g Determined as described in Materials and Methods. NT, not tested; S, synergy (FICI of �0.5); A, additive (FICI of 0.5 to 1.0); I, indifferent (FICI � 1.0 to 2.0).
h See reference 40.
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the MIC or at concentrations of �128 �g/ml if the molecule did
not inhibit growth below that concentration; representative ex-
amples of PI staining data are shown in Fig. 2B. Based on PI stain-
ing, our primary screen did not identify any false-positive hits.

Characteristics of FDA-approved drugs with fungilytic anti-
cryptococcal activity. With respect to clinical uses, the largest
class of molecules with fungilytic anticryptococcal activity was the
antipsychotics (8/31 molecules); indeed, 8 of the 17 antipsychotics
in the Prestwick library were identified. The next largest class, not
surprisingly, was the general membrane-targeted antiseptics (7/31
molecules). Antifungal activity has been described previously for
16/31 hits; consequently, the screen identified 15 new drugs with
antifungal activity. For an agent to be effective against cryptococ-
cosis, it must be able to cross the blood-brain barrier and access
the central nervous system (CNS). Importantly, nearly half of the
drugs identified in our screen are active within the CNS. As dis-
cussed in the introduction, new anticryptococcal drugs would ide-
ally be administered orally to increase their applicability in re-
source-limited settings. Excluding topical antiseptics, 22/24 drugs
identified as having anticryptococcal activity are administered
orally for their current clinical indications. Taken together, the
data from our repurposing screen have identified a set of 17 pre-
viously approved drugs that are fungicidal toward C. neoformans,
active within the central nervous system, and administered orally.
As such, this set represents a potentially rich collection of chemical
scaffolds for development as potential anticryptococcal agents.

To further analyze the characteristics of our set of hits, we
examined the chemical structures for common motifs. As dis-
played in Fig. 3, a striking pattern was immediately apparent for
the molecules that were not general antiseptics: 21/23 structures
contained a hydrophobic/aromatic section connected to a basic
amine by a 2- to 4-atom linker. This combination of lipophilicity
with a basic pKa is characteristic of molecules that access the CNS
(10). The same set of physicochemical properties has also been
identified as characteristic of molecules with lysosomotropism
(11), the ability to target and/or concentrate in host cell phagoly-
sosomes. The lipophilic/hydrophobic portion of the molecule al-

lows it to penetrate cellular membranes, while the basic amine is
protonated by the acidic environment, trapping the molecule
within the lysosome/phagolysosome. Consistent with this struc-
tural analysis, 12/31 hits (39%) (Table 1) from our screen have
been identified in other screens of FDA-approved drugs for mol-
ecules that target or interact with the phagolysosome (11, 21, 22).

C. neoformans traffics to the phagolysosome of macrophages,
replicates, and then escapes as part of its pathogenic life cycle in
humans (23). Unfortunately, the two most widely used anticryp-
tococcal drugs, AMB and FLU, do not appear to have activity
toward intraphagocytic C. neoformans (24). Thus, molecules able
to target C. neoformans within this important niche could serve as
either useful stand-alone agents or, possibly, adjuvants to agents
currently in use. Further supporting this principle, Levitz et al.
(25) have shown that chloroquine, a canonical lysosomotropic
molecule, is active against intraphagocytic C. neoformans. As
shown below, two of the hits, amiodarone and thioridazine, also
have activity against intracellular C. neoformans. Consequently,
the set of molecules identified in our screen not only have fungi-
cidal activity against C. neoformans but also display physicochem-
ical/pharmacological properties that appear to be well suited to

FIG 2 Representative results of secondary screening assays. (A) Dose-re-
sponse data for amiodarone (AMD) showing relative light units of released AK
activity at the indicated doses relative to those in DMSO (1%) (mock)-treated
wells. (B) Percentages of cells staining with propidium iodide relative to
DMSO-treated cells, as determined by fluorescence microscopy, for cells
treated with amiodarone (AMD), trifluoperazine (TFP), and thioridazine
(THZ) at the indicated drug concentrations (n, �100 cells).

FIG 3 Common chemotype of hits. Structural analysis of the hits revealed that
a common motif for the set was a hydrophobic/aromatic moiety (blue) linked
by a flexible chain (black) to a basic amine (green). The chemical structures of
the hits that fit this motif are indicated. Structure numbers correlate with Table
1. The structural features are color coded to indicate the regions that match the
chemotype.
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targeting the drugs to host niches (phagolysosome and CNS) oc-
cupied by the pathogen.

For many of the molecules identified in the screen, the mech-
anism of antifungal activity may be distinct from the mechanism
of its activity in humans and thus will be related to an “off-target”
effect. A clue to a possible mechanism of action also emerged from
the consensus structural chemotype of our set of hits. Specifically,
the lipophilic linker-basic amine motif is also characteristic of
molecules that antagonize the essential calcium-binding protein
calmodulin (26). Interestingly, over half of the nonantiseptic hits
have been reported to inhibit calmodulin or other calcium-related
functions in eukaryotic cells (Table 1) (14/23 hits [60%]). Indeed,
trifluoperazine, pimozide, and other antipsychotics are well-char-
acterized calmodulin inhibitors (26). Recently, we confirmed that
tamoxifen targets calmodulin as part of its antifungal activity
against S. cerevisiae (27). As detailed below, we have shown that a
number of these molecules directly bind C. neoformans calmodu-
lin, suggesting that this activity may contribute to the mechanism
of their antifungal properties.

Combination of fungilytic drugs with fluconazole increases
antifungal activity. In resource-rich countries (31), the treatment
of choice for CEM is the combination of AMB with 5FC. This
combination has been proven to be more effective clinically than
FLU, a fungistatic drug with excellent in vitro activity (5). Recent
studies have shown that the difference in clinical efficacy between
the two regimens is most likely due to the early fungicidal activity
of the AMB-5FC combination, as reflected by the increased rate at
which C. neoformans is cleared from the cerebrospinal fluid of
patients treated with AMB-5FC compared to those treated with
FLU (6). As discussed above, FLU is widely available, nontoxic,
and easy to administer in resource-limited regions (5). Therefore,
one approach to improving the therapy of CEM in resource-lim-
ited regions is to identify an agent that leads to a fungicidal com-
bination when administered with FLU. FLU inhibits the synthesis
of ergosterol, a key plasma membrane sterol that is unique to
fungi. Previously, we have shown that sets of molecules identified
by the AK assay are enriched for those that target the fungal cell
wall and plasma membrane, the two most important cellular tar-
gets of antifungal drugs (8, 13). Since molecules that target these
structures have also been shown to synergize with FLU (28), we
hypothesized that the set of molecules identified in our screen may
contain molecules that interact with FLU. Supporting this hy-
pothesis, five drugs (trifluoperazine, tamoxifen, suloctodil, poly-
myxin E, and sertaline) identified in our screen were recently re-
ported to be synergistic with FLU against C. neoformans in
checkerboard assays (29).

To test our hypothesis, we first carried out checkerboard mi-
crodilution assays to characterize the interactions of our set of hit
molecules with FLU (28). We determined the FICI (28) for the set
of molecules listed, as summarized in Table 1. The data from a
representative checkerboard experiment assaying the interaction
of suloctodil with fluconazole are depicted in Fig. 4A. Synergistic
interactions are defined as those with FICI of �0.5, according to
standards in the field (28). Consistent with previous reports (29),
we found that the antihypertensive suloctodil, the antibiotic poly-
myxin E, and the antidepressant sertaline are synergistic with FLU
(Table 1). We did not, however, observe the FLU synergy with
either tamoxifen or trifluoperazine reported by Spitzer et al. (29).
The strain of C. neoformans used by Spitzer et al. (29) had a very
high FLU MIC (64 �g/ml). In addition, Spitzer et al. used a mod-
ified CLSI protocol for their microdilution susceptibility testing,
in which buffered RPMI tissue culture medium was replaced by
synthetic complete yeast medium (29). We hypothesize that either
or both of these differences in experimental protocols contributed
to the variation in FICI data between the two laboratories. Finally,
we also observed synergy for the interaction of the atypical anti-
psychotic fluspirilen with FLU. As noted above, fluspirilen had an
MIC of �128 �g/ml when used by itself. The combination of FLU
at 1/4 MIC (0.5 �g/ml) and 8 �g/ml of fluspirilen was fungicidal,
indicating that the minimum FICI for this combination is 0.31.
The observation of this dramatic effect further underscores the
utility of the AK assay for identifying antifungal activity at concen-
trations below the MIC, since this compound would have been
missed by traditional growth-based assays.

A second manner in which a drug could interact with flucona-
zole would be to generate a fungicidal combination at concentra-
tions below which neither drug alone is fungicidal. This type of
interaction may not be apparent from checkerboard assays, be-
cause fungistatic and fungicidal activities are not distinguishable
using such growth assay readouts. To test for this effect, we plated
the well contents from checkerboard assays of our hits in combi-
nation with a range of FLU concentrations. Fungicidal activity was
defined as a 2-log10 decrease in CFU relative to the starting inoc-
ulum of 1.5 � 103 CFU/ml (28). From this initial screening, we
identified amiodarone, perhexilene, and thioridazine as poten-
tial interacting drugs (data not shown). To confirm these
screening results, we performed 24-hour time-kill experiments
with each drug, using subinhibitory concentrations of the test
drug and FLU. The number of viable organisms (CFU/ml) de-
creased by �2 log10 for each of the three drugs tested in com-
bination with subinhibitory FLU. The time-kill data for thior-
idazine are shown in Fig. 4B; amiodarone and perhexilene

FIG 4 Representative interactions of hits with fluconazole. (A) Checkerboard assay showing synergistic interaction of fluconazole with suloctodil. Filled circles
indicate growth, and open circles indicate no growth. (B) Subinhibitory concentrations of fluconazole (FLU; 2 �g/ml) and thioridazine (THZ; 16 �g/ml)
decreased the initial inoculum (indicated by the horizontal bar) �2 log10 CFU/ml after 24 h.
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decreased the initial inoculum by 2.5 and 2.1 log10 units, re-
spectively. Thus, these three drugs are able to combine with
FLU to yield a fungicidal cocktail.

Amiodarone and thioridazine are active against intracellular
C. neoformans. C. neoformans replicates within the phagolyso-
some of macrophages as part of its mechanism of pathogenesis,
and therefore the phagolysosome is an important niche for this
pathogen (23). Consequently, anticryptococcal drugs that are able
to penetrate and have activity within the phagolysosome are po-
tentially useful (25). Previous studies have shown that neither
AMB nor FLU has significant antifungal activity toward C. neofor-
mans once the organism is within the phagocyte (24). The canon-
ical lysosomotropic drug chloroquine has been shown to have
activity against C. neoformans within phagocytes (25). Since lyso-
somotropic drugs frequently concentrate within the phagolyso-
some (30, 31), we hypothesized that some of the agents identified
in our screen may have activity against intracellular C. neoformans.
Of the lysosomotropic agents identified in the screen, thioridazine
and amiodarone appeared to be attractive agents in this regard
(30, 31). Both are known to accumulate within alveolar macro-
phages, and thioridazine has emerged as a potential treatment for
extremely drug-resistant TB based on this property (32).

To test the hypothesis that these agents may be able to kill
intraphagocytic C. neoformans, we infected murine J774 phago-
cytes, a cell line widely used to study phagocyte-C. neoformans
interactions, with opsonized C. neoformans H99 cells, washed the
cells to remove extracellular organisms, and treated them with
either DMSO or a drug in DMSO. After 24 h, the J774 cells were
washed and lysed to determine the amount of intracellular C. neo-
formans. Thioridazine at a concentration 16-fold below the MIC
(2 �g/ml) decreased the intracellular burden of C. neoformans
2.7-fold relative to that in untreated phagocytes (1.8 � 105 � 3 �
104 CFU/ml in untreated phagocytes versus 6.2 � 104 � 6 � 103

CFU/ml in thioridazine [2 �g/ml]-treated phagocytes; P � 0.0005
by Student’s t test). Importantly, this concentration corresponds
to a serum concentration that is achievable by clinical doses of
thioridazine (33). Amiodarone was not as active within J774 cells
and required a concentration equivalent to its MIC to achieve
intracellular antifungal activity (2.5-fold reduction) (9.1 � 104 �
5 �103 CFU/ml for DMSO-treated cells versus 4.0 � 104 � 6 �
103 CFU/ml for amiodarone [10 �g/ml]-treated cells; P � 0.05 by
Student’s t test). The concentrations of drugs used in these exper-
iments had no detectable effect on J774 cell viability (�95% viable
relative to DMSO-treated cells by LDH cytotoxicity assay), adher-
ence, or cellular morphology (data not shown). To our knowl-
edge, the only other lysosomotropic agent that has been shown to
have anticryptococcal activity is the previously mentioned drug
chloroquine (25); thus, amiodarone and thioridazine represent
the first new examples of agents with activity against intracellular
C. neoformans since that report.

Anticryptococcal molecules with off-target calmodulin an-
tagonism in mammalian cells bind C. neoformans calmodulin.
As discussed above, 14 of the molecules identified in our screen
have been reported to have activity as calmodulin antagonists.
This is particularly characteristic of antipsychotics, but other
classes of drugs have also shown this activity (Table 1) (26). In
addition, the structural motif shared by many of the drugs iden-
tified in our screen fits the general chemotype of calmodulin an-
tagonists (26). To determine if calmodulin interactions may con-
tribute to the anticryptococcal activity of the drugs, we examined

the ability of a set of our hits to directly bind C. neoformans cal-
modulin. Although calmodulin molecules are highly conserved,
with �95% sequence homology across metazoans, the fungal
calmodulins are among the most divergent of all eukaryotic cal-
modulin molecules (15, 34). Therefore, we sought to directly test
the ability of a subset of our hits to bind to C. neoformans calmod-
ulin. To this end, we expressed the cDNA of serotype D C. neofor-
mans var. neoformans CAM1 containing a histidine tag sequence
in E. coli and purified it using standard affinity techniques. The
resulting protein was functional and activated human calcineurin
in a commercially available assay kit (CnCam1-mediated cal-
cineurin activity, 2.2 � 0.1 arbitrary absorbance units/�M
CnCam1/h; and human calmodulin-mediated calcineurin activ-
ity, 0.54 � 0.05 arbitrary absorbance units/�M hCam/h).

Recently, thermal shift assays have emerged as a powerful and
expedient method for determining whether or not a small mole-
cule binds directly to a potential protein target (35). This ap-
proach is based on the fact that the ability of a fluorescent dye such
as SYPRO orange to bind to protein varies with the folding state of
the protein. In the case of calmodulin, the folded protein is highly
hydrophobic and binds SYPRO orange, leading to increased flu-
orescence. As calmodulin denatures, the acidic residues of the
protein are exposed, leading to decreased SYPRO binding and,
consequently, decreased fluorescence. To measure the Tm of Cn-
Cam1 in the presence and absence of drugs, we used differential
scanning fluorimetry (DSF). The first derivative of the melting
curve for CnCam1 in the presence of DMSO is shown in Fig. 5A,
with a Tm of 77°C. In the presence of the canonical calmodulin
inhibitor triflupromazine, the Tm of CnCam1 was shifted 4°C and
the transition was more distinct, indicating that the drug binds
CnCam1. In general, 	Tm values of �2°C are indicative of pro-
tein-ligand binding (35). As shown in Fig. 5B, we examined the
calmodulin-binding properties of 11 hits by using DSF-based
thermal shift assays. Of the nine drugs reported to bind mamma-
lian calmodulin, six (thioridazine, fluspirilen, perhexilene, pimo-
zide, chlorpromazine, and triflupromazine) bound CnCam1,
while no binding was observed for amiodarone, bepridil, and mi-
conazole. In addition, suloctodil, a vasodilator with no known
calmodulin-binding activity, did not show evidence of binding
(Fig. 5B). Although these data do not exclude the possibility that
the molecules have multiple targets in C. neoformans, our data are
consistent with calmodulin antagonism contributing to the mech-
anism of their antifungal activity.

DISCUSSION

New treatment approaches for cryptococcosis represent an unmet
clinical need with significant importance to global health (1, 3, 5,
36). As an approach to the initial development of new anticrypto-
coccal molecules, we designed a screening strategy that would al-
low us to identify molecules that satisfied some or all of the char-
acteristics described above. The application of a repurposing
approach to the identification of anticryptococcal agents has
yielded a number of important lead compounds. For example,
calcineurin inhibitors have been under study as potential general
antifungal compounds, and they have activity against Cryptococ-
cus (37). Recently, polymyxin and sertaline emerged from screens
of off-patent drugs for other fungi and were subsequently found to
have activity against Cryptococcus (38, 39). Importantly, our
screen identified both polymyxin and sertaline; calcineurin inhib-
itors such as cyclosporine and FK506 were negative in our screen,
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consistent with the fact that they are not directly fungicidal by
themselves. In addition, many of the drugs we identified were
more active toward C. neoformans than against C. albicans, sup-
porting the notion that direct screening with C. neoformans may
yield more hits than the more common C. albicans-based screens.

Analysis of the chemical structures of the drugs identified in
our screen revealed a striking general structural motif comprised
of a hydrophobic/lipophilic moiety linked to a cationic amine
substituent. The amphipathic nature of drugs within this general
structural class allows them to readily cross biological membranes
and thus display two important properties relevant to the treat-
ment of cryptococcosis. First, drugs of this type readily cross the
blood-brain barrier and thus can access the most important site of
disease caused by Cryptococcus (10). Second, these drugs are typ-
ically able to penetrate the lysosome/phagolysosome of host cells
and thus can access an important niche for Cryptococcus during
pathogenesis (3, 23). Consistent with the general ability of drugs
with this chemotype to cross the blood-brain barrier, the largest
clinical class of drugs identified by our screen was antipsychotic
medications, such as trifluoperazine, fluspirilen, and thioridazine;
in addition, the antidepressant sertaline was also identified. The
antifungal activities of trifluoperazine (40) and sertaline (38) have
been described previously. In addition, a chemogenomic study of
drugs with activity against S. cerevisiae indicated that many psy-
choactive molecules have antifungal activity (41). Our data are

consistent with previous reports and extend those findings to
pathogenic fungi. In addition, our results indicate that a signifi-
cant portion of psychoactive drugs with antifungal activity are
fungicidal toward C. neoformans.

Within the set of neurotropic drugs identified by our screen,
the most common structural class of drug was the phenothiazines
(Fig. 4) (see structures in references 9, 10, 14, 25, and 29). The
phenothiazine class of molecules is one of the oldest drug scaf-
folds, and drugs based on these structures have been developed as
neuroleptic, antimicrobial, antimalarial, and anticancer agents, to
name a few indications (42). As a class, phenothiazines cross the
blood-brain barrier and are lysosomotropic. In addition, a wide
range of phenothiazine structures have been synthesized and eval-
uated for a number of biological activities (42). Our results suggest
that this class of molecules possesses many characteristics that are
ideal for the development of an anticryptococcal agent. However,
to our knowledge, no dedicated program has sought to optimize
the anticryptococcal activity of this chemical scaffold.

Within our set of fungicidal anticryptococcal drugs, we iden-
tified 14 drugs that interacted with fluconazole to yield a more
active combination; by growth assay, the majority of these inter-
actions were additive. Recently, a number of studies have reported
the interactions of repurposed drugs with FLU (28, 37–39). For
example, while our work was in progress, Spitzer et al. reported a
screen of the same library looking directly for drugs that had little
or no intrinsic antifungal activity but that improved the antifungal
activity of FLU, referred to as syncretic combinations (29). They
used a growth assay as the readout for this screen. Spitzer et al.
identified a number of the drugs that we identified in our screen
(29). For example, they also identified a large set of antipsychotics
that interact with FLU against C. neoformans. In our studies, we
further showed, by time-kill assay, that subinhibitory concentra-
tions of amiodarone, perhexilene, and thioridazine yield fungi-
cidal combinations against C. neoformans. Taking the present data
together with the data of Spitzer et al. (29), a number of the scaf-
folds identified by our two studies have promise as potential ad-
junctive agents in combination with FLU for the treatment of
cryptococcosis.

A second manner in which a drug could function as an adju-
vant is by killing C. neoformans in a niche that is inaccessible to
fluconazole or amphotericin B. C. neoformans infects and repli-
cates within the phagolysosome of macrophages. Previous work
indicates that neither FLU nor AMB has activity against intracel-
lular C. neoformans (24). From our set of lysosomotropic antic-
ryptococcal drugs, we selected two agents known to accumulate
within macrophages (amiodarone and thioridazine) and found
that both were active against C. neoformans within J774 mouse
phagocytes. Of the two drugs, thioridazine appears to be the most
clinically promising, since it is active against intracellular C. neo-
formans at concentrations 8-fold below its MIC. This is most likely
due to its previously characterized ability to concentrate within
the phagolysosome in murine macrophages (31). Indeed, this
property of thioridazine has already been exploited as a repurpos-
ing approach to the treatment of multidrug-resistant Mycobacte-
rium tuberculosis infection and has shown promise in both animal
studies and small clinical studies (31, 32). The intracellular life-
style of C. neoformans has been proposed to play a role in latency
(29), and thus the addition of an agent that is active within the
macrophage to current therapy may decrease the occurrence of
relapses. With this possibility in mind, it is important that a serum

FIG 5 The set of fungicidal anticryptococcal drugs contains a number of
calmodulin antagonists. (A) Thermal shift assay for CnCam1 in the presence of
DMSO or the well-characterized calmodulin antagonist triflupromazine (TFP;
100 �M). The x axis shows the temperature, and the y axis shows the negative
derivative of the fluorescence value. The red arrow indicates the Tm for
CnCam1 in the presence of DMSO, and the green arrow indicates that in the
presence of TFP. (B) Changes in Tm induced by the indicated drugs relative to
that with DMSO (1%). The bars indicate means for three independent exper-
iments performed in triplicate; error bars indicate standard deviations.
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thioridazine concentration of 2 �g/ml is clinically achievable (33).
Of the other drugs, amiodarone, tamoxifen, and perhexilene rep-
resent other agents that have either direct activity or activity in
combination with FLU that is close to clinically achievable serum
drug levels (21, 22). As such, amiodarone, tamoxifen, thiorida-
zine, and perhexilene will be the focus of subsequent animal stud-
ies to test the in vivo efficacy of the agents identified in this screen.

Many of the drugs identified in our screen have been analyzed
in the setting of Saccharomyces cerevisiae-based chemical-genetic
screens as an approach to identifying potential molecular targets
for antifungal activity (29, 41). These studies, for example, indi-
cate that a loss of secretory/vesicle transport pathway function or
membrane-related genes leads to increased sensitivity to antipsy-
chotics. However, these pathway-based genetic studies have not
led to the identification of a specific molecular target. We took an
alternative approach to identifying potential molecular targets for
the drugs identified in our screen. First, we searched the literature
for off-target effects that had previously been identified in other
systems. Second, we asked if the structural motif shared by our hits
was characteristic of specific inhibitors. Both of these approaches
suggested that many of our hits may target calmodulin as part of
their mechanism of action. Supporting that hypothesis was the
fact that phenothiazines such as trifluoperazine, thioridazine, and
prochlorpromazine are well-characterized, canonical calmodulin
antagonists (26); similarly, tamoxifen, bepridil, and amiodarone
have all been shown to inhibit mammalian calmodulin (27). Cu-
riously, except for our previous studies supporting calmodulin as
a target of tamoxifen in S. cerevisiae, the anticalmodulin properties
of these drugs have not previously been invoked as a potential
mechanism for their antifungal activity (27). We confirmed that a
significant number of the drugs identified in our screen bind di-
rectly to C. neoformans Cam1p in vitro and thus, for the first time,
provide experimental support for a specific fungal protein target
for drugs such as trifluoperazine, thioridazine, and fluspirilen.

It is important to note that our data indicate only that calmod-
ulin antagonism is likely to contribute to the mechanism of anti-
fungal activity for some of our hits, so we cannot rule out other
potential targets. However, it is equally important that calmodulin
regulates processes such as vesicle transport (through Myo2), vac-
uolar function (through calcineurin), and membrane function
(through regulation of both vesicle and calcium homeostasis).
Thus, many features of the chemogenomic profiles previously re-
ported for these drugs may be attributable (29, 41), at least in part,
to decreased calmodulin function. Since fungal calmodulins as
well as parasitic calmodulins have diverged significantly from
mammalian calmodulins (34), it may be possible to identify de-
rivatives of the anticryptococcal drugs that are selective for C.
neoformans calmodulin. Indeed, calmodulin has also been pro-
posed as a potential target for the development of antiparasitic
drugs (34).

In summary, we carried out a repurposing-based screen and
identified a collection of off-patent drugs with fungicidal antic-
ryptococcal activity that also possess a number of important phar-
macological properties relevant to the treatment of cryptococco-
sis. We also identified a consensus chemotype common to these
scaffolds. In addition, we identified a set of drugs that may be
useful adjunctive agents, based on their interactions with FLU
and/or ability to target C. neoformans within phagocytes. Finally,
we have shown that a number of these drugs and drug classes
target calmodulin as part of their mechanism of action. Taken

together, these studies provide a foundation for subsequent work
aimed at optimizing the antifungal properties of a set of pharma-
cologically attractive scaffolds for the development of novel anti-
cryptococcal therapies.
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