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AbstrAct: New data suggest that the global incidence of several types of fungal diseases 
have traditionally been under-documented. Of these, mortality caused by invasive fungal 
infections remains disturbingly high, equal to or exceeding deaths caused by drug-resistant 
tuberculosis and malaria. It is clear that basic research on new antifungal drugs, vaccines and 
diagnostic tools is needed. In this review, we focus upon antifungal drug discovery including 
in vitro assays, compound libraries and approaches to target identification. Genome mining 
has made it possible to identify fungal-specific targets; however, new compounds to these 
targets are apparently not in the antimicrobial pipeline. We suggest that ‘repurposing’ 
compounds (off patent) might be a more immediate starting point. Furthermore, we examine 
the dogma on antifungal discovery and suggest that a major thrust in technologies such as 
structural biology, homology modeling and virtual imaging is needed to drive discovery.
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Global incidence of fungal diseases surpasses expectations
Recent data are of great significance to many of us whose research interest lies in pathogenic fungi 
of humans [1]. These data and relevant supportive information [2] indicate that fungal infections 
kill in excess of 1,300,000 people globally who have HIV/AIDS and other comorbidities. Mortality 
caused by these pathogens is now equal to drug-resistant Mycobacterium tuberculosis and exceeds 
malaria [1]. In the case of invasive fungal infections (IFIs), such as blood-borne candidiasis and 
invasive aspergillosis, these diseases mostly escape laboratory identification, which leads to a delay 
in therapeutic intervention or suggests the involvement of another pathogen. In the case of cryp-
tococcal meningoencephalitis in HIV/AIDS patients, even with good diagnostic tests, the disease 
is still prevalent [1]. Often, symptoms are nonspecific, and the progression of the disease can be 
chronic. The levels of surveillance for fungal disease remain unacceptably low despite their human 
health consequences. Therapeutic interventions, including incorrect dosage, are common. IFIs 
only represent part of the magnitude of fungal diseases. The incidence of dermatophytosis, vaginal 
candidiasis, allergy and mycotoxicosis by far exceeds the frequency of IFI, yet the contribution of 
these diseases to morbidity is unchartered.

In the USA, the Generating Antibiotic Incentives Now (GAIN) Act (H.R. 2182) [2] constitutes 
a major effort to reduce the incidence of drug-resistant bacteria through new antimicrobial discov-
ery. More recently, the list of drug-resistant bacteria has been expanded to include drug resistant, 
human pathogenic fungi. Advocacy through the Infectious Disease Society of America (IDSA), 
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numerous grass-root groups and individuals, as 
well as congressional bipartisanship, was impor-
tant in achieving this recognition [3]. The GAIN 
Act seeks to increase the commercial value of 
antibiotics by extending the term of exclusiv-
ity granted to innovator drugs by the US FDA. 
Following the GAIN Act, the FDA established 
a list of qualifying pathogens under the ‘Safety 
and Innovation Act’. Among the new additions 
to that list are Candida species and Aspergillus 
fumigatus due to their potential threats to public 
health. The FDA, in turn, will fast-track inno-
vator drug delivery for all microbial pathogens 
on that same list [4]. Almost simultaneously, the 
CDC published a detailed description of each 
drug-resistant microbe including fluconazole-
resistant C. glabrata [5]. Of importance, the 
incidence of fungal diseases and their resist-
ance globally should command the attention of 
stakeholders to commit funds to new diagnos-
tics, vaccines, and drug discovery. These areas 
of understrength will require even more basic 
science on the biology of these pathogens.

●● Resistance is associated with treatment 
failure
Is there a correlation of drug resistance with 
treatment failure? There are several reports 
that have addressed this issue by comparing 
susceptibilities of patient isolates to flucona-
zole, voriconazole and echinocandins [6–11]. 
Minimum inhibitory concentrations (MIC) of 
patient isolates (C. albicans, C tropicalis and C. 
parapsilosis) directly correlated with successful 
outcomes in patients with candidemia. Isolates 
were fluconazole-susceptible, susceptible-dose 
dependent or resistant. If the isolate was resist-
ant, the chance of a successful outcome was 
reduced considerably with either fluconazole 
or voriconazole therapy [6]. Epidemiological 
cutoff values (ECVs) and clinical breakpoints 
(CBPs) have been partially established. If the 
pathogen is C. glabrata, a successful patient out-
come is considerably lower. For example, the 
species-specific ECVs and CBPs for fluconazole 
are 2 µg/ml and 0.5–2 µg/ml for C. albicans, 
and 2 µg/ml for C. tropicalis and C. parapsilosis, 
while that of C. glabrata is 32 µg/ml [6]. These 
data indicate that C. glabrata isolates are often 
the most refractory to antifungal interventions. 
Similarly, the response rates of patients with 
candidemia or oropharyngeal episodes caused 
by Candida species correlated with dose:MIC 
ratios [9].

In summary, the high incidence and mortal-
ity of IFIs as well as the morbidity caused by 
the less life-threatening mucosal and superficial 
diseases is now established. The emergence of 
antifungal drug resistance, either inherent or 
acquired, is especially common in non-Candida 
species. New concepts in drug discovery may 
need to be discussed. In this review, we highlight 
approaches to antifungal drug discovery, arguing 
that improved diagnostics must accompany new 
drug discovery. Our review is divided into the 
following sections: in vitro susceptibility assay 
screens; compound libraries; target discovery; 
natural products (NPs); and synergy.

In vitro susceptibility assays
The Clinical and laboratory Standards Institute 
(CLSI) and the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) 
represent two standards for in vitro susceptibility 
testing of select pathogenic fungi. Both meth-
ods use broth microdilutions, but with some 
differences in protocols [6–14]. However, there 
is a near-complete harmonization of assays. Of 
equal importance, interpretative breakpoints for 
CLSI and EUCAST are very similar for meas-
urements of Candida species to azoles and echi-
nocandins and azoles to Aspergillus species [10] 
(reviewed in [6]). We will not describe method 
details, but, instead refer readers to the published 
papers, which include breakpoint numbers and 
differences in assay procedures for CLSI and 
EUCAST [6–14]. Methodologies for both are 
easily done in the laboratory and there are now 
three susceptibility assays products that are 
approved by the FDA (Sensititre YeastOne, the 
Vitek 2 yeast susceptibility test and the Etest). 
Opposite of the standard in vitro methods, Butts 
and Krysan [15] suggest a high-throughput assay 
that identifies compounds with fungicidal activ-
ity against Candida species and C. neoformans. 
In this method, a luciferase-tagged adenylate 
kinase (AK) is utilized, which upon cell lysis 
by a test compound, causes a release of tagged 
AK which is measured by luminescence. This 
assay could very well be useful for screening large 
compound libraries.

Compound libraries
Compound libraries are of four types. First, 
existing, synthetic or semisynthetic compound 
libraries with known activities against nonmi-
crobial diseases (e.g., cancers) can be screened 
for antifungal activity (Table 1). This type of 
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discovery is referred to as ‘repurposing’. An 
advantage here is that a minimal level of toxic-
ity of ‘repurposed’ compounds may have already 
been established. A second type of library is 
compounds that are derived from newly synthe-
sized synthetic scaffolds (Table 1) [16]. The activity 
of a specific scaffold is determined followed by 
lead optimization to identify the ‘most’ active 
synthetic derivative(s) of that scaffold. The 
third library is an outcome of tailoring of cur-
rent clinically used antifungals. This approach 
is seen much more often nowadays since the cost 
of development is lower than with compounds 
to new targets. There are many examples of tai-
loring among the antibacterial drugs, penicillin 
being one of the most tailored as semisynthetics. 
However, certainly the postfluconazole triazole 
antifungals also represent tailored derivatives. 
This type of discovery is done to improve cur-
rent compounds, that is, fluconazole but with the 
same exhaustive scrutiny of clinical trials using 
the tailored compound. In the case of newer 
triazoles, most remain fungistatic and cross-
resistance among triazoles still can occur along 
with drug–drug toxicity. The fourth library is 
of NPs (Table 1), interest of which has increased 
over the past decade, mainly because of the 
slow development of synthetic compounds. We 
address these types of compound libraries and 
lead optimization below.

The discovery of potential antifungal drugs is 
achieved by using compound libraries against an 
array of pathogenic fungal species. Compound 
libraries are either of public domain or privately 
owned. Some compound ‘providers’ are quite 
competitive in regard to their usage and require 
objectives in line with their focus. In the public 
domain, among the opportunities for the utiliza-
tion of libraries is the NIH Libraries Program, 
which is designed to provide access for investiga-
tors of drug discovery, including antimicrobial 

discovery. This library can also be a rich source 
of compounds for chemical probes to study 
gene function (The Molecular Libraries Small 
Molecule Repository [MLSMR]) [17]. NIH also 
maintains facilities at other locations. One such 
facility that emphasizes antimicrobial searches 
is The University of New Mexico Center for 
Molecular Discovery (UNMCMD) [18]. Flow 
cytometric, cell-based multiplex, high-through-
put screening (HTS) is used for the identification 
of active compounds. Antimicrobial drug efflux 
inhibitor discovery and substrate assays are one 
area of interest at UNMCMD. Collaborations 
are possible through the NIH and the Defense 
Threat Reduction Agency (DTRA). The 
National Screening Laboratory for the Regional 
Centers of Excellence in Biodefense and Emerging 
Infectious Disease (NSRB) (also known as the 
ICCB-Longwood Screening Facility) in Harvard 
Medical School is another option. Another is 
at the NIH as part of the National Center for 
Advancing Translational Sciences (NCATS). 
Other libraries are mentioned below.

●● Synthetics against nonfungal human 
diseases: ‘repurposing’
The use of compounds with established applica-
tions but with unexplored antifungal activity is 
referred to as ‘repurposing’ known medications 
[15,19–21]. Examples are listed in Table 2. To this 
end, we have recently engaged the NIH/NCI 
Developmental Therapeutics Program [22] to 
advance our program in antifungal discovery. 
The NCI/Developmental Therapeutics Program 
(DTP) repository maintains approximately 
>140,000 small molecules and NPs for non-
clinical research usage. These compounds have 
most often been submitted to the NCI/DTP by 
other investigators for evaluation. A large num-
ber have demonstrated activity against human 
diseases such as cancers. A web-based ordering 

Table 1. Compound libraries are represented as new synthetics, repurposed, natural products, 
or tailored and development is indicated as drug discovery steps.

Drug discovery step Compound libraries

  New synthetics Repurposing Natural products Tailoring

Purification - -  + -
Lead optimization + ± + +
In vitro cytotoxicity assays + ± + +
PK/PD + ± + ±
Antifungal target identification + + + -
Efficacy in vivo, survival and tissue loads + + + +
+: A need to complete each specific step; ±: Sufficient information may be available; -: Not required; PK/PD: Pharmacokinetic/
pharmacodynamics (the temporal effects of a drug administration on the body and microbes).
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procedure is available [17]. We have screened 
2600 compounds from the DTP for activity 
against a panel of pathogenic fungi, including 
many isolates with antifungal drug resistance. 
From this library, we have identified several with 
MIC values of 0.1 μg/ml (described below). Of 
importance, a number of closely related com-
pounds that lack activity was also identified 
which provides lead optimization opportunities. 
Based upon their reasonable activity, we have 
initiated mechanism of action (MOA) studies 
(discussed hereafter). We next describe data 
using one of these compounds.

From the NIH–NCI library, we recently 
identified a novel antifungal small molecule, 
bis(1,6-a:5’,6’-g) quinolizinium-8-methyl-salt 
(BQM) [26,27], that has potent and broad anti-
fungal activity (Figure 1A) [23]. While doing 
preliminary screening, we noticed that patient 
and laboratory-constructed isolates of C. albi-
cans that were resistant to fluconazole because 
of MDR1 overexpression were hypersusceptible 
to BQM compared with parental or mdr1 null 
or mrr1 null mutants [2,23]. MRR1 is a known 
regulator of MDR1 overexpression and flucona-
zole resistance [2,24]. Of importance, BQM was 
also active against an MDR-overexpressed iso-
late of A. fumigatus. BQM activity of C. albicans 
was due to its facilitated intracellular accumu-
lation only in MDR1-overexpressing isolates 
(Figure 2 & Table 2). To understand this observa-
tion at the molecular level, by microarray analy-
ses, we found that a family of polyamine trans-
porters was also upregulated in MDR1-resistant 
cells compared with non-MDR1 overexpressed 

cells. The BQM effect was reversed by either 
substrates for polyamine transporters or in a 
strain lacking a key enzyme (serine/threonine 
protein kinase, Ptk2) of the polyamine synthetic 
pathway [23].

A different approach that exploits the well-
known synthetic lethal phenotype of yeast has 
been explored by using a combination of com-
pounds, referred to as ‘syncretic combinations’ 
(combination of different, seemingly contrain-
dicated chemicals) [25,28–29]. In this case com-
pounds were sought that potentiate fluconazole 
activity. In vitro screens were established against 
a panel of three fungal pathogens (C. albicans, C. 
neoformans and C. gattii) and S. cerevisiae with 
fluconazole and a library (Pestwick library) of 
1120 ‘off-patent’ and other bioactive agents [25]. 
At least two of 148 compounds, trifluoperazine 
and sertraline, were each synergistic with flu-
conazole (Figure 1B & Table 2). Both compounds 
are antipsychotics/antidepressants. Microarray 
hybridization identified membrane organization 
and vesicle-mediated transport as putative target 
sites of both compounds.

Recently, we have initiated studies with 
another NCI compound (NSC319726, a thio-
semicarbazone) and have established its activity 
in synergy experiments with several triazoles 
and caspofungin (Figure 1C) [Sun N, Li D, Groutas W, 

Calderone R, Unpublished Data]. The mode of action 
of this compound is not completely understood, 
but it is related to an inhibition of ribosome 
biogenesis and protein synthesis.

Breger et al. [30] utilized assembled multiple 
compound libraries against human diseases 

Table 2. Repurposed compounds, their targets and their activities.

Compound 
reference

Mammalian target Fungal target Activity against 
fungi

Ref.

Thiosemicarbazone Mutated p53 tumor Unknown Broad-spectrum 
protein synthesis 
inhibitor

[Sun N, Li D, Groutas 

W, Calderone R, 

Unpublished Data]

Tamoxifen Estrogen receptor 
agonist

Calmodulin 
(partial)

Reduced kidney 
burden in C. albicans

[15,21]

BQM Anticancer Unknown Broad spectrum; 
reverses MDR1 
resistance by 
accumulating in cells

[23]

Triethylperazine 
Sertaline

Antianxiety 
Antipsychotic 
Anticancer

Membrane 
vesicle

Synergizes 
fluconazole

[24]

Tosedostat Amino peptidase Unknown Comparable with 
antifungal drugs

[25]

BQM: Bis(1,6-a:5’,6’-g) quinolizinium-8-methyl-salt.
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such as amyotrophic lateral sclerosis (ALS), 
Huntington’s disease and hereditary diseases. A 
total of 1266 compounds were screened against 
Caenorhadbditis elegans (round worms) infected 
with C. albicans. Of these, 15 prolonged sur-
vival of C. elegans and caused defective in vivo 
filamentation.

Following the same tactic of ‘repurposing,’ 
Stylianou et al. recently used the ENZO Life 
Sciences, Inc. and the Finland Institute of 
Molecular Medicine (FIMM) oncology col-
lection library for in vitro susceptibility assays 
against Candida species using the EUCAST 
guidelines [28]. Of the 26 drugs that showed 
activity against C. albicans, 14 were off-target 
either previously reported (seven) or not previ-
ously reported (seven). Tosedostat, an aminopeti-
dase cancer inhibitor, had broad activity among 
Candida species including C. glabrata (Table 2). 
Other repurposed anticancer compounds that 
had antifungal activity were identified by this 
same group.

Other active compounds include tamoxifine 
and toremifene, both of which are estrogen 
receptor agonists (Figure 1D) [15,21]. Tamoxifine 
has efficacy in an animal model of candidiasis 
[15,21] while toremifene has synergy with either 
caspofungin or amphotericin B (AmpB) against 
C. albicans or C. glabrata [29].

●● New synthetic antifungal compounds
In addition to the use of the DTP library as a 
source of compounds, we have screened a group 
of synthetic, low-molecular-weight compounds 
that were provided to the laboratory through an 
ongoing collaboration [16,31]. Scaffolds such as 
the amino acid-derived 1,2-benzisothiazolinone 
(BZT; BD-I-186) scaffold were screened against 
pathogens that included Candida species 
Cryptococcus neoformans, Aspergillus fumigatus 
and several dermatophytic fungi [16,31]. Lead 
optimization of the BZT scaffold identified 
structure–activity relationships (SARs) that 
established the importance of a heterocyclic ring, 
a methyl group and a phenyl ring for optimal 
antifungal activity. Four lead-optimized com-
pounds had broad antifungal activity against 
all species mentioned above. These compounds 
have no structural similarity to existing antifun-
gal drugs [31]. All compounds caused synergy 
with fluconazole, had fungicidal concentrations 
that were similar to micafungin and nearly that 
of AmpB, had effective time-kill (fungicidal 
concentrations) and minimal in vitro toxicity 
against human cell lines (3 of 4 compounds) [16].

One of the compounds (BD-I-186) displayed 
no toxicity in vitro and had very good activity 
against several fungal pathogens mentioned 
above (Table 2) [16] [Gay-Andrieu F, Groutas W, Li D, 

Figure 1. Repurposed drugs. Examples of compounds that have applications to human diseases 
but also have antifungal activity alone or synergize with compounds such as fluconazole. The 
compounds shown have (A, C & D) anticancer or (B) antidepressant, antipsychotic activity. 
BQM: Bis(1,6-a:5’,6’-g) quinolizinium-8-methyl-salt. 
Structures for tamoxifen and sertraline taken from [15].
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Alpha M, Calderone R, Unpublished Data]. Using the 
S. cerevisiae 6000+ heterozygous mutant library, 
which allows for the identification of haploinsuf-
ficiency or reduced fitness mutants, mentioned 
below in detail, we have demonstrated that this 
compound appears to target the kinetochore 
complex of S. cerevisiae [Gay-Andrieu F, Groutas 

W, Li D, Alpha M, Calderone R, Unpublished Data]. 
This complex is essential for the attachment of 
chromosomes to spindle fibers during nuclear 
division.

A similar approach was recently used to 
identify novel antifungal compounds from a 
Novartis compound archive using the S. cer-
evisiae haploinsufficiency profiling (HIP) assay 
[32]. Preliminary screens led to the identifica-
tion of three compounds with MIC values of 
0.25–24 µg/ml against C. albicans but with lim-
ited activity against A. fumigatus. Azole-resistant 
mutants were also resistant to these compounds. 
IC

50
 concentrations against mammalian cells 

varied among the three compounds but with 
reasonable low levels of cytotoxicity. The active 
compounds are nonazoles, but treated cells had 
features of an Erg11p target (sterol 14-alpha dem-
ethylase; CYP51/ERG11). Both studies clearly 
show that the S. cerevisiae HIP and other sup-
portive profiling are useful ways to isolate new 
compounds while also enriching for information 
on drug target identification.

●● Natural products
Long appreciated as a rich source of compounds 
for antimicrobial drug discovery, the popular-
ity of NPs in this research arena has waxed and 
waned over the past many decades. The echino-
candins, first described from Aspergillus nidulans, 
provides us with confidence for the potential of 
NPs [33]. An important group of semisynthetic 
compounds derived from fermentation cultures 
of Sordaria araneosa (a terrestrial Ascomycetous 
fungus) are the sordarins (diterpene glycosides), 

Figure 2. The activity of bis(1,6-a:5’,6’-g) quinolizinium-8-methyl-salt is associated with its accumulation in MDR1-resistant 
Candida albicans. (A) A wild-type cell is shown that is susceptible to fluconazole and BQM. BQM is taken up by cells and binds to an 
unknown target. (B) In an MDR1-overexpressed and fluconazole-resistant cell, BQM accumulates in the cytoplasm much more than in a 
susceptible cell. Consequently, cells are both fluconazole susceptible and hypersusceptible to BQM. In MDR1-overexpressed cells, MRR1, 
a positive regulator of MDR1, accounts for the overexpression of MDR1. Both the mrr1Δ and mdr1Δ are susceptible to fluconazole but 
not hypersusceptible to BQM (data not shown). In addition to MDR1 upregulation (B), other transporters such as those of the polyamine 
family (many are regulated by Mrr1p) are also overexpressed in MDR1 fluconazole-resistant cells. BQM accumulation is reduced by 
substrates (spermidine) that likely compete with BQM for uptake by polyamine transporters or in a transporter regulator is deleted in 
cells [13]. 
BQM: Bis(1,6-a:5’,6’-g) quinolizinium-8-methyl-salt.
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inhibitors of protein synthesis and specifically 
elongation factor-2 of protein synthesis [33]. 
Both types of NPs are described in outstand-
ing reviews on NPs [33,34]. Parameters of drug 
discovery of NP are shown in Table 1.

Roemer et al. and Lopez et al. [34,35] describe 
new efforts in NPs as antifungals that attempt 
to circumvent established dogma that has 
impeded discovery. This same group describes 
an elaborate protocol to purify active NP com-
pounds and apply fitness-test (FT) profiling that 
resulted in the isolation of many NP with active 
components characterized [34].

The antifungal activity of NPs against bio-
films produced by Candida species was recently 
described [36]. Active concentrations varied 
depending upon the Candida species that 
formed the biofilm. Most of the NPs listed were 
extracts and not purified derivatives.

NPs such as berberine and isoquinoline alka-
loids extracted from plants such as Berberis 
aquifolium (Oregon grape) and Berberis vul-
garis (barberry) have been used therapeutically 
for a variety of infectious diseases and as anti-
cancer and anti-inflammatory compounds [37]. 
Berberine has been shown to act synergistically 
with fluconazole against C. albicans in vitro 
[37,38]. Time-killing experiments demonstrated 
that the synergistic activity was berberine but 
not fluconazole concentration-dependent [37]. 
Berberine accumulated in treated cells and 
caused a cell cycle arrest and decreases in cell 
cycle gene transcription. The compound also 
worked in synergy with fluconazole against 
fluconazole-resistant strains.

Among the many other NPs are the antimi-
crobial peptides (AMPs) and proteins that for 
the most part induce apoptosis in treated cells. 
This topic has been recently reviewed [39]. The 
features of AMPs include: they are produced by 
a diverse range of organisms including plants, 
bacteria, amphibians, insects and humans; the 
antifungal spectrum may be AMP-specific and 
is diverse; most cause damage to cell membranes 
and cell death by apoptosis but mechanisms of 
action are complex characterized by changes in 
membrane potential and permeabilization, ion 
channel activation, hyperpolarization and acti-
vation of signal cascades; the Bacillus amylolique-
faciens AMP inhibits cell wall glucan synthesis; 
in human saliva, the AMPs include the nona-
poptosis defensins such as the histatins; and 
the iron-binding compound lactoferrin can act 
synergistically with existing antibiotics.

●● Lead optimization of compounds
Hits identified via HTS, structure-based drug 
design [40] and/or fragment-based methodologies 
[41] are initially evaluated by embarking on a hit-
to-lead optimization campaign that is intended 
to confirm the structural identity, activity and 
selectivity of a hit using relevant biochemical 
and cell-based assays. In addition, the synthetic 
tractability, physicochemical properties (chemi-
cal robustness, solubility, etc.) are assessed and, 
finally, a preliminary evaluation of the SAR 
landscape around the structure of the hit series 
(or hit) is conducted [42]. The outcome of these 
activities is the identification of a lead series (or 
lead compound) that can be further optimized. 
The lead compound can be a repurposed drug 
that needs to be optimized for a new indication.

An important component of any drug devel-
opment program (Figure 3) is lead optimization, 
since this ultimately results in the selection of 
a drug candidate suitable for further advance-
ment. These endeavors entail the concurrent 
optimization of activity and absorption, distri-
bution, metabolism, elimination and toxicity 
(ADMET)/pharmacokinetic (PK) characteris-
tics through an integrated and iterative process 
involving SAR, x-ray crystallographic studies, 
in vitro screening and MOA studies, as well 
as demonstration of proof of concept using an 
appropriate animal model [43]. ADMET studies 
include assessment and optimization of cellular 
permeability, metabolic stability, and plasma 
protein binding. In addition, toxicological pro-
filing studies (cytotoxicity, CYP450 inhibition or 
induction, hERG channel inhibition and geno-
toxicity) are conducted early on, since toxicity 
is a significant cause of attrition during drug 
development [44–46]. Lead candidates are fur-
ther prioritized based on the results of in vivo 
PK studies, including oral bioavailability. Many 
early drug candidates fail to advance because 
of poor ADMET characteristics, consequently, 
activity (antifungal activity, for instance) and 
ADMET/PK properties are optimized in paral-
lel. Thus, continuous assessment of ADMET/PK 
and rational feedback of the ADMET/PK data 
into the iterative medicinal chemistry design is 
of paramount importance.

New target discovery
The current therapeutic antifungals target 
either ergosterol synthesis (azoles), cell wall 
β-1,3-glucan synthesis (echinocandins) or bind 
to membrane ergosterol perturbing membrane 
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Figure 3. General drug development path and lead optimization components. 
ADMET: Absorption, distribution, metabolism, elimination and toxicity; IND: Investigational new 
drug; PK: Pharmacokinetic; SAR: Structure–activity relationships.
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functions (polyenes and AmpB). However, these 
targets account for a minor component of sug-
gested targets of the entire genome of most fungi. 
While the assumption is that approximately 8% 
of S. cerevisiae genome (508 proteins) can be 
exploited as drug targets, the number of poten-
tial proteins in pathogenic fungi should be much 
higher [47]. Therefore ‘genome mining’ is a reason-
able approach to find new targets by comparing 

the genetic differences between fungal and mam-
malian cells as well as among fungal species with 
the hope that the targets are broadly represented 
in fungal pathogens. There are questions raised 
about whether any compound is active against 
such a structurally and physiologically diverse 
group of pathogens. It is also clear that while 
the azoles continue to be remodeled, the gains in 
efficacy are not necessarily substantial.
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We now discuss approaches to target discov-
ery with emphasis on requirements as well as 
the advantages/disadvantages of each (Table 3).

●● Haploinsufficiency & homozygous 
profiling with mutant libraries
An approach to identifying gene targets is com-
pound screens of mutant libraries, described 
below. The prerequisite for the screens is the 
availability of fungal mutant libraries. The 
choices of libraries are those of Saccharomyces 
cerevisiae that cover its entire genome or partial 
mutant libraries such as those described below 
for C. albicans and Aspergillus fumigatus.

●● The S. cerevisiae libraries
The lead-optimized compounds described above 
that were derived from the amino acid-derived 
BZT scaffold also inhibited the growth of S. 
cerevisiae, which can be a pathogen in immu-
nocompromised patients [16,47]. Thus, screen-
ing yeast mutant libraries is quite useful to gain 
information on targets and MOA of compounds. 
The homozygous profiling (HOP) library con-
tains approximately 4700 null homozygotes 
(YSC1056), while the haploinsuff iciency 

profiling (HIP) library contains 6000+ mutants 
lacking one allele (YSC1055 Heterozygous 
Collection; Thermo Scientific). For the HOP 
null library, mutants that are resistant to the test 
compound may reflect the target gene of interest 
or perhaps indicate that the deleted gene is part 
of a pathway required for target activity in wild-
type cells. With the heterozygous mutant library, 
our objective was to screen for hypersusceptibil-
ity (reduced ‘fitness’) after compound treatment 
compared with a parental strain and untreated 
mutants. Those mutants with reduce fitness due 
to the loss of one allele were selected after two 
rounds of screening the entire 6000+ library. 
Mutants that displayed a reduced ‘fitness’ were 
then verified by tube dilution assays to obtain 
MIC values. Hypersensitive mutants were always 
compared with untreated mutants. Clustering of 
genes to functional classes was done using the 
Functional Specification (FunSpec) database [48].

Two of the four active compounds with the 
broadest activity against the fungal pathogens 
were screened with the S. cerevisiae mutant 
libraries [16] [Gay-Andrieu F, Groutas W, Alpha M, Li 

D, Calderone R, Unpublished Data]. One of those 
compounds (DFD-VI-15) apparently targets 

Table 3. Approaches to target discovery, with requirements and advantages and disadvantages of each method.

HiP GRACe Structural biology

Requirements   

Agar plate application of a mutant 
library, or PCR-based technology

PCR- and microarray-based 
technology

Cloning, expression, protein purification, crystallization of apo 
and ligand bound fungal target complexes, x-ray diffraction data 
collection, phasing, 3D structure determination, model building, 
refinement and modeling of ligand into the electron density maps

Advantages

Total genome coverage 
Agar plate screens are not costly 
Batch culture screens by PCR 
Activity of compound means 
penetration into cells

HIP profiling in batch culture 
HTS

Resolution of overall 3D structure of human and fungal proteins 
Insight and knowledge into the key differences in substrate 
binding and active site regions of human and fungal homologs 
allowing to design fungal-specific drugs 
Allows for rapid and efficient optimization of lead compounds 
to achieve potency, selectivity and desired pharmacological 
properties 
Availability of synchrotron beam lines for data collection have 
significantly improved the speed and quality of data collection and 
eliminated the need for in-house x-ray source, reducing the costs 
HTS

Disadvantages

Tedious, transfer of cells unequal 
may miss gene targets not in S. cerevisiae 
Slow growth of some mutants 
Contamination 
Not HTS 
Identifying target in clustered genes

Complex methodologies 
Haploid pathogens not useful 
for HIP screens 
High cost

Membrane proteins that may be important antifungal drug targets 
can be difficult to express and crystallize 
Some proteins may require extensive manipulation to obtain high 
resolution diffracting quality crystals

GRACE: Gene replacement and conditional expression; HIP: Haploinsufficiency profiling; HTS: High-throughput screening.
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mitochondria proteins and may have possible 
limitations since some toxicity was noted using 
in vitro assays with human cell lines [16]. We have 
not pursued animal studies with this compound.

We routinely use 96-well microtiter plates 
to grow each mutant, and a pin applicator that 
allows direct transfer of 96 mutant strains from 
an overnight-grown inoculum of each mutant to 
large agar plates containing a compound. Assays 
can also be performed in batch cultures since 
each mutant is bar-coded. PCR-based methods 
allow for determinations of fitness or growth in 
the presence of a compound. The advantages 
of HIP include the comprehensive analysis of 
the entire genome. Virtually every encoded 
gene mutant is assayed against compounds by 
screening for a reduced fitness in all mutants. 
Additionally, the approach is applicable to 
any compound that is able to enter yeast cells 
or other target organisms, and of importance, 
yields a cluster of potential targets, which can 
be functionally grouped using algorithms such 
as FunSpec as described above. With the agar 
plate method, there are disadvantages, the most 
important of which is that the procedure is quite 
time consuming. Contamination can be a prob-
lem and reproducibility is difficult to achieve 
without much practice. With regard to repro-
ducibility, if the transfer volume of cells is not 
equal for some mutants, then assumed growth 
reductions in that mutant due to compound may 
be erroneous. Therefore, all mutants must be 
grown in the absence of compound. One does 
not find a single mutant per compound that is 
hypersensitive, and more often 5–15 mutants 
with hypersensitivity may be identified. With 
BD-I-186, we were fortunate enough to see that 
most all of these mutants were associated with 
loss of genes required for kinetochore and cell 
division functions, as mentioned above. Our 
interpretation is that this cluster of genes rep-
resents a global pathway that is affected by the 
compound.

●● Pathogen mutant libraries
HIP has also been applied to a heterozygous 
collection of deletion strains of C. albicans [49]. 
Each deletion strain had unique barcodes in 
the up- and down-stream regions of the deleted 
genes allowing compound screens to be done in 
batch cultures. The growth inhibition readout 
was determined against compounds using PCR 
amplification and DNA microarray to identify 
hypersensitive mutants by barcode PCR. In 

addition to the C. albicans library just described, 
a library of 3633 C. albicans tagged, heterozy-
gous transposon disruption mutants were con-
structed to do drug-induced HIP [50]. The com-
pounds for this screening were obtained from 
ChemDiv, Inc. Of interest, one compound 
targeted a C. albicans-specific target, Tfp1p [50].

Gene replacement and conditional expression 
(GRACE) is a time-proven method to identify 
growth-essential genes (Table 2) [48–53]. In diploid 
C. albicans, one of the two alleles is deleted and 
the second is placed under conditional induc-
tion/repression. Repression of the second allele 
thus allows one to identify genes essential for 
growth. A. fumigatus is haploid, however, so 
establishing GRACE requires additional maneu-
vering [52]. Comparative genomics has yielded 
information on conserved essential genes in 
fungal pathogens [51,53–54]. A total of 57 growth-
essential genes were identified in C. albicans 
and Aspergillus fumigatus and six other fungal 
pathogens. Ten of these genes were found in all 
pathogens (Paracocidioides species, Blastomyces 
dermatitidis, Coccidioides immitis, Histoplasma 
capsulatum and C. neoformans) and absent in the 
human genome. Among the conserved targets 
thought to be potential targets were those criti-
cal to processes such as redox homeostasis, cell 
metabolism and biogenesis, protein transport cell 
wall biogenesis/degradation, ergosterol biosyn-
thesis and pH response regulators [51]. As far as 
can be determined, compound screens of these 
targets have not been pursued.

C. albicans unique proteome targets were 
also identified. Orthologs conserved in both 
human cells and S. cerevisiae were eliminated 
from further evaluation [53]. From 14,633 pro-
teins retrieved from the US National Center for 
Biotechnology Information (NCBI), 1618 were 
unique to C. albicans, of which 42 were known 
functionally.

Synergy
Over four decades ago, parenteral AmpB thera-
peutic was exclusively used as intervention 
against IFIs [55]. Toxicity to patients was inevi-
table but reduced when a combination of AmpB 
with 5-fluorocytosine (5-FC) was used, which 
also provided an improvement in clinical out-
come. As 5-FC selected for resistant isolates, its 
use as a singular was fairly rapidly abandoned. 
Synergy was used to explain the combination 
effect of both drugs. Synergy continues to be 
discussed in the current literature. Much of this 
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literature is on in vitro testing but with little 
information on efficacy in clinical trials [56,57]. A 
benefit of synergy would be to reduce resistance 
of isolates as we have described for one of our 
compounds, and there are several recent reports 
to this effect cited below.

Antifungal drug resistance is associated with 
one or more of the following mechanisms: 
strains overexpress efflux pumps, such as Cdr1p, 
Cdr2p and Mdr1p; have point mutations in the 
drug target protein (Erg11p or Fks1p) such that 
triazoles or echinocandins do not bind; or there 
is overexpression of target genes [6,58–60].

As described above, one of the rationales 
behind new drug discovery is to overcome the 
resistance to current antifungals such as the 
triazoles and echinocandins by reversing drug 
resistance. If so, the sustained use of those drugs 
that select for resistant pathogens is possible if 
synergy existed with another compound that 
countered selection. In addition to BQM, which 
has hyperactivity to MDR1-overexpressed strains 
[23], there are other examples of compounds that 
reverse resistance. For example, in vivo inhibitors 
of the calcineurin pathway reversed echinocan-
din and azole resistance, and Hsp90 inhibitors 
against A. fumigatus have been reported [61]. Also, 
decreased genetic expression of Hsp90 reduced 
virulence of A. fumigatus and promoter modifi-
cation of Hsp90 resulted in hypersensitivity to 
caspofungin [62] in C. glabrata [63]. Calcineurin 
inhibitors are also active against C. albicans as 
well as C. neoformans [64,65].

Conclusion & future perspective
The recent 2012 review on the global incidence 
and mortality of fungal infections [1] should 
serve as an impetus for a greater commitment 
of funds to support outstanding basic and trans-
lational research of fungal pathogens. However, 
there are speed bumps along the way to new drug 
discovery. They include: the market size and, 
hence, profit, is believed too small and new drug 
development is too expensive; current NIH sup-
port has dwindled in part because of the seques-
tration that has forced huge budget downfalls; 
remodeling of current drugs is cheaper; new 
antimicrobials are used for 2–3 weeks to cure 
and chronic diseases may require use for per-
haps one’s life; and lastly at least in the case of 
antibacterial drugs, eventually resistance will 
develop to these new drugs. Therefore, there is 
an uphill battle to justify new antimicrobial (and 
antifungal in particular) development.

For the pursuit of the translational science 
of drug discovery, investigators must rely on 
extensive collaborations with medicinal chem-
ists, investigators with knowledge of the entire 
discovery process and/or structural biologists. 
The availability of compound libraries and HTP 
facilities is also essential. The initial lead person 
is the expert in fungal diseases and the basic sci-
ences of these pathogens with knowledge of the 
need for new antifungals. In Table 1, the pathway 
to discovery is shown as sequential steps in the 
process. Of most importance along the way to 
discovery is the in vitro and/or in vivo toxicity to 
the compound.

The dogma on new antimicrobial discovery 
may be in need of subtle change. For example, can 
we really find that antifungal bullet that will kill 
all pathogens? The existing armamentarium sug-
gests otherwise. Fluconazole is ineffective against 
A. fumigatus, the echinocandins are of low util-
ity against C. neoformans since this fungus lacks 
β-1,3 cell wall glucan, and the best choice for 
treatment of emerging diseases caused by mold 
fungi is unresolved. Do we need another triazole? 
Perhaps we have gotten as much out of a family 
of compounds as is possible with only minimal 
increments in advantages. However, new imida-
zole and triazole derivatives are in development 
and appear promising [66].

Other interventions such as efungumab, a mon-
oclonal antibody that targets HSP 90, is suggested 
in combination with other antifungals [67].

Repurposing offers nearly immediate use since 
much of the groundwork on toxicity problems 
is completed. Some of the published repurposed 
compounds are described in Table 2. Of these, an 
interesting pursuit in anticancer research is the 
p53 tumor suppressor protein, which is critical 
to maintenance of normal cell growth. Mutations 
in that protein result in growth of cancer cells. 
One of several experimental anticancer drugs 
(NSC319726, NCI-NIH) that have been devel-
oped binds only to the mutated p53 and rescues 
the function of p53 [68,69]. Importantly, the same 
compound we have been following also has great 
antifungal activity; we are resolving the target of 
this compound in fungi since we cannot identify 
a p53 ortholog in fungi (Figure 1C & Table 2). We 
advocate for ‘repurposing’ as at least part of the 
direction we should be following with the compli-
mentary application of HIP or microarray/RNA 
sequencing to find drugs and targets.

The genomics era remains important to anti-
fungal drug discovery; there are exceptional 
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laboratory groups that have used chemogenet-
ics to identify numerous fungal targets that obey 
the specificity issues that are so critical to drug 
discovery. The payoff of this effort towards the 
development of drugs to these targets is not upon 
us yet, but this type of direction should still be 
encouraged.

Equally important is an emphasis on struc-
tural biology and structural genomics in anti-
fungal drug discovery (Table 3). This approach 
is especially new to fungal drug discovery. 
Mabanglo et al. [70] report on the crystal struc-
ture of the Aspergillus fumigatus protein farnesyl-
transferase AFFTase, a protein critical for growth 
and virulence of C. albicans, C. neoformans and 
A. fumigatus. Substrate binding to the AFFTase 
monitored by high-resolution structures resulted 
in the identification of structural differences 
compared with the human FTase that correlated 
with differences in inhibitor binding (ED5 and 

tipifarnib) between the two proteins that could 
be critical to antifungal drug discovery. Equally 
important, the S. cerevisiae tryptophanyl-tRNA 
synthetase (sTrp-RS), which is required for 
tryptophan activation during translation, has 
binding differences compared with ortholo-
gous human proteins. As described above for the 
FTase of pathogens, there is promise of specific 
inhibitors [71]. In fact, inhibitors of LeuRS and 
TrpRS are now being evaluated for treatment 
against bacterial pathogens (summarized in [71]).

In addition to using 3D x-ray crystal struc-
tures of enzyme:ligand complexes for antifungal 
drug discovery, one can also use pharmacophore 
modeling methods. This method can be used as 
a standalone or in combination with experimen-
tal structural methods. Pharmacophore mod-
eling is a computational method that makes use 
of 3D structural information of the drug tar-
gets determined either by experimental methods 

executive summAry
incidence of fungal infections is much higher than previously acknowledged

 ●  The invasive fungal infections (IFIs) are most likely underdiagnosed and underappreciated for their frequency.

 ●  At least some of the IFIs are inappropriately treated, meaning improper length, dosage or delay in treatment.

 ●  Treatment failure may be due to inherent, acquired or both types of resistance of Candida species and other fungal 
pathogens.

 ●  Complete intervention to recurrent diseases (vulvovaginal candidiasis, chronic dermatophytosis or oral candidiasis) is 
not fully mapped.

A change in dogma of antifungal discovery may be needed

 ●  Is it possible to identify a ‘super’ drug that can cure all infections?

 ●  Should we direct new therapies to specific fungi or high-impact diseases such as invasive cryptococcosis, candidiasis 
and aspergillosis?

 ●  Is ‘repurposing’ compounds as antifungals (off-patent) that currently cure only nonfungal diseases useful?

 ●  Should synergy and natural products be emphasized more in discussions of new interventions? Efungumab 
(monoclonal antibody) used in combination with cytokines has been proposed.

Problems in screening of natural products extracts

 ●  The laborious chemistry and isolation methods to identify active compounds.

 ●  Already known natural products purified compounds may be part of the analysis and have to be ‘dereplicated’ to 
distinguish others of interest.

is continued remodeling of triazoles needed?

 ●  New-generation triazoles are more broad spectrum than fluconazole.

 ●  The newer triazoles remain fungistatic and therefore resistance may remain among isolates.

 ●  Cross-resistance is still a problem.

 ●  Drug–drug toxicities still occur. Toxicity can be managed but only by using other nontriazole compounds.
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(x-ray or NMR) or using homology-based mod-
eling to understand how chemically and struc-
turally diverse set of ligands (inhibitors and/or 
activators) bind and interact within a common 
binding and/or active of the receptor molecule. 
This method can be used as a virtual HTS tool 
to identify novel hits and for optimization of hits 
to improve the potency and ‘drug-like’ proper-
ties to discover safe and efficacious lead drug 
candidates [72].

●● items on the horizon
Emerging pathogens such as Candida nonalbi-
cans species that have multiple drug resistance 
including to AmpB are reported [73,74]. Their 
prevalence in patients globally is probably 
underestimated. A very provocative hypothesis 
has been suggested that nonantifungal drug 
interventions may in fact select for commensal 
fungi [75]. As one of many examples put forth, 
steroid therapy may select for steroid-tolerant 

commensal fungi. In addition to evaluating 
patient isolates that are resistant to antifungal 
drugs, it may be time to measure not only anti-
fungal susceptibilities of patient isolates, but also 
isolate susceptibilities to the complex drug regi-
ments that are used to treat these same patients. 
Metalloenzyme inhibitors, a glycosylphosphati-
dylinositiol biosynthesis inhibitor and a new 
β-1,3 glucan inhibitor may offer promise as new 
antifungal therapeutics [76].
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