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As eukaryotes, fungi possess relatively few molecules sufficiently unique from mammalian cell components to be used as drug
targets. Consequently, most current antifungals have significant host cell toxicity. Primary fungal pathogens (e.g., Histoplasma)
are of particular concern, as few antifungals are effective in treating them. To identify additional antifungal candidates for the
treatment of histoplasmosis, we developed a high-throughput platform for monitoring Histoplasma growth and employed it in a
phenotypic screen of 3,600 commercially available compounds. Seven hit compounds that inhibited Histoplasma yeast growth
were identified. Compound 41F5 has fungistatic activity against Histoplasma yeast at micromolar concentrations, with a 50%
inhibitory concentration (IC50) of 0.87 �M, and has the greatest selectivity for yeast (at least 62-fold) relative to host cells. Struc-
turally, 41F5 consists of an aminothiazole core with an alicyclic substituent at the 2-position and an aromatic substituent at the
5-position. 41F5 inhibits Histoplasma growth in liquid culture and similarly inhibits yeast cells within macrophages, the actual
host environment of this fungal pathogen during infection. Importantly, 41F5 protects infected host cells from Histoplasma-
induced macrophage death, making this aminothiazole hit compound an excellent candidate for development as an antifungal
for Histoplasma infections.

Systemic fungal infections represent an emerging threat to hu-
man health due to the increasing population of individuals

with immune function deficiencies (e.g., persons with AIDS and
organ transplant recipients). Furthermore, once established, fun-
gal infections are notoriously difficult to clear, resulting in high
mortality rates. At a cost of $15,000 to $54,000 per patient (1),
fungal infections represent an annual nationwide health burden in
the millions of dollars. In contrast to the opportunistic pathogens
that cause disease only when host immunity is severely impaired,
endemic dimorphic fungal pathogens, such as Histoplasma capsu-
latum, infect and cause disease even in immunocompetent indi-
viduals.

The antifungal drug challenge results from the shared eukary-
otic nature of fungi and host cells and the difficulty of identifying
factors sufficiently unique from their host that can be exploited as
drug targets. Clinically, the main antifungal classes available for
treatment of invasive fungal infections are the polyenes, the azoles,
and the echinocandins. The polyene amphotericin B (AmB) inter-
acts with the fungal sterol ergosterol, causing membrane disrup-
tion and leading to fungal cell death (2, 3). AmB also binds other
sterols, including mammalian cholesterol, although with lower
affinity (4). This cross-targeting of host sterols results in signifi-
cant host toxicity; however, liposomal formulations of AmB have
increased both the tolerability and efficacy of this drug for fungal
disease (5). The azoles also affect fungal sterols but target the bio-
synthesis of ergosterol rather than the end product itself. The
azoles (e.g., fluconazole [FLC], ketoconazole, itraconazole, and
voriconazole) specifically inhibit the cytochrome P450 enzyme
CYP51, which catalyzes the 14�-demethylation of lanosterol, an
essential step in the production of sterols (6, 7). However, simul-
taneous targeting of host P450 enzymes by azoles poses a signifi-
cant and demonstrated risk of detrimental side effects to the host
(8, 9). The third, and most recently developed, family of antifun-
gals for invasive mycoses is the echinocandin class, which inhibits
production of fungal cell wall �-1,3-glucan. Although the echino-
candins are better tolerated than the polyenes and the azoles due

to the uniqueness of �-1,3-glucan for fungi, the echinocandins are
ineffective for the treatment of the fungal pathogens Cryptococcus
neoformans and Histoplasma capsulatum (10–12).

Histoplasma capsulatum, the etiologic agent of histoplasmosis,
is endemic to the Ohio and Mississippi River valleys, where more
than 80% of residents exhibit evidence of prior infection (13). As
one of the dimorphic fungal pathogens, Histoplasma grows as a
saprobic filamentous mold form in the environment and as a par-
asitic yeast form during mammalian infection. These two phases
not only are morphologically quite distinct but also produce many
phase-specific gene products (14–17). Lung infection can range
from subclinical to severe respiratory disease depending upon the
host’s immune status and the inoculum (18). Disseminated histo-
plasmosis, the most deadly form of disease, is nearly universal
among infections of immunocompromised individuals. How-
ever, the disease is not restricted to immunocompromised indi-
viduals, with the majority of hospitalizations due to histoplasmo-
sis occurring in individuals without other comorbidities (19).
Within the mammalian host, Histoplasma yeast cells infect and
survive within phagocytes (e.g., alveolar macrophages). This in-
tracellular localization of yeast cells during infection presents an
additional permeability barrier to antifungal drug effectiveness.
Replication of the yeast cells ultimately leads to destruction of
macrophages and spread of the fungus to neighboring phagocytes.

The current clinical recommendation for management of his-
toplasmosis includes the use of the cytotoxic AmB and azole drugs
(20), the combination of which depends on the severity of disease.
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Histoplasmosis requires prolonged antifungal therapy, typically
12 weeks to 24 months (20), significantly raising the cost of treat-
ment and the potential negative side effects of current antifungals.
The high rate of toxicity underscores the importance of develop-
ing new antifungal drugs, particularly those effective against in-
tramacrophage yeast cells.

In the current study, we developed a high-throughput assay for
efficiently monitoring Histoplasma yeast growth and utilized it to
phenotypically screen a library of 3,600 commercially available
compounds selected for having structural similarity to purines or
purine analog scaffolds. From this purinome-focused chemical
library, we identified a set of hit compounds with antifungal ac-
tivity against Histoplasma yeasts and with minimal toxicity to host
cells. The most potent and most selective compound, an ami-
nothiazole, is fungistatic against Histoplasma yeast cells in culture
and, importantly, also inhibits growth of intramacrophage yeast
cells. Treatment of infected macrophages with the aminothiazole
antifungal compound was protective against Histoplasma-in-
duced macrophage death, demonstrating its potential utility as a
therapeutic option for histoplasmosis.

MATERIALS AND METHODS
Fungal strains and culture. Histoplasma capsulatum strains used in this
study included wild-type strain G217B (ATCC 26032), G186A (ATCC
26027), and the uracil auxotroph derivative WU15 (21). Histoplasma
yeast strains were grown in Histoplasma-macrophage medium (HMM)
(22) at 37°C with constant agitation. For growth of WU15, HMM was
supplemented with uracil (100 �g/ml). Histoplasma strain OSU76 was
created by transformation of WU15 with the NotI-linearized pCR540
plasmid containing the tandem dimer tdTomato (Clontech) red fluores-
cent protein (RFP), driven by the constitutive Histoplasma histone 2B
promoter. The growth rate of OSU76 compared to that of wild-type strain
G217B was verified by turbidity measurements (absorbance at 595 nm).
For single-cell fluorescence measurements, Histoplasma yeast cells were
cultured for 48 h in HMM, HMM with 10% fetal bovine serum (FBS), 3M
medium (a defined minimal medium supplemented with 0.7 mM L-cys-
tine to support Histoplasma growth) (22), or RPMI 1640 medium supple-
mented with 0.7 mM L-cystine.

To determine the sensitivity of the microtiter-based growth assay,
growth of replicate cultures of yeast at 4 days, either by turbidity or red
fluorescent protein (RFP) readings, was used to derive the overall varia-
tion. Statistical power calculations were performed for 5%, 10%, 15%,
20%, and 25% reductions in yeast growth by using the SYSTAT (version
13) statistical calculation package (Systat Software, Inc.). The assay detec-
tion limit was defined as the minimum decrease in growth that provides
95% confidence (i.e., power level) in differences between two samples
(100% growth compared to reduced growth).

For determination of the MIC for different fungal strains, microdilu-
tion assays were performed according to Clinical and Laboratory Stan-
dards Institute (CLSI) methods for yeasts and filamentous fungi (CLSI
M27-A3 and M38-A2, respectively) (23, 52, 53). Aspergillus fumigatus
conidia (strains Af293 and OSUAf1) were used to inoculate RPMI 1640
medium at 5 � 104 conidia/ml. After 72 h of growth at 37°C, wells were
visually scored for the presence or absence of mold growth. Candida albi-
cans (strain SC5314) and Cryptococcus neoformans (strain TDY271) yeast
cells were inoculated into RPMI 1640 medium at 1 � 103 CFU/ml and
incubated for 72 h. Yeast growth was measured by culture turbidity (ab-
sorbance at 595 nm). For MIC determination of Blastomyces dermatitidis
(strains 26199 and T5319) and Histoplasma (strains G217B and G186A),
the CLSI microdilution assay methodology (CLSI M27-A3) (52) was
modified to accommodate yeast growth. Specifically, Blastomyces and His-
toplasma yeast cells were enumerated by using a hemacytometer and used
to inoculate HMM at 1 � 106 yeast cells/ml in 96-well microtiter plates,
since consistent yeast growth requires higher inoculums and medium

additives. Yeast growth was measured by the absorbance at 595 nm after 4
days. MICs were defined as the lowest concentration of drug that resulted
in at least a 60% reduction in turbidity compared to the drug-free control.

Purinome-focused chemical library. The purinome-focused library
was constructed as described previously (24). Briefly, the increase in
solved crystal structures for purine-utilizing proteins, their molecular
folds, and the orientations of purines when bound enabled the use of a
cheminformatic approach to develop a set of descriptors for compounds
that would likely bind to proteins that utilize purine cofactors. Eighty-five
parameters and filters (e.g., hydrogen bond donors and acceptors, num-
ber of rings, topological torsions, and characteristic purine-binding mo-
tifs) were optimized to allow faithful identification of 40 known inhibitors
of purine-binding proteins. These parameters were then used to query
approximately 2.4 million commercially available compounds from 19
vendors to select approximately 150,000 with potential interactions with
purine-binding proteins. The descriptors were weighted and compounds
were clustered by using Sorensen-type coefficients as similarity criteria
between a reference and test molecule to select approximately 10,000
compounds. These final compounds were manually inspected for desired
physiochemical properties to reduce this set to the final library screened.

High-throughput monitoring of Histoplasma growth. Yeast cells
were grown in 96-well microtiter plates by modification of protocols re-
ported previously for Saccharomyces growth in microtiter plates (25).
OSU76 yeast cells at the exponential phase of growth were enumerated by
using a hemacytometer and added to microtiter plates at 2.5 � 105 yeast
cells per well (for library screening) or 1 � 105 yeast cells per well (for
follow-up screening) (2.5 � 106 yeast cells/ml and 1 � 106 yeast cells/ml,
respectively) in HMM supplemented with 10 �g/ml tetracycline and 10
�g/ml gentamicin. Plates were incubated at 37°C in 5% CO2–95% air and
were mixed daily on a microplate mixer to improve aeration. Growth was
monitored by daily measurements of turbidity (absorbance at 595 nm)
and RFP fluorescence (530-nm excitation and 590-nm emission wave-
lengths) on a Synergy2 plate reader (BioTek). For linear regression and
computation of 50% inhibitory concentration (IC50) values, yeast growth
at 4 days (93 to 102 h) was used. All tests were performed on three biolog-
ical replicates, and differences were compared by using Student’s t test.
For determination of assay efficacy, the known antifungal drug AmB was
added at concentrations from 0.003 �M to 1.7 �M. For library screening,
compounds were added to yeast at a concentration of 10 �M. Compounds
that inhibited yeast growth at this concentration were rescreened against
yeast cells at concentrations from 0.0095 �M to 10 �M to establish an IC50

for yeast cells.
Evaluation of mammalian cell toxicity. Mammalian cell lines used

include P388D1 macrophage cells engineered to express the lacZ trans-
gene (P388D1-lacZ cells) (26), J774A.1 macrophages (ATCC TIB-67),
and the human hepatocyte cell line HepG2 (ATCC HB-8065). For mam-
malian cell culture, cells were maintained at 37°C in 5% CO2–95% air in
basal medium supplemented with 10% FBS and 2 mM L-glutamine. Basal
media were Ham’s F-12 medium for P388D1-lacZ cells, Dulbecco’s mod-
ified Eagle’s medium (DMEM) for J774A.1 cells, and minimum essential
medium (MEM) for HepG2 cells. Mammalian cells were incubated with
antifungal inhibitors at a concentration range from 2.5 �M to 80 �M.
After 48 h, cells were quantified either by measuring the macrophage-
expressed lacZ activity (P388D1-lacZ cells [26]) or by measuring cell mass
by crystal violet staining (J774A.1 and HepG2 cells) and quantification
(27). For determination of lacZ activity, cells were lysed with 0.5% Triton
X-100, and conversion of the LacZ substrate o-nitrophenyl-�-D-galacto-
pyranoside (ONPG) (500 �g/ml) was measured spectrophotometrically.
To quantify crystal violet staining, cells were fixed in 3% paraformalde-
hyde and stained with 0.1% crystal violet. Residual stain was removed by
washing cells with water, and the retained crystal violet was solubilized in
10% acetic acid for 20 min with agitation. Crystal violet dye was quantified
by measurement of the absorbance at 590 nm and normalized to values for
untreated samples. Assays were performed on at least three replicate sam-
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ples, and differences were tested for statistical significance by Student’s t
test.

Fungistatic/fungicidal testing. Yeast suspensions of OSU76 were ex-
posed to 41F5, AmB, or FLC at inhibitory concentrations or to dimethyl
sulfoxide (DMSO) for 2, 8, or 24 h. The DMSO concentration used was
0.25%, which is equivalent to the maximum concentration of solvent
present in drug-treated samples. This concentration is noninhibitory to
Histoplasma yeast growth (data not shown). Following drug exposure,
10-fold serial dilutions of the yeast suspension were plated onto solid
HMM to assess yeast viability. Plates were incubated at 37°C in 95%
air–5% CO2 until colonies developed, and the colonies were imaged and
CFU were enumerated by using an AlphaImager system (Cell Biosci-
ences).

Intramacrophage yeast growth and viability. P388D1-lacZ macro-
phages were infected with Histoplasma yeast cells, and intramacrophage
yeast growth was measured by RFP fluorescence or CFU platings. Macro-
phages were seeded into wells of 96-well microtiter plates (for fluores-
cence measurements) at 2 � 104 cells per well or into wells of a 24-well
plate (for CFU plating) at a concentration of 1 � 105 cells per well for 24
h prior to infection. For fluorescence measurements, OSU76 yeast cells
were added to macrophages at a multiplicity of infection (MOI) of 2.5
yeast cells per macrophage in HMM buffered with 25 mM bicarbonate
and supplemented with 10% FBS (cHMM-M). After 4 h, the medium was
replaced with fresh cHMM-M to remove extracellular yeast cells, and the
inhibitor 41F5 (or equivalent DMSO) was added. Simultaneously, yeast
cells in the absence of macrophages were also incubated with drugs in
cHMM-M under identical conditions. Yeast growth was monitored daily
for 4 days by measuring the absorbance at 595 nm (for yeast alone) and
RFP fluorescence (for intramacrophage yeast). At 4 days postinfection,
wells were also assayed for remaining macrophages by using the LacZ
assay, as described above. Intramacrophage yeast CFU counts were deter-
mined as described previously (28). Briefly, macrophages were infected
with yeasts at a multiplicity of infection (MOI) of 0.5 yeast cells per mac-
rophage in cHMM-M. At 2 h postinfection, extracellular yeast cells were
removed by washing with phosphate-buffered saline (PBS) and replacing
the medium with fresh cHMM-M. At the indicated time points postinfec-
tion, macrophages were lysed in Tris-buffered H2O, and lysate dilutions
were plated onto HMM plates and incubated until individual colonies
developed.

Fluorescence microscopy. For visualization of intramacrophage yeast
localization and growth, macrophages were plated onto 12-mm acid-
washed coverslips and infected as described above. At the indicated time
points, coverslips were washed with PBS and fixed in 3% paraformalde-
hyde for 20 min. Fixed samples were permeabilized and blocked in 0.2%
saponin–3% bovine serum albumin (BSA). For determination of the in-
tracellular localization of yeasts, infected macrophages were stained with
antibody to mouse lysosome-associated membrane protein 1 (LAMP-1)
(hybridoma 1D4B, developed by J. T. August, was obtained from the
Developmental Studies Hybridoma Bank, developed under the auspices
of the NICHD and maintained by The University of Iowa Department of
Biology, Iowa City, IA), followed by anti-rat fluorescein isothiocyanate
(FITC) (Thermo Scientific). To visualize intramacrophage replication of
yeast cells in the presence of the inhibitor 41F5, macrophages were fixed at
2 h and 3 days of infection in the presence of drug. In all fixed samples,
yeast cells were stained with Uvitex 3BSA in PBS (Ciba-Geigy). Samples
were observed on a Nikon Eclipse Ti epifluorescence microscope
equipped with a 40� oil immersion objective with differential interfer-
ence contrast (DIC) optics. Images were acquired by using a CoolSnap
HQ2 camera. z-stacks of Uvitex-fluorescent images were deconvolved by
using NIS-Elements AR 4.0 imaging software (Nikon).

RESULTS
Development of a high-throughput method for monitoring His-
toplasma growth. To facilitate screening of a large number of
compounds for antifungal activity against Histoplasma yeast, we

developed a microtiter-based assay for yeast growth. We created a
transgenic strain of Histoplasma (OSU76) that expresses RFP to
provide fluorescence-based monitoring of yeast growth. RFP pro-
duction in OSU76 is driven by the constitutive Histoplasma his-
tone 2B promoter so that RFP is proportional to the cell number.
Monitoring of growth by fluorescence provides two advantages
over relying on culture turbidity alone. First, the greater dynamic
range of RFP fluorescence increases the sensitivity of the assay.
Fluorescence readings can detect as little as a 10% reduction in
growth with 95% confidence, compared to the 25% reduction in
growth needed for 95% confidence with 595 nm (OD595) readings
in microtiter plates. Second, RFP measurement enables nonde-
structive monitoring of yeast growth within macrophages, thereby
allowing yeast growth to be measured over time within a single
monolayer of cells (see below). As Histoplasma yeast cells reside in
macrophages during infection, intramacrophage growth of Histo-
plasma is the most physiologically relevant condition and the most
accurate in vitro model for assessing the effectiveness of potential
antifungal drugs.

We validated that OSU76 exhibits growth identical to wild-
type growth in liquid medium and within macrophages. In flask-
based liquid cultures, OSU76 showed normal growth kinetics
compared to the wild-type G217B clinical isolate (Fig. 1A) and
exhibited identical intramacrophage growth (see Fig. 6A and be-
low). To determine if yeast population density and RFP fluores-
cence measurements of growth are correlated in the microtiter
plate format, OSU76 or wild-type G217B yeast suspensions were
added to wells at concentrations from 6.25 � 105 yeast cells/ml to
2.5 � 106 yeast cells/ml. Growth at 37°C was measured daily after
inoculation either as culture turbidity (absorbance at 595 nm) or
by RFP fluorescence. Consistent with flask-based Histoplasma
yeast growth, culture turbidity in 96-well plates increased steadily
with time, reflecting an increase in yeast cell numbers (Fig. 1B).
RFP fluorescence similarly increased over time (Fig. 1C). Growth
of OSU76 cells, as measured by absorbance and RFP fluorescence,
was highly correlated (R2 � 0.96 to 0.97) over a range of yeast
concentrations (Fig. 1D), indicating that both methods of mea-
surement were suitable to monitor yeast growth in a microtiter
plate. As plate readings reflect the overall fluorescence of the pop-
ulation, we also examined the distribution of RFP fluorescence of
individual yeast cells by microscopy of cells grown under different
conditions (Fig. 1E). Consistent with population-level fluores-
cence, the average RFP-yeast fluorescence of yeast cells grown in
HMM was 24- � 6-fold above that of RFP-negative yeast. Yeast
fluorescence was tested in a medium reflecting growth in serum
(HMM plus 10% FBS), a defined minimal medium (3 M) that
may more closely reflect the composition of the phagosomal lu-
men, and RPMI medium, a medium commonly used in antimi-
crobial testing (23). The distributions of RFP fluorescence were
highly similar, with RPMI medium showing a slightly higher
mean fluorescence.

To validate that this high-throughput method could effectively
detect yeast growth inhibition, we exposed yeast cells to increasing
concentrations of the known antifungals amphotericin B (AmB)
and fluconazole (FLC). From yeast growth based on both the ab-
sorbance at 595 nm and RFP fluorescence at 4 days, we computed
IC50 levels for AmB and FLC. AmB demonstrated an IC50 of 0.09
�M by absorbance (595 nm) measurements and an IC50 of 0.08
�M by RFP measurements (Fig. 2A). The MIC for both methods
of measurement was 0.21 �M, which is similar to what was re-
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ported previously for AmB against Histoplasma yeast in vitro (29).
For FLC, IC50 values of 3.07 �M and 6.37 �M were calculated with
OD595 and RFP fluorescence-based assays, respectively (data not
shown). To determine if this high-throughput assay has sufficient
power to discriminate growth inhibition, we calculated the Z= fac-
tor (30) for AmB and FLC. For AmB concentrations of 0.22 �M
and higher, the Z= factor was �0.79. For FLC concentrations of 6.5
�M and higher, the Z= factor was at least 0.73. These data, together
with the assay sensitivity determinations described above, indicate
that the microtiter plate-based growth assay is suitable for identi-
fying compounds that inhibit Histoplasma growth.

Identification of antifungal hit compounds from a chemical
library. To identify new compounds that selectively inhibit His-
toplasma growth, we used the high-throughput Histoplasma
growth assay to screen a purinome-focused chemical library. An
overview of the results is presented in Fig. 2B. The library of 3,600

compounds was selected from over 2.4 million commercially
available compounds with structural similarity to purines or any
known purine analog scaffold (library construction was defined in
reference 24). Each compound in the library was added to Histo-
plasma yeast suspensions at a concentration of 10 �M (final
DMSO concentration of 0.5%), and Histoplasma growth was
tracked for 5 days by measurements of the absorbance at 595 nm
and RFP fluorescence. Fifty-nine compounds that reduced yeast
growth by at least 75% were identified (Fig. 2B). Dose-response
growth curves were then performed with serial 2-fold dilutions of
each of the 59 hit compounds, and the IC50 against Histoplasma
yeast was calculated. From the IC50 curves, 28 compounds showed
dose-dependent inhibition of yeast growth, with an IC50 of �5
�M. We used host cell toxicity as a secondary screen to identify
compounds worth further investigation. To facilitate high-
throughput determination of macrophage toxicity, we added hit
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compounds to cultures of LacZ-transgenic P388D1 macrophages,
which produce �-galactosidase activity that is directly propor-
tional to the number of macrophages present (26). Using macro-
phage replication as an indicator of nontoxicity, 16 of the 28 com-
pounds were not toxic to macrophages at concentrations of 5 �M
or lower, as determined by RFP fluorescence or by culture turbid-
ity. Determination of the IC50 against macrophages for these 16
compounds allowed computation of overall yeast selectivity (ratio
of the IC50 for yeasts compared to the IC50 for host cells). We

identified 7 compounds that are at least 5-fold more toxic to yeast
cells than to macrophages (Fig. 2C). Three of the seven com-
pounds, 41F5, 2F8, and 4H2, contained a similar core structure,
with an aminothiazole or aminothiophene with an aromatic ring
substituent at the 5-position (Fig. 3). The structures of 41F5 and
2F8 both have an alicyclic substituent at the 2-position of the
aminothiazole. Because 41F5 had the best selectivity for Histo-
plasma yeast cells compared to macrophages, this compound was
identified as the top hit from our library screen and was prioritized
for further characterization.

Characterization of the antifungal properties of 41F5. To
verify the antifungal activity of 41F5, newly purchased and high-
performance liquid chromatography (HPLC)-validated pure
41F5 was tested against Histoplasma yeast cells in culture. Similar
to the primary library screen, 41F5 effectively inhibited Histo-
plasma yeast cells, as determined by culture turbidity (Fig. 4A) as
well as RFP fluorescence (Fig. 4B). We sometimes observed ele-
vated expression levels of RFP at subinhibitory concentrations.
This phenomenon, whereby subinhibitory concentrations of cel-
lular inhibitors increase transcription levels of genes compared to
the levels under uninhibited conditions, was observed previously
(31). This is independent of the promoter used for RFP expres-
sion, as RFP driven by the Histoplasma TEF1 promoter instead of
the histone 2B promoter also exhibited this trend (data not
shown). Since the elevated RFP expression level at subinhibitory
concentrations decreases the accuracy of the linear regression (re-
sulting in an underestimation of the compound’s efficacy), we
used absorbance measurements of culture turbidity for precise
IC50 determinations and determination of the selectivity of the
compounds (Fig. 2C). Multiple dose-response analyses with bio-
logical replicates determined the IC50 against Histoplasma OSU76
yeast cells to be 0.87 � 0.16 �M (Fig. 4A). As further validation,
the IC50 for 41F5 was also determined for Histoplasma wild-type
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strain G217B and was determined to be nearly identical to that for
OSU76 (0.83 � 0.08 �M) (Table 1).

To determine the type of antifungal activity of 41F5, we tested
whether 41F5 inhibits yeast growth by direct killing of yeast cells
or by inhibiting yeast growth and replication. Histoplasma yeast
cells were treated with 41F5 for 2, 8, or 24 h, after which dilutions

of yeast cells were plated onto solid medium to monitor yeast
viability (Fig. 4C). As controls for fungicidal or fungistatic action,
yeast cells were also treated with AmB and FLC at concentrations
near their MIC (0.49 �M and 6.86 �M, respectively). DMSO was
used at 0.25% for no-drug control treatments, which is equivalent
to the amount of DMSO required to solubilize 41F5. Yeast cells
treated with 41F5 showed no statistically significant loss of viabil-
ity compared to the no-drug treatment at 2 and 8 h, similar to that
for FLC treatment (Fig. 4C and D). Treatment with 41F5 was also
not significantly different from FLC treatment. While not de-
creasing viability, treatment with 41F5 or with FLC prevented
any increase in yeast CFU; at 24 h, yeast cells incubated without
drug replicated about 8-fold, whereas 41F5 or FLC treatment
resulted in CFU nearly identical to the starting numbers of
yeast cells (107% and 97% of the initial CFU, respectively)
(Fig. 4D). These results with 41F5 and FLC are in contrast with
those for yeast cells treated with the fungicidal drug AmB,
which reduced the number of viable yeast cells at all time points
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TABLE 1 MICs of 41F5 for different fungal pathogens

Fungus (strain) MIC (�M)

Candida albicans (SC531) 	40
Aspergillus fumigatus (Af293) 	40
Aspergillus fumigatus (OSUAf1) 	40
Histoplasma capsulatum (G186A) 1.25
Histoplasma capsulatum (G217B) 2
Blastomyces dermatitidis (26199) 	40
Blastomyces dermatitidis (T5319) 	40
Cryptococcus neoformans (TDY271) 1.25
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(Fig. 4C and D). Thus, 41F5 acts as a fungistatic inhibitor of
Histoplasma yeast cells.

41F5 has inhibitory activity against a limited set of medically
relevant fungi. To determine the spectrum of fungal pathogens
susceptible to 41F5, we tested the compound for its ability to in-
hibit standard and clinical strains of Candida albicans, Aspergillus
fumigatus, Cryptococcus neoformans, and Blastomyces dermatitidis
as well as a second strain of Histoplasma (Table 1). 41F5 had no
detectable activity against Candida albicans and Aspergillus fu-
migatus up to the maximal concentration tested (40 �M). 41F5
had antifungal activity against Cryptococcus neoformans with an
MIC of 1 �M in RPMI medium. 41F5 was active (MIC of 1.25
�M) against a second strain of Histoplasma yeast (G186A) that is
phylogenetically distinct from G217B. Surprisingly, 41F5 did not
inhibit the growth of Blastomyces dermatitidis, a fungal species
closely related to Histoplasma, even at the highest concentration
tested (40 �M).

Determination of 41F5 toxicity to mammalian cells. In the
early phases of drug discovery, it is essential to assay compound
toxicity to relevant host cells as well as general mammalian cell
toxicity. Since macrophages are the host niche for Histoplasma
during infection, we tested a graded series of 41F5 concentrations
for toxicity to macrophage cells. Two macrophage lines were used:
P388D1-lacZ cells (Fig. 5A) and J774A.1 cells (Fig. 5B). Concen-
trations of DMSO above 1% are inhibitory to P388D1-lacZ and
J774A.1 macrophages, requiring comparison of drug-treated cells
to cells treated with equivalent concentrations of the DMSO sol-
vent. 41F5 cytotoxicities to both P388D1 (IC50 � 54.69 �M) and
J774A.1 (IC50 � 74.65 �M) cells at 48 h were similar (Fig. 5A and
B). In J774A.1 cells, 41F5 exhibited toxicity at 40 �M and 80 �M
which was similar to that of the DMSO control, indicating that the
actual IC50 values of 41F5 for these macrophages are higher than
the computations from this assay. As an indicator of in vivo drug
toxicity targets (i.e., the liver) (32), 41F5 was tested against the
HepG2 liver epithelial cell line (Fig. 5C). 41F5 had no toxicity to
HepG2 cells at 20 �M or lower. The 40 �M treatment caused some
growth inhibition, and this toxicity was not due to DMSO, as the
equivalent percentage of DMSO (1%) did not show a significant
decrease in HepG2 cell numbers. The IC50 of 41F5 for HepG2 cells
was 53.90 �M, closely resembling the IC50 for macrophage cells.

Effectiveness of 41F5 against intramacrophage yeast. RFP-
fluorescent yeast cells permit efficient and nondestructive moni-
toring of intramacrophage growth. To validate that RFP-fluores-
cent OSU76 yeast cells are identical to wild-type Histoplasma in
their intramacrophage growth and infection characteristics, intra-
cellular viability and trafficking of yeast cells were measured.
Within macrophages, OSU76 and wild-type yeast cells had com-
parable survival and growth, as determined by quantitative plating
of viable CFU over time (Fig. 6A). Due to the expression of RFP,
OSU76 yeast cells permitted measurement of intramacrophage
growth by RFP fluorescence, which closely parallels growth deter-
mined by CFU platings (Fig. 6B). Both intramacrophage OSU76
and wild-type yeast cells became localized to lysosome-associated
membrane protein 1 (LAMP-1)-positive compartments at 2 h
postinfection (Fig. 6C) and remained in these compartments
throughout the duration of their intramacrophage life cycle (data
not shown). In addition, we confirmed that OSU76 yeast cells
produced the required Cbp1 (28, 33), Yps3 (34), and Sod3 (35)
virulence factors (data not shown). Thus, OSU76 yeast cells accu-
rately reflect wild-type Histoplasma yeast cells in their intracellular

virulence characteristics and permit monitoring of intracellular
growth by RFP fluorescence.

During infection, Histoplasma yeast cells enter and replicate
within macrophages. Therefore, it is essential that potential drugs
for the treatment of histoplasmosis can effectively inhibit intra-
macrophage yeast cells. To test whether 41F5 could target intra-
macrophage yeast cells, macrophages were infected with yeast for
4 h. This time is sufficient for 	90% of the yeast cells to establish
intracellular residence (data not shown), but it is not enough time
for the yeast to replicate. After removal of noninternalized yeast
cells, 41F5 or DMSO vehicle controls were added to the infected
macrophages, and yeast growth was monitored over time. This
procedure models the clinical situation whereby antifungals
would be used to treat existing infections. Intramacrophage
growth was monitored without destruction of host cells by mea-
suring RFP fluorescence of Histoplasma yeast cells. A dose-re-
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sponse curve calculated for yeast growing within macrophages
was compared to that of yeast growing in the absence of macro-
phages under identical growth conditions. The IC50 for yeast cells
under these conditions is slightly elevated compared to that of
yeast cells grown in liquid HMM culture due to the presence of
serum in the medium required to maintain the macrophages; the
addition of 10% serum increases the IC50 2-fold from 0.87 �M in
the absence of serum to 1.69 �M in the presence of serum. None-
theless, the IC50 of 41F5 is statistically indistinguishable for extra-
cellular or intracellular yeast cells (Fig. 7A) under these growth
conditions (1.69 �M and 1.77 �M, respectively). Thus, 41F5 ef-
fectively inhibits intramacrophage yeast cells, with no apparent
reduction in potency.

To determine whether 41F5-based inhibition of Histoplasma
yeast can protect host macrophages, survival of infected macro-
phages was determined following treatment with 41F5. P388D1-
lacZ macrophages were infected with Histoplasma yeast cells at an
MOI of 2.5:1 (yeast cells to macrophages), and following infec-
tion, the macrophages were treated with a graded concentration
series of 41F5. Infection of P388D1-lacZ monolayers with Histo-
plasma yeast at an MOI of as low as 0.25:1 (yeast cells to macro-
phages) results in significant loss of the host cell monolayer within
4 days of infection (26). Following 4 days of coincubation, surviv-

ing macrophages were quantified by measuring the remaining
macrophage-produced �-galactosidase activity (Fig. 7B). At sub-
inhibitory concentrations of 41F5 (less than 2 �M), Histoplasma
yeast cells caused the death of at least 70% of macrophages. Treat-
ment of macrophages with larger amounts of 41F5 had a protec-
tive effect on macrophage viability, with nearly 100% survival of
macrophages at concentrations of 41F5 above 2.5 �M. To dem-
onstrate that the protective effect on macrophage viability was due
to 41F5-dependent inhibition of yeast growth, we visualized in-
tracellular yeast populations by microscopy (Fig. 7C). On the first
day of infection, intracellular yeast cells were present in all treat-
ment groups. At 3 days postinfection, in the absence of 41F5,
intracellular yeast cells had extensively proliferated, with the mac-
rophage cytosol essentially filled with fungal cells. In contrast,
treatment of infected macrophages with 2 �M or 5 �M 41F5 ef-
fectively prevented yeast replication. At 2 �M (less than the IC90

for intracellular yeast cells), some yeast replication was seen, but at
5 �M (above the MIC), there was virtually no yeast replication.
Thus, 41F5 is a candidate antifungal that is active against intra-
macrophage Histoplasma cells and protects host cells from Histo-
plasma-induced death.

DISCUSSION

Despite regions of endemicity with a high prevalence of Histo-
plasma capsulatum and this pathogen’s ability to successfully in-
fect individuals irrespective of their immune status, it has been
over 20 years since a new antifungal class has been developed that
is effective against histoplasmosis. The currently recommended
treatment options for histoplasmosis, AmB and itraconazole (20),
are poorly tolerated, with a 	10% risk that treatment with AmB
and itraconazole must be discontinued due to drug complications
(36). In the present study, we identified new hit compounds that
can inhibit Histoplasma growth with limited toxicity to host cells.
The development of a high-throughput microtiter plate-based
growth assay, optionally using fluorescence of a transgenic RFP-
expressing Histoplasma strain, facilitated efficient screening of a
compound library.

Our efforts focused solely on the yeast form of Histoplasma,
since this is the form present during mammalian infection and the
form that causes disease. Investigation of the clinically appropriate
form is essential, as highlighted by the lack of effectiveness of echi-
nocandins against Histoplasma. Early studies indicated the echi-
nocandins were potent inhibitors of Histoplasma, but those stud-
ies were performed by using the nonpathogenic mycelial form (37,
38). However, subsequent testing of the yeast form showed that
the echinocandins were relatively ineffective against Histoplasma
(10, 39–41). This developmental stage-specific resistance is not
unique to Histoplasma, as different forms of Pneumocystis also
exhibit different susceptibilities to �-glucan synthase inhibitors
(42). In addition to the use of the pertinent form of the pathogen,
we also employed a relevant host environment. Since Histoplasma
yeast cells reside within macrophages during infection, our dis-
covery criteria mandated that an effective antifungal candidate
could inhibit intramacrophage yeast growth.

The identified aminothiazole 41F5 has good selectivity for
Histoplasma and has potent antifungal activity against Histo-
plasma yeast cells both in vitro and within macrophages. The
IC50 calculated for compound 41F5 is 0.87 �M, and the MIC is
2 �M. Even without compound optimization, these 41F5 con-
centrations are already comparable to the ones of other clini-
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cally established antifungals (43–46). Compound 41F5 also has
a high degree of selectivity for Histoplasma yeast cells, an essen-
tial criterion for any treatment against a eukaryotic pathogen.
Estimates of its toxicity to host cells range from 53.95 �M to
74.65 �M depending on the cell type. Due to the effects of the
DMSO solvent used to solubilize 41F5, these concentrations
are overestimates of the actual cytotoxicity of 41F5 to mamma-
lian cells. Most importantly for potential clinical applicability,
41F5 can inhibit the growth and replication of intracellular
Histoplasma yeast cells. The combined potency of 41F5 against
intracellular yeast cells and low toxicity to macrophages trans-
late into the ability of 41F5 to protect host macrophages from
Histoplasma-dependent phagocyte killing. While compound
41F5 is not active against all fungal pathogens, it can inhibit
Cryptococcus yeast cells in addition to Histoplasma. Phyloge-
netically, these two species are quite distantly related (a basidi-
omycete versus an ascomycete), but they do share the charac-
teristic of significant residence within host macrophages.

The central thiazole of 41F5 is a structural core common to
many compounds used to treat a range of diseases. The established
molecular targets of these thiazoles are quite varied and include
protein kinases, G proteins, and metabolic dehydrogenases (47–
50). A feature shared by many of these molecular targets is their
interaction with purine molecules. Consistent with this, the 41F5
compound was identified from a purinome-focused chemical li-
brary. Although the precise target of 41F5 is unknown, its origi-
nation from the purinome-focused library suggests that it inhibits
a purine-binding or purine-utilizing factor in yeast cells. The cur-

rent antifungal compound most similar in structure to 41F5 is the
recently licensed topical antifungal abafungin, which is thought to
permeabilize fungi by targeting ergosterol. Like 41F5, abafungin
has ring systems extending from a central thiazole (51), and aba-
fungin can inhibit Histoplasma growth in vitro. However, this was
demonstrated only for the mycelial form and not for the clinically
relevant yeast form (51). Unlike 41F5, abafungin is fungicidal.
While both 41F5 and abafungin are thiazole-based compounds,
there are important structural differences: 41F5 has substituents at
the 2- and 5-positions, whereas abafungin has substituent groups
at the 2- and 4-positions. Thus, 41F5 is distinct from abafungin in
structure and in cidal versus static inhibition, suggesting that the
cellular molecule inhibited by 41F5 represents a different antifun-
gal drug target. Future structure-activity relationship studies
should establish the target-specifying roles of the thiazole sub-
stituents. In addition, optimization of the physicochemical and
pharmacokinetic properties of 41F5 may lead to development of
an effective and less toxic therapeutic option for the treatment of
histoplasmosis.
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