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Targeting efflux pumps to overcome
antifungal drug resistance

Resistance to antifungal drugs is an increasingly significant clinical problem. The
most common antifungal resistance encountered is efflux pump-mediated resistance
of Candida species to azole drugs. One approach to overcome this resistance is to
inhibit the pumps and chemosensitize resistant strains to azole drugs. Drug discovery
targeting fungal efflux pumps could thus result in the development of azole-
enhancing combination therapy. Heterologous expression of fungal efflux pumps
in Saccharomyces cerevisiae provides a versatile system for screening for pump
inhibitors. Fungal efflux pumps transport a range of xenobiotics including fluorescent
compounds. This enables the use of fluorescence-based detection, as well as growth
inhibition assays, in screens to discover compounds targeting efflux-mediated
antifungal drug resistance. A variety of medium- and high-throughput screens have
been used to identify a number of chemical entities that inhibit fungal efflux pumps.
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Background

Exposure of fungi to antifungal agents pro-
vides strong selection for mutations that
confer drug resistance. It is evident that
there is an impending medical crisis caused
by the emergence of microbial drug resis-
tance [1]. Although this problem is most
prominent for bacterial pathogens it is also
of concern for fungal infections. There are
relatively few classes of antifungal agents
used in medicine, namely the pyrimidine
analog 5-fluorocytosine (5-FC), the poly-
ene antifungals, the azole antifungals and
the echinocandins, which restricts clini-
cians’ choices. While toxicity, pharmaco-
kinetics and drug interactions are impor-
tant considerations when choosing which
antifungal agent to administer, the nature
and incidence of antifungal resistance are
also important factors [2]. The azole class of
antifungals, which includes the imidazoles

ketoconazole and clotrimazole and the tri-
azoles fluconazole (FLC), voriconazole, itra-
conazole, posaconazole and isuvaconazole,
are widely used because of their relatively
low toxicity and low cost. The resistance of
Candida species to FLC, however, has been
recognized by the Centers for Disease Con-
trol and Prevention as a serious threat to
human health [3].

Resistance to 5-FC is associated with
mutations in genes encoding the enzymes
cytosine deaminase and uracil phosphori-
bosyltransferase (4-6], which are required for
the processing of this pro-drug, and possi-
bly mutations in purine-cytosine permease
which is involved in 5-FC uptake [¢]. Intrin-
sic and acquired 5-FC resistance in fungi
limits its utility and, as a result, 5-FC is often
used in combination with other antifungals.

The polyenes exert their effect by interact-
ing with ergosterol in fungal plasma mem-
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branes, forming pores and inducing the production of
reactive oxygen species [7]. While some isolates of fun-
gal species (e.g., Candida lusitaniae and Trichosporon
beigelii) can show resistance to polyenes, acquired (sec-
ondary) resistance to polyene antifungals is rare and
may be due to mutations that reduce the ergosterol con-
tent of membranes [8], or reduce the effects of reactive
oxygen species through increased catalase activity.

The echinocandins are the most recently marketed
antifungal drugs, but resistance is already emerging, par-
ticularly for the haploid yeast Candida glabrata 9). Resis-
tance to echinocandins is predominantly associated with
point mutations in ‘hot spots’ of the gene encoding the
drug target, $-1,3-D-glucan synthase [10]. A clinical con-
cern is the emergence of C. glabrata strains with reduced
susceptibilities to both echinocandins and azoles [11].
The emergence of these multiply resistant strains reduces
the treatment options for patients significantly.

There are several mechanisms responsible for the
azole resistance of fungi [2]. These include mutations
in genes involved in ergosterol biosynthesis that pro-
vide tolerance to the toxic intermediates that accu-
mulate when sterol 140-demethylation is inhibited
by azoles, overexpression of the drug target lanosterol
140.-demethylase, single or multiple point mutations
in the drug target and overexpression of drug efflux
pumps. While azole-resistant clinical isolates of the pre-
dominant human fungal pathogen, Candida albicans,
can possess more than one mechanism of resistance,
the most frequent cause of high-level azole resistance is
energy-dependent drug efflux [12,13]. Azole antifungals
can be effluxed by either major facilitator superfamily
(MEFS) or ATP-binding cassette (ABC) transporters [14].
In contrast, echinocandins are not substrates of these
transporters [15]. Although fungal genomes contain sev-
eral genes encoding proteins of these two families, it has
been shown that in C. albicans the ABC pump Cdrl is
largely responsible for azole resistance [16,17].

The azoles are a tried and tested, well-tolerated and
widely used class of antifungal agent. As the main
mechanism of high-level azole resistance is energy
dependent efflux by membrane bound transporters
this opens the possibility of overcoming resistance and
salvaging azole use by the inhibition of ABC efflux
pumps. This approach to antimicrobial stewardship is
analogous to the use of Augmentin for bacterial infec-
tions where penicillinase resistance is overcome by the
combination of the B-lactamase inhibitor clavulanic
acid with the antibacterial Amoxicillin.

Overcoming drug efflux as an adjunct to
drug discovery

The concept of overcoming drug resistance by inhibit-
ing efflux pumps is not new — it has been investigated

for several decades in relation to the efflux-mediated
resistance of tumor cells to chemotherapeutic agents.
Ever since the detection of expression of human ABC
protein ABCBI (also known as MDRI1 and P-gp) in
over 400 human cancers [18], researchers have searched
for inhibitors or modulators of ABC transporters.
Indeed, three generations of ABCBI inhibitors have
been reported. The first-generation inhibitors included
verapamil, cyclosporine A and quinine. Despite potent
in wvitro activity these compounds showed toxicity
in vivo. Second-generation inhibitors were modified
to target specific multidrug resistance (MDR) trans-
porters. These compounds, such as valspodar and
biricodar had improved bioavailability and less toxic-
ity, but demonstrated off-target effects and lacked sig-
nificant efficacy in clinical trials 19]. Third-generation
MDR modulators were developed using quantitative
structure—activity relationship (QSAR) to improve
potency and specificity. Drugs such as elacridar, laniq-
uidar and tariquidar inhibit ABCBI1 at nanomolar
concentrations but, again, definitive demonstration of
clinical efficacy is lacking. A problem in the clinical tri-
als of these agents is that tumors can be heterogenous
and expression of ABCBI can vary between patients
as well as within tumors [20]. Another important fea-
ture of ABCBI is that it has vital functions required
for normal physiology, for instance in maintaining the
blood—brain barrier and the renal excretion of metabo-
lites. Thus, ABCBI inhibitors targeting cancer cells
may have unwanted side effects if they impair these
functions. Specific inhibitors of fungal efflux proteins
are unlikely to have such limitations. Recent attempts
to identify human MDR inhibitors have moved away
from the scaffolds of first- and second-generation
inhibitors and have instead screened compound and
natural product libraries or tried to repurpose exist-
ing drugs with low toxicity such as tyrosine kinase
inhibitors [19].

While it is easy to be discouraged by the lack of suc-
cess in identifying potent, clinically effective, ABCB1
inhibitors, there are several reasons why targeting
fungal efflux pumps may indeed be fruitful. There is
a clearer association between the expression of a nar-
row range of fungal efflux pumps with azole resistance
than between ABC pump expression and the che-
motherapeutic resistance of human cancers. In addi-
tion, fungal ABC proteins have unique features [21],
described below, that distinguish them from mam-
malian ABC transporters. Targeting these features
will have the potential to make inhibitors specific and
reduce toxicity to the human host.

The approach of inhibiting transporters in order to
overcome drug resistance is currently being applied
to the bacterial pathogens Pseudomonas aeruginosa,
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Escherichia coli and Mycobacterium tuberculosis [22,23).
For example, the efflux pump inhibitor timcodar has
been shown to increase the potency of the antituber-
culosis drugs rifampin and isoniazid toward M. tuber-
culosis in both in vitro and in vivo combination stud-
ies even though its precise mechanism of action is
unknown [24]. The resistance-nodulation-division
family of efflux pumps has received particular atten-
tion in P. aeruginosa and E. coli [25). The structures
of relevant efflux pumps, such as ActB and MexB,
have been solved [26-30) and effective efflux pump
inhibitors have been identified but have not yet been
tested in the clinic. As highlighted in a recent review,
potency, obtaining structures of relevant efflux pump
inhibitor—target complexes, spectrum of activity, phar-
macokinetics and toxicity have all posed significant
problems in the development of efflux pump inhibitors
for clinical use [31].

Fungal efflux pumps

There are two main families of efflux pump proteins
in fungi, the ABC proteins and the MES transporters.
ABC proteins contain two types of domain, nucleo-
tide-binding domains (NBDs) and transmembrane
domains (TMDs). NBDs are involved in the binding
and hydrolysis of ATP which provides the energy for
substrate translocation. These domains contain several
well-conserved protein motifs including the Walker A
motif or P-loop, the Walker B motif and the ABC sig-
nature motif or C-loop [2132]. As these motifs are well-
conserved across kingdoms, drugs targeting NBDs
are likely to be nonspecific and may demonstrate host
toxicity (Figure 1). TMDs comprise six transmembrane
spans (TMSs) and are thought to contribute to a sub-
strate channel through the membrane. Most fungal
ABC proteins contain two NBDs and two TMDs and
are referred to as ‘full-size” ABC transporters (Figure 1).
In these cases the substrate channel is likely formed
from all 12 TMSs, or a subset of TMSs [14.32). It is also
likely that ‘half-size” ABC proteins dimerize to form
active transporters. The domain arrangement within
full-size ABC proteins varies between transporter sub-
class. The order within the pleiotropic drug resistance
(PDR) sub-class, which contains most of the trans-
porters involved in fungal drug resistance, is N-NBD1-
TMDI1-NBD2-TMD2-C [21,33,34]. This domain order
is different from that in human ABCBI1 which is
N-TMDI1-NBDI1-TMD2-NBD2-C.

The topology of ABC efflux pump domains pres-
ents several possible targets for modulating or inhib-
iting pump function (Figure 1). A unique feature of
the PDR ABC transporters of plants and fungi is the
presence of two large extracellular loops (ELs) between

TMS5 and TMS6 (EL3) and between TMS11 and
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TMS12 (ELG6) [21]. These ELs contain residues and
motifs highly conserved among PDR ABC transport-
ers. For example, E704 in the PDRB motif of EL3
is absolutely conserved between 244 PDR ABC pro-
teins [21], and thus likely to be critical for protein fold-
ing and/or function. These ELs could represent targets
specific for fungal PDR ABC proteins (Figure 1). For
example, the unique ELs and the substrate exit chan-
nel of the fungal PDR ABC protein C. albicans Cdrl
are thought to contribute to the site of interaction with
inhibitory peptide derivative RC21v3 [35]; the isola-
tion of which is discussed below. Another approach to
modulating transmembrane protein function is to use
mimetics of TMD:s to interact and interfere with ABC
protein structure and function. It was found that pep-
tide mimics of TMSs 1, 2, 4, 8, 10 and 11 of C. albicans
Cdrl inhibited efflux of the fluorescent substrates Nile
Red and rhodamine 6G [36]. The TMS8 peptide was
further shown to sensitize azole-resistant C. albicans
cells to FLC.

It is thought that interactions between the intracel-
lular loops of the TMDs and the NBDs are important
for interdomain cross-talk and coupling between sub-
strate transport and ATP hydrolysis [37]. This opens the
possibility of allosteric inhibition and indicates that
the interfaces between TMDs and NBDs are possible
drug targets (Figure 1).

An obvious ABC protein drug target is the sub-
strate-binding site. An important feature of PDR ABC
proteins is their broad substrate specificity, hence the
use of the term ‘pleiotropic’ in their classification. This
feature has allowed the development of pump function
assays based on their ability to efflux fluorescent com-
pounds. However, the broad substrate specificity of the
pumps has made it difficult to delimit binding sites
and ABCBI is thought to have multiple discrete drug
binding sites [38]. It has been suggested that PDR ABC
pumps such as Cdrl may also have a large binding
cavity with discrete binding pockets [32].

MES proteins are proton antiporters that utilize
the electrochemical potential and proton-motive force
across membranes to translocate substrates (39]. They
do not possess NBDs but do contain TMSs that are
thought to form the substrate channel as indicated by
the crystal structure of the EmrD multidrug transporter
of E. coli [40]. In fungi, there are two subfamilies of MFS
transporters which are defined by the number of TMSs
within the TMD. The DHALI subfamily contains 12
TMSs and the DHA?2 subfamily 14 TMSs [14.39]. MFS
transporters have, in general, a narrower spectrum of
substrates than ABC transporters.

Fungi contain many genes encoding transport-
ers, with typically between 14 (Ashbya gossypii) and
54 (Cryptococcus neoformans) ABC genes [21.41]. The
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Figure 1. Possible drug targets on fungal ABC efflux pumps.
NBD: Nucleotide-binding domain; TMD: Transmembrane domain.

number of MES genes in fungi varies greatly between
species with 10 in A. gossypii and 149-174 in C. neo-
Jformans [41.42]. Of these transporters, only a subset
are involved in drug efflux [43]. Analysis of clinical
Candida isolates resistant to azoles has identified that
expression of PDR ABC genes orthologous to S. cere-
visiae PDR5, and MFS genes orthologous to S. cerevi-
siae FLRI are most often associated with azole resis-
tance [13,44-47]. When the expression of efflux pumps
in azole-resistant C. albicans clinical isolates was inves-
tigated it was found that ABC pumps were more often
overexpressed than MFS pumps and that ABC protein
Cdrl (ortholog of S. cerevisiae Pdr5) contributes more
than Cdr2 to resistance [16,48]. This was confirmed by
disruption of the CDRI and CDR2 genes in resistant
C. albicans isolates [17].

Thus, in terms of targets for overcoming efflux-
mediated azole resistance in C. albicans, the ABC
protein Cdrl is a prime candidate. In order to iden-
tify Cdrl inhibitors it is necessary to develop a suitable

pump assay and screen libraries of chemical diversity.
Pump assays could utilize purified pump protein, but
the pumps are membrane proteins and function may
be affected by the membrane environment, and recon-
stitution in membrane vesicles is poorly developed and
likely to be technically both demanding and labor
intensive. Therefore attention has focused on assays
involving screens using intact host cells heterologously
expressing efflux pumps. Screening using the target
positioned in whole cells as it would appear to drugs
applied 77 vivo has advantages. It allows drugs target-
ing external features of the efflux pump to be identi-
fied, and if compounds that target intracellular com-
ponents are discovered it immediately indicates that
cell permeability is unlikely to be an issue for those
compounds.

Heterologous expression of efflux pumps
Screening can be undertaken using the normal fun-
gal host (homologous expression). For example, azole
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resistant clinical C. albicans isolates have been used
to screen for compounds that chemosensitize their
growth to FLC, without inhibiting yeast growth
directly in the absence of FLC [49]. Such a screening
approach has the advantage that hits identified are
active against clinical C. albicans isolates. The dis-
advantage, however, is that clinical isolates are usu-
ally not well characterized and may possess multiple
mechanisms of resistance [48]. This reduces the like-
lihood that a compound hitting a single target will
have a phenotypic effect and, if hits are found, their
targets may need to be identified for the medicinal
chemistry optimization of lead compounds. Further-
more, if the target is intracellular, there is the pos-
sibility that the compound would be a substrate of
a fungal efflux pump — one that was not expressed
during the screen.

Heterologous expression of efflux pumps in the
model yeast S. cerevisiae provides many advantages
for drug screening. S. cerevisiae is a well-studied
microorganism and is easily manipulated genetically.
The repertoire of ABC and MFS genes involved in
efflux-mediated drug resistance is well known [s0].
This has enabled the construction of mutants in the
laboratory of Andre Goffeau in which the main ABC
genes involved in drug efflux have been deleted [s1].
These strains are exquisitely sensitive to xenobiotics
which can no longer be extruded. In addition, the
transcriptional regulator PDR3 was deleted and a
gain-of-function mutation (pdr/-3) was introduced
in the transcriptional regulator Pdrl of these strains.
This leads to constitutive induction of the PDR5 pro-
moter. A strain in which the PDR5 gene is retained,
with homologous constitutive high expression, has
been used to screen a large (1.89 x 10°) combinatorial
p-octapeptide library for efflux pump inhibitors [s2].
Another such strain, AD1-8u" and its derivatives,
have been used extensively to overexpress heterolo-
gous fungal efflux pumps for functional analysis and
inhibitor screening [35.53-59]. Inserting the efflux
pump gene of interest after the genomic PDR5 pro-
moter leads to constitutive high levels of efflux pump
expression. The multiple targets of Pdrl, many of
which are involved in membrane protein biosynthe-
sis, are upregulated which results in large amounts
of pump protein correctly trafficked to the plasma
membrane. For example, when C. albicans Cdrl was
expressed in S. cerevisize AD1-8u it accounted for
29% of the plasma membrane protein [56]. Such a
high level of correctly localized efflux pump in
a strain hypersusceptible to drugs yields a very
strong drug resistance phenotype — the efflux pump
expressing strain is typically 1000-fold more resis-
tant to azole antifungals than the host strain. The
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integration of the efflux pump gene as a single copy
in the genome, rather than being present at a variable
copy number on a plasmid, gives stable strains with
consistent levels of efflux gene expression facilitating
reproducible drug screens.

This heterologous efflux gene expression system pro-
vides a versatile platform that can be used to screen
for pump inhibitors based on chemosensitization
of growth to FLC, or inhibition of the pumping of
fluorescent substrates.

Screening methods to identify inhibitors of
fungal efflux pumps
A variety of screening approaches have been used
to identify fungal efflux pump inhibitors (Table 1).
Although the screens denoted low/medium through-
put may have investigated large numbers of com-
pounds, high-throughput screens (HTS) are defined
by a significant degree of automation. Both low- and
high-throughput screens have included use of C. albi-
cans strains known to overexpress efflux pumps [53,60]
or recombinant S. cerevisiae strains hyperexpress-
ing a specific efflux pump from a pathogenic fun-
gus [355455.61-63]. The compound libraries used are
varied, but are either large-scale collections of small
molecules such as the Molecular Libraries Small
Molecule Repository (MLSMR) established by the
NIH (64], collections of known drugs such as the Prest-
wick chemical library [65], collections of natural prod-
ucts and/or extracts [61,66-71], or are members of a fam-
ily of compounds targeted to a structure of interest,
such as a cell surface-targeted peptide library [3s].
Screens for inhibitors can be based on yeast growth
measurements that demonstrate the reversal of fun-
gal resistance to a pump substrate such as the azoles
(chemosensitization) or can utilize the fluorescent
properties of certain pump substrates such as rhoda-
mine 6G (R6G) [54,74,75], Nile Red [76] or diS-C3 [77].
However, as noted above, growth chemosensitization
assays, unless targeted to counter efflux-mediated
resistance, may identify interference with one or
more different aspects of resistance, not necessarily
involving efflux. A review of antifungal chemosen-
sitizer research (78] noted 24 reports of agents that
chemosensitized cells to azoles, but only 13 described
the target molecule or pathway in the fungal cell.
An HTS of the MLSMR using chemosensitization
to the azole FLC and detection of C. albicans growth
inhibition with the fluorescent cellular stain Alamar
Blue [49.79-81] described follow-up structure—activ-
ity relationship (SAR) analysis of three hits. The
study identified 3-(3-anisoyl)indazole (derivative
36) as a new small-molecule probe (ML212) show-
ing synergy with FLC, but its mechanism of action
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has yet to be defined [49). Another HTS, also prob-
ing the MLSMR, was similarly based on identifying
azole synergy, but measured biofilm growth inhibi-
tion [82]. The hit compound 2-adamantanamine was
investigated further and the target was found to be
within the ergosterol biosynthesis pathway, although
the specific target molecule has not yet been identi-
fied [(83]. Interestingly, beauvericin, recently described
as an inhibitor of C. albicans ABC transporters [84],
was identified earlier in a C. parapsilosis growth-
based chemosensitization HTS using the azole keto-
conazole [85]. In contrast, the use of yeast heterolo-
gously expressing a specific target protein, such as a
drug efflux pump, allows a more defined screen for
inhibitors.

Screens have identified a number of fungal efflux
pump inhibitors (Table 1 & Figure 2). Inhibitors identi-
fied include isonitrile [71], FK506 [s56], enniatins [68],
beauvericin (84, milbemycins [69], sulphated ste-
rols [66], capisterones [61], derivatives of cerulenin [s3],
chalcones [60) and phenothiazine [73,86], ibuprofen [87],
farnesol [88], a synthetic peptide [35], compounds with
a squarile core [55] and the out-of-patent drug clorgy-
line [54]. Five of the compounds (RC21v3 [35]; clor-
gyline [54]; squarile core compounds [s5]; beauvericin
and unnarmicins (84.89]) were discovered using the
heterologous S. cerevisiae AD/pABC3 expression sys-
tem [56]. This system has been used to express several
ABC and MFS efflux pumps, including the human
ABC transporter P-gp (HsABCBI) [56] and therefore
can also be employed in secondary screens to assess
inhibitor specificity. Secondary screening is impor-
tant because several fungal pump inhibitors (Figure 2)
have also been reported as inhibiting P-gp, including
curcumin [90] phenothiazine derivatives [57] propafe-
none [91] chalcones [92] beauvericin [93] and FK506
(tacrolimus) [94].

The process involved in either low- or high-through-
put screening for specific efflux inhibitors using the
pABC3 system is summarized in Figure 3. All hits are
subjected to secondary screens or counter-screens as
indicated to ensure the required specificity, lack of tox-
icity, to determine whether the inhibitor is also a pump
substrate, and whether it has antifungal activity.

Low-medium throughput primary screens

An agar-based growth assay utilizing heterologous
expression of efflux pumps in S. cerevisiae has been
used to screen a large (1.89 x 10°) combinatorial
p-octapeptide library for inhibitors of C. albicans
Cdrl [35]. The octapeptides contained a tri-arginine
motif to target the inhibitor molecule to the yeast
cell surface, and five additional amino acids with
any one of 18 amino acids (glycine and cysteine

Targeting efflux pumps to overcome antifungal drug resistance

were excluded) at each position. Initially pools of
peptides, with two of the five unknown amino acids
identified, were screened, and subsequent deconvolu-
tion and optimization steps were applied to identify
the most active peptide within resynthesized sub-
pools [35]. The most active component was found to
be a p-octapeptide derivative RC21v3. S. cerevisiae
cells overexpressing C. albicans Cdr2 or Mdrl were
used as a counter-screen to eliminate chemosensitiz-
ers that affected targets other than Cdrl in the yeast.
To increase throughput, the screen used oblong cul-
ture dishes on which several compounds or pool
samples could be tested. Confirmation that Cdrl
was the target of RC21v3 came from the analysis of
suppressor mutants of S. cerevisiae cells expressing
Cdrl that were resistant to RC21v3. Sequencing the
CDRI genes in these strains revealed single amino
acid mutations in Cdrl, many within its ELs [35].
Despite the high specificity of RC21v3 for C. albicans
Cdrl, and lack of activity against C. albicans Cdr2 or
Mdrl, RC21v3 enhanced the activity of FLC against
an azole-resistant C. albicans strain in a mouse oral
infection model [95].

Low-to-medium-throughput growth chemosen-
sization-based screens are also useful when a screen
is based on a lead compound with activity that may
be improved by derivatization, or in screens of a par-
ticular family of related compounds. Cerulenin is a
substrate of several antifungal efflux pumps [96,97]
and screening of approximately 30 synthesized ana-
logs identified three as inhibitors of C. albicans MEFS
transporter Mdrlp [53]. Derivatives of an oxathio-
lone-fused chalcone with antifungal activity [72] were
shown to have ABC and MFS pump chemosensitiz-
ing activities [60] and a screen of structurally related
low molecular mass compounds with a cyclobu-
tene-dione (squarile) core identified inhibitors of
the C. albicans Mdrlp efflux pump [5s5]. In the last
example, overexpression of C. albicans Mdrl in .
cerevisiae was used as the primary screen and S. cere-
visiae overexpressing C. albicans Cdrl was used as a
counter-screen to eliminate compounds that affected
ABC pumps as well as the targeted MFS efflux pump
Mdrl.

Although assays using growth measures of che-
mosensitization have identified inhibitors of efflux
pumps, assays using fluorescent substrates are more
readily applicable to HTS, as automated systems for
assay readouts have been developed. A fluorescent
substrate is used as a surrogate for the target anti-
fungal drug with inhibition of the efflux pump caus-
ing retention of the fluorescent substrate within the
yeast cells (Figure 4). Reported fluorescent substrates
of fungal efflux pumps include the mitochondrial

Review

fsg

future science group

www.future-science.com

1491



Holmes, Cardno, Strouse et al.

Review

As4n [40av b:s/X/:\ //Mﬂr

[G9'9'ag €G] uneluug

A SN ENOgY Ananoy
[2s] seaneausp ulusnia) (0]

=

‘pa1iodal 10N YN
*suaauds ybnoayl paynnuapl sdwnd xnjjye jebung -z 2anbiy4

AS4dN A oav Aoy G

[5S] 90514

S4IN [x] 08V \Q\Eo,\
[#S] v punodwoo °*HO ¢

9109 9|ienbs _

N SN [A 09V “Auanoy
[29] (H=4) ajnuos|

(Auanoe [enp faeinauid) g dnoan

I
Z/—_\J\/\
J\H O O. O
O
HN

O

[x] S4N [#] 0aV
“Aunioy
[62] ueouanneag XS4 7108V Ayanoy

[¥8] suiwreUUN

7 S4W [x] 0av Aunnoy

[29] (eN°OS = H)
s|jola)s pereyding

YN S4IN [ 0gv Ananoy

A SN [A 08Y Aoy - 080

[09] (H 40 oy = Y) seuossyside)

o
o
N D
o
%
° & S4n A 08V T
Aunnoy A
[S9] suAwaqi z

A S4N A4 08V Aoy
[6G] seaneausp auoojeyn

1S4 [A] 08V :Annnoy
[es] aunfbioln

\\\/_ﬂ\/\/o

10

10

28] usjosdnal *
HO
HO
I
mIO\/\Z/\I
0.
YN S4IN [ 0aY “Auanoy
[19] suousyedoiq
le]
H
N SN A0av Auanoy N
[18] senneAusp suizelyousyd @M H@
S
ES4N 708V Aoy ? / <
[v€] erLzod - o
l¢]

*HNOD-HHMIN)HOMM44-"HN-a

XS4 [A108V “Aunioy

e8] josaureS _._o/\J\/\J\/\J\
[x1S4 _N_om_< .
Aunnoy (e} (e} _._u_u

O—O

[go] ulwnoing

L
HO' OH

(oi10ads gy ‘4ejnouid) 9 dnouy (avads SN 10 ANANDE [enp ‘dejnaaid-uou) g dnoin

(oi0ads 9gv aq Aew ‘iejnauio-uou) y dnoin

Future Med. Chem. (2016) 8(12) future science group ng

1492



stains R6G and rhodamine-123 (R123) [58], the
lipid stain Nile Red [76.98] and the potentiometric
probe 3,3’-dipropylthiacarbocyanine iodide (diS-
C3(3)) [60,99]. Automation and selection of suitable
pump substrate(s), control strains, control inhibitors
and compound libraries are critical for HTS. Pheno-
typic screens which use whole cells, such as the yeast
screens described here, have the strategic advantage
that toxic side effects can be monitored within the
assay system [100]. Multiplexing (including more than
one yeast strain in the assay, each expressing different
pumps) further increases throughput, by allowing
simultaneous testing of several targets. Care must be
taken to incorporate appropriate secondary screens,
as fluorescent substrates of efflux may respond dif-
ferently to inhibition than the antifungal targeted.
For example, FLC does not inhibit the efflux of R6G
by C. albicans Cdrl. Additionally, such assays are
only applicable to yeast cells, not hyphal cells, which
aggregate, cannot be held in suspension, and have
variable intracellular volumes. Systems used for HTS
include: the HyperCyt® HT flow cytometry plat-
form [100-102); or a combination of multidrop delivery
systems, liquid handling workstations and fluorim-
eters using 384 microtiter plates to reduce reagent
volumes [103]. Our group has used both systems in
HTS screens for inhibitors of C. albicans efflux
pumps [54,76] and the C. glabrata Cdrl efflux pump

[CANNON ET 4L., UNPUBLISHED OBSERVATIONS].

High-throughput primary screens using
recombinant S. cerevisiae strains

Flow cytometry-based HTS assays

Flow cytometry has been used to screen the Prestwick
chemical library, using the fluorescent substrate R6G
and individual recombinant yeast strains expressing
either C. albicans ABC transporter Cdrl or Cdr2 [54].
Yeast cells were preloaded with R6G and distributed
into 384-well microtiter plates which were config-
ured with control wells for negative, unblocked,
transporter activity controls (low fluorescence) and
positive, blocked (transporter inhibited by enniatin
B) controls (high fluorescence), respectively. The
AD/pABC3 empty cloning cassette control strain
was also used as a positive labeling control (high
fluorescence), and acted as a further counter screen
to identify any off-target effects of the test com-
pounds against fungal cells. Test compounds, stored
as dimethyl sulfoxide stocks, were added to the test
wells and, after incubation, the cell-associated fluo-
rescence was measured with the HyperCyt® system
to determine pump activity. Specialized software
(IDLeQuery) was used to analyze the data. A fluo-
rescence reading with a fivefold change in median

Targeting efflux pumps to overcome antifungal drug resistance

Primary screen

* Chemosensitization of growth to FLC; or
¢ Inhibition of fluorescent substrate efflux

|

Secondary screens
¢ MIC determination; and
* Checkerboard MIC; and
e ATPase assay; and
e Activity against other fungal efflux pumps

|

Counter-screens
e Activity against mammalian pumps; and
e Activity against Pma1i (proton ATPase); and
* Toxicity towards human cells.

Figure 3. Screening process using heterologous
expression of fungal efflux pumps.

fluorescence signal, relative to the negative controls
without added inhibitor, defined hits. Of the nine
hits obtained, only clorgyline showed a >90% inhi-
bition of both Cdrl and Cdr2. The broad-spectrum
efflux pump inhibitory activities of clorgyline were
confirmed in secondary assays [54].

The flow cytometry assay was developed further
as a multiplex assay in which three ‘sentinel’ strains
(expressing C. albicans Cdrl, Cdr2 or Mdrl), each
tagged with a different fluorphore, were included in
each well. The fluorescent substrate was Nile Red,
which is effluxed by all three pumps (R6G is not a
substrate of MFES pumps) and has the additional
advantage that it is only fluorescent when cell-asso-
ciated [76]. This screen was applied to the MLSMR
(329,018 compounds). A total of 357 compounds
from 40 clusters of related compounds were cherry-
picked for further analysis using strains expressing
individual pumps and also for dose-response deter-
minations. The single point data from the cherry-
pick analysis have been uploaded to PubChem (AIDs
588522, 588518, 588520 and 588517). Hits were
analyzed both for activity against all efflux pumps
(broad-spectrum) and for specific activity against
C. albicans ABC transporters Cdrl and Cdr2 or the
MDR transporter Mdrl. Several broad-spectrum hits
were confirmed but dose response curves did not show
any compounds with inhibition at submicromolar
concentrations [63]. Interestingly, at least three of the
hits (SID #s 4254537; 26660549 and 26661268) were
also identified in a related HTS screen (AID1979)
which used growth chemosensitization of a C. albicans
strain to FLC as the basis of the HTS.
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Spectrofluorimetric-based assay

Microplate spectrofluorometers have been used to
measure the R6G effluxed from yeast cells, pre-
loaded under energy-depleted conditions, into the
culture supernatant following filtration to remove
the yeast [16]. It might be assumed that filtration
would be necessary because the remaining intracel-
lular R6G fluorescence would overwhelm or cancel
out the increasing supernatant signal. Such a filtra-
tion step would preclude development of a fluorim-
eter-based automated HTD assay. In contrast, we
postulated that the fluorescent substrate Nile Red,
which is only fluorescent when cell associated, would
be compatible with fluorimeter plate-reader based
HTS (Figure 4), and our preliminary experiments

;

Preparation of
yeast cells for HTS

\

have confirmed this. We have also found that the
signal from R6G effluxed from energized yeast cells
into the assay supernatant can, in fact, be detected
in wells still containing the cells. This possibly
reflects quenching of the intracellular fluorescence
compared with that from the supernatant. Furcher
experiments were undertaken to confirm the utility
of both substrates for a spectrofluorometric-based
HTS and to optimize assay conditions [Canvon er.iz.,
UNPUBLISHED OBSERVATIONS]. Strains expressing either C.
albicans Cdrl or C. glabrata Cdrl, pre-loaded with
R6G, were stable on ice for some hours allowing
time for distribution into multiple 384-well microti-
ter plates. The optimal glucose assay concentration
was found to be 20 mM. Following optimization,

Yeast cell expressing
pump (de-energized)

Nb Nile red is not
fluorescent in solution

t— {3 Nile red (no Gic)

Wash

HTS

Add Gilc (pump energized)

Low intracellular

\ - Inhibitor
fluorescence

O

HTS assay methods

+ Inhibitor

High intracellular
fluorescence

Inhibitor dﬂ

Flow cytometry: Measures cell fluorescence (hits: high fluorescence)

Microtitre plate: Measures total fluorescence in well (hits: high fluorescence)

Figure 4. Whole-cell fluorescence-based fungal efflux pump assays for high-throughput screens.

HTS: High-throughput screen.

1494

Future Med. Chem. (2016) 8(12)

fsg

future science group



the R6G efflux signal:background (S:B) ratio (com-
paring assays in the presence or absence of glucose)
was consistently >3.0. In a preliminary automatic
dispensing experiment using a multidrop apparatus,
satisfactory Z factor values [104] of between 0.68 and
0.78 were obtained (36 replicates). Using these con-
ditions, we completed a pilot screen with the S. cere-
visiae strain expressing C. glabrata Cdrl [Carono zr.az.,
UNPUBLISHED OBSERVATIONS]. The screen comprised 40
x 384-well library plates containing 12,401 com-
pounds, consisting of 4801 known drugs and a
further 7600 in-house library compounds. Each
compound was dispensed into 384 well microtiter
plates, and each plate also contained replicate wells
of the control inhibitor beauvericin (Figure 2). A sus-
pension of yeast cells, pre-loaded with R6G under
de-energized conditions, was seeded directly onto
compounds before the addition of glucose to start
efflux pump activity. Plates were incubated at room
temperature for 1 h, and efflux pump activity was
measured by quantifying fluorescence on an Envi-
sion plate reader. Fifteen hits were obtained, but
efflux inhibitory activity remains to be confirmed in
secondary assays.

Secondary assays to confirm & characterize
screen hits

We have developed routine assays of fungal efflux
pump functions and demonstrated that these assays
can be used to assess the effectiveness of inhibi-
tors [35,54-56]. These assays include whole-cell-based
assays (agarose disk chemosensitization; liquid
MIC chemosensitization; R6G efflux) and an in
vitro assay of pump activity (oligomycin-sensitive
ATPase activity in plasma membrane prepara-
tions) (Figure 3). The assays are complementary: the
growth-based chemosensitization assays demon-
strate both direct and indirect effects of compounds
tested over a long time scale (24 h); inhibition of
efflux of R6G from whole cells into filtered super-
natants measures direct inhibition of efflux over a
short time scale (minutes) and the in vitro oligomy-
cin-sensitive ATPase activity determines inhibitory
activity at the molecular level. The pH dependence
and oligomycin sensitivity of the ATPase activity
measured in this assay differentiates it from the
activity of the plasma membrane H*-ATPase Pmal
present in the membrane preparations.

Whole cell assays
* Agarose diffusion chemosensitization assay: che-

mosensitization to antifungals can be demon-
strated by agarose diffusion, using either S. cere-

Targeting efflux pumps to overcome antifungal drug resistance

visiae strains expressing fungal efflux pumps or
resistant clinical isolates. Inert sterile filter paper
disks containing each hit compound are placed at
suitable distances from each other on a lawn of the
yeast cells inoculated on agarose containing sub-
MIC concentrations of the azole [56,58]. A zone of
growth inhibition around the disk indicates che-
mosensitization which can then be confirmed in
liquid assays as described below.

e Checkerboard liquid chemosensitization assay: if

hit compounds target the fungal efflux pumps then
they will chemosensitize S. cerevisiae cells expressing
the pumps to FLC and other azoles (when present
in the medium at sub-MIC levels) 35.54,55]. Initially
the minimal inhibitory concentrations (MICs) of the
azoles and the hit compounds for the pump-express-
ing S. cerevisiae strain are determined. Then microti-
ter plates containing the azole and hit compound in
a checkerboard format (the azole is diluted twofold
across the columns of a separate plate before transfer
to the experimental plate containing twofold dilu-
tions of the hit compound down the rows) are inocu-
lated with the yeast strain. Cell growth is monitored
at 24 and 48 h. The effect of sub-MIC concentrations
of hit compound on the azole MIC, and vice versa,
can confirm additivity or synergy between the azole
and pump inhibitor. After 48 h incubation, samples
from wells with no visible growth can be spotted on
agar plates with no azole to test for cell viability, indi-
cating whether the azole/inhibitor combination is
fungicidal or whether the fungistatic property of the
azole is retained. These assays can be used to confirm
activity against azole-resistant clinical isolates.

¢ Confirmation of efflux inhibition: efflux detected

in the HTS may reflect induced permeability of the
yeast cells rather than inhibition of the transporter,
therefore all inhibitors should be checked in an assay
based on detection of rhodamine efflux into filtered
supernatants [16] or centifuged supernatants [s8] (this
cannot be done with the substrate Nile Red as it is
nonfluorescent in solution). Cells preloaded with
R6G or R123 are distributed to microplate wells and
appropriate dilutions of the putative pump inhibi-
tor and controls added. Glucose is then added to the
cells to start efflux and at a predetermined appropri-
ate time the cell suspension is transferred to a glass
fiber filter plate and supernatants are collected into
a receiver plate by application of a vacuum. R6G
fluorescence can then be determined in a spectro-
fluorometer using excitation and the emission wave-
lengths of 485 and 520 nm, respectively, and the
effectiveness of the test inhibitor determined.
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e Counter-screen: it is important to ensure that can be obtained from S. cerevisiae with minimal
inhibitors of fungal efflux pumps do not affect mitochondrial contamination [105] in which ABC
important mammalian transporters such as pump-related ATPase activity can be distinguished
ABCBI1. The chemosensitization and efflux from the plasma membrane proton pump (Pmalp)
assays described above can be carried out using ATPase activity due to its oligomycin sensitivity.

S. cerevisiae strains expressing mammalian pumps. o )
* Toxicity assays: secondary assays to ensure hit com-

In vitro assays using purified plasma membrane pounds are not toxic to human cells are needed

preparations before animal toxicity and efficacy evaluations can be

undertaken. Red blood cell lysis is a useful indicator

*  ATPase assay: if a hit compound is indeed targeting of direct effects on human cell membranes; release
the ABC fungal efflux pump it should inhibit the of hemoglobin can be determined by absorbance at
ATPase activity of the pump. Plasma membranes 540 nm. Two other absorbance peaks for oxidized

Background

e Fungi pose a serious threat to human health and there is a limited number of classes of antifungal agents
available.

e Drug resistance of fungal pathogens is an increasing clinical problem.

e An alternative to discovering new drug targets is to overcome known resistance mechanisms for otherwise
efficacious antifungal drugs.

Efflux pumps as drug targets

e Efflux pumps are responsible for high-level resistance of fungi to drugs such as the azole antifungals. Until

it becomes possible to design inhibitors in this class that are not substrates of drug efflux pumps, the pumps

have potential as secondary sites for chemotherapeutic intervention.

Efflux pumps are druggable targets, as inhibitors have been identified.

e There are several sites on ABC efflux pumps that can be targeted.

Drug efflux pumps are often localized in the plasma membrane and present extracellular targets. This means

that drugs targeting extracellular portions of the pumps will not need to penetrate the cell membrane, will

not be subject to cellular detoxification or efflux.

e There are multiple efflux pump genes in fungal genomes. The efficacy of pump inhibitors in overcoming drug

resistance depends on the contribution of different pumps to the resistance phenotype and the specificity of

inhibitors to these pumps.

Efflux pumps play vital roles in human cells. It is important that fungal pump inhibitors do not affect these

vital host functions.

Advantages of using Saccharomyces cerevisiae to express fungal efflux pump targets

e Saccharomyces cerevisiae expresses fungal efflux pumps at high levels. S. cerevisiae can be easily genetically
manipulated to delete endogenous efflux pumps. This means that heterologous efflux pumps can be studied
in the absence of other pumps and the high expression level gives a strong phenotype facilitating inhibitor
screening in vitro and with whole cells.

e S. cerevisiae is a robust micro-organism that is easily cultured and integrating heterologous pump genes
at a chromosomal locus provides very stable strains. Both haploid and diploid strains of S. cerevisiae can be
generated. Haploid strains are better hosts for genetic manipulations and gene expression, whereas diploid
strains are better for modelling allele polymorphisms.

e Panels of S. cerevisiae strains each expressing different efflux pumps enables valuable secondary screens to
ensure novel antifungals are not substrates of efflux pumps.

e Saccharomyces cerevisiae suppressor mutants can be used to identify the molecular target of chemosensitizers.

Outcomes of screens for fungal efflux pump inhibitors

e A variety of medium-throughput and high-throughput screens have been used to identify fungal efflux pump
inhibitors.

e Avariety of chemical compounds and peptides have been identified that inhibit efflux pumps in vitro.

e Some of these inhibitors are very specific and only inhibit a narrow range of efflux pumps. Others have broad
specificities and inhibit both ABC and MFS transporters.

e One specific ABC pump inhibitor, modified D-peptide RC21v3, has been shown to be effective in a mouse
model of oral candidiasis caused by a fluconazole-resistant clinical isolate by acting synergistically with
fluconazole to reduce symptoms and fungal burden.

¢ No fungal efflux pump inhibitors have entered clinical trials.
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heme, 405 and 576 nm, can also be used to measure
hemolysis if needed to overcome interference from
the absorbance of the test compound. Measurements
for a nonhemolyzed control or for 100% hemolysis
can be determined in the presence of buffer only or
buffer containing a detergent such as Triton X-100,
respectively. The polyene antifungal amphotericin
B provides a reference hemolysis value [35]. Cultured
human cells, such as HEp2 cells, can be used to flag
other toxicity issues. For example, cell viability in the
presence or absence of test compounds can be deter-
mined using live-dead fluorescent stains and confo-
cal microscopy [35]. Again toxicity can be evaluated
relative to the antifungal amphotericin B.

This panel of secondary- and counter-assays can be
carried out with hits and optimized leads as a prelude
to animal and clinical testing of efflux pump inhibi-
tors. Activity in animal models of fungal infection
has been demonstrated for some efflux pump inhibi-
tors, such as the milbemycins [106] and the octapeptide
derivative RC21v3 [95].

Future perspective

Invasive fungal infections represent an emerging global
health challenge which is accentuated by drug-resis-
tance. There is a pressing need to develop novel treat-
ment strategies in order to overcome drug-resistant
fungal infections.

* Drug resistance is an inevitable consequence of
microbial adaptation and evolution in response to
selective pressure. This means there is a constant
need to develop new antifungal agents, but also
to devise ways of minimizing or overcoming the
emergence of antifungal resistance.

* The development of potent specific pump inhibi-
tors that target efflux pumps responsible for xeno-
biotic efflux would benefit from atomic-level pump
structures that could guide drug design. There are
currently no crystal structures for fungal PDR-
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