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ABSTRACT Candida auris is an emerging fatal fungal infection that has resulted in
several outbreaks in hospitals and care facilities. Current treatment options are lim-
ited by the development of drug resistance. Identification of new pharmaceuticals to
combat these drug-resistant infections will thus be required to overcome this unmet
medical need. We have established a bioluminescent ATP-based assay to identify
new compounds and potential drug combinations showing effective growth inhibi-
tion against multiple strains of multidrug-resistant Candida auris. The assay is robust
and suitable for assessing large compound collections by high-throughput screening
(HTS). Utilizing this assay, we conducted a screen of 4,314 approved drugs and phar-
macologically active compounds that yielded 25 compounds, including 6 novel anti-
Candida auris compounds and 13 sets of potential two-drug combinations. Among
the drug combinations, the serine palmitoyltransferase inhibitor myriocin demon-
strated a combinational effect with flucytosine against all tested isolates during
screening. This combinational effect was confirmed in 13 clinical isolates of Candida
auris.

KEYWORDS Candida auris, drug repurposing, drug combination therapy, multidrug
resistance

C andida species bloodstream infections (candidemia) represent the fourth most
common type of bloodstream infection in the United States (1) and have an esti-

mated worldwide prevalence of 25,000 cases annually (2), associated with a 19% to
24% mortality rate (3). Candida auris is an emerging, multidrug-resistant fungal species
that has recently caused several nosocomial outbreaks in the United States and world-
wide (4; see also https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.html).
Since its first description in 2009 (5), an increase in cases has been reported globally
and is growing relentlessly. In the United States, 988 cases were reported by the end of
2019 according to the Centers for Disease Control and Prevention (CDC), occurring in
those who have undergone recent surgery, used invasive medical devices, taken long-
term antibiotics, stayed in health care settings, or who have underlying weakened
immune systems. The fungus causes invasive infections, especially bloodstream,
wound, and ear infections, with high mortality rates ranging from 28% to 56% (6, 7)
and is distinguished by its ability to survive for prolonged periods on both patients as
well as on inanimate surfaces, making it difficult to eradicate within the hospital envi-
ronment (8). In addition, while C. auris was initially reported in 2009 to be fully
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susceptible to clinically relevant antifungals (5), by 2011 resistance to the azole antifun-
gal fluconazole had become evident (9). Currently in the United States, over 90% of
cases exhibit elevated MICs to fluconazole (.32mg/liter), 30% elevated MICs to
amphotericin B, and 5% elevated MICs to echinocandins (https://www.cdc.gov/fungal/
candida-auris/c-auris-antifungal.html). Most of the isolates are resistant to at least two
of the three classes of commonly used antifungal agents (polyenes, azoles, and
echinocandins).

Using molecular approaches, C. auris has been divided into four distinct geographic
clades, namely, South Asian (I), East Asian (II), African (III), South American (IV), and a
recently discovered fifth Iranian clade; the East Asian clade predominantly causes ear
infection (6, 10). Gene mutations in the ERG11 gene encoding the target of azole anti-
fungal drugs (cytochrome P450 lanosterol 14a-demethylase) are found in the South
American (Y132F) and South Asian (Y132F or K143R) clades and are associated with
reduced susceptibility to fluconazole (6, 11). In addition, mutations in the ABC trans-
porter CDR1 and the heat shock protein gene HSP90 have been linked to azole resist-
ance (12).

Drug repurposing screens have been implemented as an alternative approach to
rapidly identify new therapeutics for emerging diseases caused by viruses, bacteria,
parasites, and fungi (13–17). Thus, we sought to identify potential new drugs and ther-
apeutic options to combat infections caused by drug-resistant strains of C. auris. We
report here a new C. auris viability assay measuring ATP content in live cells that is ro-
bust and capable of high-throughput screening (HTS) of compound libraries. Several
new active compounds, as well as sets of potential two drug combinations, were iden-
tified after screening 4,314 approved drugs and pharmacologically active compounds
using this assay.

RESULTS
Optimization of C. auris viability assays for HTS. A high-throughput screening

assay was first developed by an adaptation of a standard broth microdilution method
for antifungal susceptibility testing of yeasts posted by the Clinical and Laboratory
Standards Institute (CLSI) (Fig. 1A) (18). C. auris viabilities indicated by both measure-
ment of optical density at 530 nm (OD530) and ATP content measurements were deter-
mined as endpoint readings that were utilized to quantitate drug responses. The
assays were developed using two drug-resistant C. auris strains, 0384 and 0390, in a
384-well plate format with two known antifungals, micafungin (20mg/ml) and posaco-
nazole (10mg/ml), as positive controls. Only the ATP-based assay displayed good sig-
nal-to-basal windows between vehicle (dimethyl sulfoxide [DMSO]) and drug-treated
groups after a 48-h incubation and thus was selected for the following experiments.
Three C. auris fungal suspension dilutions at densities of 1:1,000, 1:500, and 1:200 were
tested along with two incubation time points of 24 and 48 h (Fig. 1B) in the ATP-based
assay. At 24-h, the ATP-based assay signals increased with the increases in fungal den-
sities, while small reductions in signals with increases in fungi densities after 48 h of
incubation suggested that a growth plateau was reached under this condition.
Micafungin exhibited better growth inhibition than posaconazole at the tested con-
centrations (Fig. 1C). Under all tested conditions, micafungin treatment reduced the
ATP content signals to less than 5% of the DMSO control group for strain 0390.
Comparable efficacy (.95% inhibition) for strain 0384 was only achieved when the
conditions of low cell density (1 to 1,000 dilution) and short incubation time (24 h)
were implemented. Based on the growth curves and the responses to positive-control
compounds, 1:1,000 dilution of fungal stocks and a 24-h incubation time were selected
for further use in compound screening.

Screening of the annotated compound library and hit confirmation. Using the
conditions established above, three small-molecule compound libraries, namely the
Library of Pharmacologically Active Compounds (LOPAC; 1,279 compounds), NCGC
Pharmaceutical Collection (NPC) approved drugs collection (2,816 compounds), and
solvent-specific anti-infective drug collection (219 compounds), were screened against
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three drug-resistant strains, 0384, 0385, and 0390, in 384-well plates. The parameters
of assay quality, including the signal-to-basal ratio, coefficient of variation (CV), and Z9
factor, were monitored using control plates (tested only with the positive control and
solvent vehicle). Representative plate data and statistical parameters of each strain are
shown in Fig. S1 in the supplemental material. Each compound in the first two libraries
was screened at one concentration (7.67mM), whereas compounds in the anti-infective
compound collection were tested in an 8-point dose titration screen. Compounds
showing .40% normalized inhibition against at least one strain were selected for fol-
low-up hit confirmation. A total of 111 compounds were identified in this primary
screen, with a hit rate of 2.5%. This set of hits was retested in the same assay in a 11-
point concentration-response manner, resulting in 20, 18, and 16 confirmed com-
pounds with .60% normalized inhibition against strains 0384, 0385, and 0390,
respectively (half-maximum inhibition concentration [IC50] and efficacy values are
listed in Table 1). Among these confirmed compounds, 11 were found to be active
against all strains (Fig. 2A). These 11 compounds comprise four groups that include

FIG 1 Workflow and optimization. (A) Scheme of anti-Candida auris susceptibility assay. Candida auris harvested from colonies grown
on Sabouraud dextrose agar (SDA) were incubated in RPMI medium with compounds to identify inhibitors. (B and C) Optimization of
the ATP-based antifungal susceptibility assay by fungal density and incubation time. Cells were diluted with fresh medium into ratios
of 1 to 1,000, 1 to 500, and 1 to 200 prior to dispensing into assay plates. (B) Fungal growth was detected by an ATP-based assay at
24 and 48 h. (C) Two known compounds, posaconazole and micafungin, were tested against strains 0384 and 0390 to serve as a
positive control.

Drug Repurposing for Candida auris Antimicrobial Agents and Chemotherapy

April 2021 Volume 65 Issue 4 e01305-20 aac.asm.org 3

https://aac.asm.org


TA
B
LE

1
C
on

fi
rm

ed
ac
ti
ve

co
m
p
ou

nd
s
ag

ai
ns
tC

an
di
da

au
ris

Sa
m
p
le
ID

a
N
am

e
In
d
ic
at
io
n

A
ct
iv
it
y
ag

ai
n
st
C
.a
ur
is
st
ra
in
:

Pr
ev

io
us

re
p
or
t(
s)

03
84

03
85

03
90

IC
5
0
(m

g
/m

l[
m
M
])

%
ef
fi
ca
cy

IC
5
0
(m

g
/m

l[
m
M
])

%
ef
fi
ca
cy

IC
5
0
(m

g
/m

l[
m
M
])

%
ef
fi
ca
cy

N
C
G
C
00

16
44

93
-0
2

D
ip
yr
it
hi
on

e
A
nt
ifu

ng
al
(t
op

ic
al
)

0.
05

(0
.2
2)

10
8.
64

0.
06

(0
.2
4)

99
.4
3

0.
02

(0
.0
7)

10
0.
97

N
on

e
N
C
G
C
00

27
40

60
-0
5

Po
sa
co
na

zo
le

A
nt
ifu

ng
al

0.
43

(0
.6
1)

64
.4
0

0.
54

(0
.7
7)

10
1.
94

0.
96

(1
.3
7)

94
.0
8

22
N
C
G
C
00

01
65

99
-0
4

Fl
uc
yt
os
in
e

A
nt
ifu

ng
al

0.
35

(2
.7
3)

13
0.
76

0.
16

(1
.2
2)

10
1.
77

0.
13

(0
.9
7)

10
8.
33

21
,2
2

N
C
G
C
00

01
63

91
-1
3

C
lio

qu
in
ol

A
nt
is
ep

ti
c

0.
59

(1
.9
3)

12
5.
08

0.
47

(1
.5
4)

10
5.
57

0.
37

(1
.2
2)

10
3.
97

21
,2
2

N
C
G
C
00

09
48

15
-0
6

Br
ox

yq
ui
no

lin
e

A
nt
ip
ro
to
zo
al

0.
66

(2
.1
7)

10
8.
87

0.
52

(1
.7
2)

10
1.
32

0.
47

(1
.5
4)

10
1.
63

N
on

e
N
C
G
C
00

09
52

64
-0
4

C
hl
or
ox

in
e

A
nt
is
ep

ti
c

0.
37

(1
.7
2)

11
4.
05

0.
33

(1
.5
4)

10
6.
64

0.
33

(1
.5
4)

10
3.
20

21
,2
2

N
C
G
C
00

01
80

98
-0
9

D
iio

do
hy

dr
ox

yq
ui
no

lin
e

A
nt
ip
ro
to
zo
al

1.
36

(3
.4
4)

12
1.
21

0.
68

(1
.7
2)

98
.0
7

0.
61

(1
.5
4)

93
.3
0

N
on

e
N
C
G
C
00

16
21

65
-0
3

A
C
-9
32

53
io
di
de

A
nt
ic
an

ce
r

1.
39

(3
.8
6)

10
8.
18

1.
39

(3
.8
6)

69
.2
5

1.
76

(4
.8
6)

11
1.
62

N
on

e
N
C
G
C
00

01
71

12
-1
0

C
ic
lo
p
iro

x
A
nt
ifu

ng
al
(t
op

ic
al
)

2.
12

(7
.9
0)

13
2.
70

2.
12

(7
.9
0)

11
1.
25

2.
12

(7
.9
0)

11
1.
82

21
,2
2

N
C
G
C
00

17
79

80
-0
3

O
xi
co
na

zo
le
ni
tr
at
e

A
nt
ifu

ng
al
(t
op

ic
al
)

1.
90

(3
.8
6)

80
.6
7

2.
68

(5
.4
5)

78
.5
8

2.
68

(5
.4
5)

88
.1
2

N
on

e
N
C
G
C
00

17
83

52
-0
6

A
le
xi
di
ne

di
hy

dr
oc
hl
or
id
e

A
nt
is
ep

ti
c

3.
17

(5
.4
5)

11
4.
50

3.
17

(5
.4
5)

10
1.
61

3.
17

(5
.4
5)

11
7.
93

21
,2
2

A
ga

in
st
tw

o
st
ra
in
s

N
C
G
C
00

09
10

23
-1
1

C
et
yl
p
yr
id
in
iu
m

(c
hl
or
id
e

m
on

oh
yd

ra
te
)

A
nt
is
ep

ti
c

1.
66

(5
.4
5)

98
.9
8

1.
66

(5
.4
5)

11
0.
72

N
on

e

N
C
G
C
00

16
35

97
-0
4

M
yr
io
ci
n

A
nt
ifu

ng
al
/

im
m
un

om
od

ul
at
or

0.
38

(0
.9
4)

11
1.
66

0.
19

(0
.4
7)

97
.3
8

N
on

e

N
C
G
C
00

17
90

34
-2
1

Pe
nt
am

id
in
e
is
et
hi
on

at
e

A
nt
ip
ro
to
zo
al

2.
56

(4
.3
3)

86
.6
1

2.
88

(4
.8
6)

11
1.
28

21
N
C
G
C
00

17
95

96
-0
3

Bu
to
co
na

zo
le
ni
tr
at
e

A
nt
ifu

ng
al
(t
op

ic
al
)

2.
31

(4
.8
6)

69
.1
9

2.
59

(5
.4
5)

10
8.
77

N
on

e
N
C
G
C
00

02
50

00
-0
9

Ke
to
co
na

zo
le

A
nt
ifu

ng
al

0.
73

(1
.3
7)

10
1.
06

0.
92

(1
.7
2)

96
.2
0

21
N
C
G
C
00

16
06

64
-0
5

N
it
ro
xo

lin
e

A
nt
ib
io
ti
c

1.
04

(5
.4
5)

10
1.
04

1.
04

(5
.4
5)

10
8.
41

N
on

e
N
C
G
C
00

16
05

66
-0
2

Br
oq

ui
na

ld
ol

A
nt
ip
ro
to
zo
al

1.
73

(5
.4
5)

79
.2
9

1.
37

(4
.3
3)

11
7.
37

N
on

e
A
ga

in
st
on

e
st
ra
in

N
C
G
C
00

01
53

60
-0
8

Pe
nt
et
ic
ac
id

M
ed

ic
al
im

ag
e/
in
te
rn
al

co
nt
am

in
at
io
n

1.
05

(2
.6
6)

10
7.
41

21

N
C
G
C
00

16
74

30
-0
4

Ti
oc
on

az
ol
e

A
nt
ifu

ng
al

0.
75

(1
.9
3)

73
.2
2

21
N
C
G
C
00

01
52

51
-0
9

C
lo
tr
im

az
ol
e

A
nt
ifu

ng
al
(t
op

ic
al
)

1.
33

(3
.8
6)

89
.4
7

N
on

e
N
C
G
C
00

34
82

15
-0
9

Be
da

qu
ili
ne

(f
um

ar
at
e)

A
nt
i-t
ub

er
cu
lo
si
s

2.
40

(4
.3
2)

62
.8
2

N
on

e
N
C
G
C
00

15
94

17
-0
6

Tr
ic
lo
sa
n

A
nt
ib
ac
te
ria

l/
an

ti
fu
ng

al
2.
95

(1
0.
18

)
61

.8
7

N
on

e
N
C
G
C
00

16
46

22
-0
4

Vo
ric

on
az
ol
e

A
nt
ifu

ng
al

1.
51

(4
.3
3)

93
.5
8

21
,2
2

N
C
G
C
00

16
99

64
-0
5

C
yc
lo
he

xi
m
id
e

A
nt
ifu

ng
al
/a
nt
ic
an

ce
r

0.
77

(2
.7
3)

10
7.
56

21
a
ID
,i
de

nt
ifi
er
.

Cheng et al. Antimicrobial Agents and Chemotherapy

April 2021 Volume 65 Issue 4 e01305-20 aac.asm.org 4

https://aac.asm.org


FIG 2 Concentration-response curves. (A) Concentration-response curves of compounds with pan-activity for all tested strains. Each data point is presented as
mean 6 standard deviation (SD) for three independent experiments. (B) Concentration-response curves of myriocin with or without flucytosine. Each data point is
presented as mean 6 standard deviation (SD) for two experiments.
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five antifungals (dipyrithione, posaconazole, flucytosine, ciclopirox, and oxiconazole),
three antiseptics (clioquinol, chloroxine, and alexidine dihydrochloride), two antipro-
tozoals (broxyquinoline and diiodohydroxyquinoline), and one anticancer drug (AC-
93253 iodide).

Drug combination testing. Because the IC50 values of the confirmed hits above
were in the micromolar range, drug combinations were then tested to identify com-
pounds that may have synergistic actions against C. auris. We excluded dipyrithione
from synergistic testing despite its submicromolar potency, since it is a bioactive anti-
infective agent limited to topical application in products such as shampoo. Flucytosine
is an antifungal agent used for treatment of serious Candida infections with an IC50

value (0.97 to 2.73mM) that is lower than its targeted therapeutic plasma concentra-
tions and which thus may be useful to combine with other drugs identified above.
Fourteen compounds were selected to test in combination with flucytosine against
strains 0384, 0385, and 0390, including 10 compounds with known antimicrobial activ-
ities described above, three clinically useful antifungal agents, and one previously
reported to have modest anti-C. auris activity (sulfamethoxazole) (19) (see Table S1 in
the supplemental material). Concentration response experiments compared the dose-
response curves of 14 compounds alone versus those of combinations with 0.55mM or
0.91mM flucytosine, which represent one-third and one-fifth of the concentrations of
the IC50 for flucytosine against C. auris strain 0384, respectively. These concentrations
also exerted more than 50% growth inhibition for strains 0385 and 0390. Among the
drug combination sets tested, 13 combinations were found to be additive or synergis-
tic as evidenced by a shift of at least 2-fold in the IC50 values toward lower values for
these compounds in the presence of flucytosine versus the respective compound
alone (Table 2). In the presence of 0.91mM flucytosine, the IC50 value for voriconazole
decreased 2.5-fold from 7.2mM to 2.9mM for strain 0384. In the presence of 0.55mM
flucytosine, IC50 value of posaconazole decreased 3-fold from 0.45mM to 0.15mM for
strain 0385. The serine palmitoyltransferase inhibitor myriocin increased activity of flu-
cytosine with synergy against all tested strains with flucytosine increasing myriocin ac-
tivity by 3.3- to 8.9-fold (Fig. 2B). Moreover, most quinoline derivatives yielded
increased activity in the range of 2- to 2.9-fold in combination with flucytosine against
strains 0385 and 0390.

Effects of flucytosine and myriocin combination for clinical isolates. The activ-
ities of flucytosine and myriocin combinations on C. auris were further assessed in 13
clinical isolates, including those in the screening (Table 3). MICs were determined fol-
lowing the guidelines of the Clinical and Laboratory Standards Institute (CLSI) (18).
MIC80 values for flucytosine ranged from 0.125 to 0.5mg/ml, except against strain 0389
which was highly resistant to flucytosine. MIC80 values of myriocin ranged from 0.25 to

TABLE 2 Compounds showing at least a 2-fold IC50 decrease in the presence of flucytosine

Compound

IC50 (mM)

Strain
Flucytosine
concn (mM)Without flucytosine With flucytosine

Myriocin 1.6 0.18 0384 0.91
Voriconazole 7.2 2.9 0384 0.91
Posaconazole 0.45 0.15 0385 0.55
Myriocin 0.63 0.19 0385 0.55
Broxyquinoline 0.66 0.29 0385 0.55
Broquinaldol 2.5 0.89 0385 0.55
Diiodohydroxyquinoline 1.9 0.66 0385 0.55
Clioquinol 0.73 0.30 0385 0.55
Broxyquinoline 0.65 0.24 0390 0.55
Nitroxoline 6.0 2.5 0390 0.55
Myriocin 2.2 0.62 0390 0.55
Broquinaldol 2.1 1.1 0390 0.55
Clioquinol 0.70 0.25 0390 0.55
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4mg/ml. In combination treatment, the concentration of flucytosine decreased to 0.06
to 0.25mg/ml, except against strain 0389, and the concentration ranges of myriocin
were reduced to 0.007 to 0.5mg/ml. The fractional inhibitory concentration index (FICI)
ranged from 0.49 to 0.53, except against strain 0389, which had an FICI of 0.75, sug-
gesting synergistic and additive effects for all isolates.

Lipid analysis. Because of myriocin’s known effects on depletion of sphingolipids
(20), we sought to study the level of the major sphingolipids (Fig. 3) after inhibition by
flucytosine/myriocin combinations by liquid chromatography-mass spectrometry (LC-
MS). Three strains, 0384, 0385, and 0390, were analyzed. Among the tested strains, we
found significant differences in the levels of dihydrosphingosine (DHS), phytosphingo-
sine (PHS), dihydrosphingosine-1-phosphate (DHS-1-P), phytosphingosine-1-phos-
phate (PHS-1-P), dihydroceramide (DHC), phytoceramide (PHC), ceramide (CER), and
certain species of inositol phosphorylceramide (IPC), whereas no differences were
observed for glucosylceramide (GlcCer), which is the most abundant sphingolipid in
this yeast (Table 4).

Upon treatment with flucytosine and myriocin, strain 0384 and, to a lesser
extent, strains 0385 and 0390, significantly decreased the level of DHS and DHS-1-P
(Table 4). Interestingly, upon treatment with flucytosine and myriocin, the level of
PHS-1-P increased dramatically in C. auris 0385 and 0390, but not in C. auris 0384.
The levels of dihydroceramide (DHC), phytoceramide (PHC), and ceramide (CER) did
not change significantly, except for a decreased level of DHC in C. auris 0385 and
0390 (Table 4).

Moreover, the level of all major IPC species (IPC 18:0;3/18:0;0, IPC 18:0;3/24:0;1, and
IPC 18:0;3/24:0;2) significantly increased in C. auris 0384 when it was treated with flucy-
tosine and myriocin (Table 4). This increase was also observed for IPC 18:0;3/26:0;1
(data not shown). The level of these IPCs did not change in C. auris 0385 or 0390 strains
upon treatment. The level of glucosylceramide (GlcCer) was not affected by treatment
in all tested strains. These results suggest that the levels of sphingolipids among differ-
ent strains of C. auris are much less homogenous than expected. Our results also sug-
gest that treatment with flucytosine and myriocin mostly affects the level of sphingoid
bases (DHS, PHS, and their phosphorylated forms), as expected, but also has a signifi-
cant effect on the level of IPC, although this was only observed in C. auris 0384.

DISCUSSION

In the present study, we applied high-throughput screening of multiple approved
drug libraries against three multidrug-resistant C. auris strains (0384, 0385, and 0390)

TABLE 3 Antifungal susceptibility profile against flucytosine and myriocin combination

C. auris
strain ID

MIC80 (mg/ml) for:

FICIa ClassificationFlucytosine
Flucytosine in
combination Myriocin

Myriocin in
combination

0381 0.5 0.25 2 0.007 0.50 Synergistic
0382 0.25 0.125 2 0.007 0.50 Synergistic
0383 0.5 0.25 0.5 0.007 0.51 Additive
0384 0.5 0.25 0.5 0.007 0.51 Additive
0385 0.25 0.125 0.5 0.007 0.51 Additive
0386 0.5 0.25 0.25 0.007 0.53 Additive
0387 0.125 0.06 1 0.007 0.49 Synergistic
0388 0.25 0.125 2 0.007 0.50 Synergistic
0389 .4 4 2 0.5 0.75 Additive
0390 0.25 0.125 4 0.015 0.50 Synergistic
0931 0.25 0.125 0.5 0.007 0.51 Additive
1097 0.25 0.125 0.5 0.007 0.51 Additive
1099 0.5 0.25 1 0.007 0.51 Additive
1100 0.25 0.125 1 0.007 0.51 Additive
aFICI, fractional inhibitory concentration index.
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to rapidly identity alternative therapeutic candidates. While we were working on this
screening in a biosafety level 3 (BSL-3) laboratory, two drug repurposing screens for
anti-C. auris were reported using a Prestwick approved drug library based on an ab-
sorbance assay in a 96-well format (21, 22). Compared to these two reports, we
have developed a viability assay measuring ATP content in live C. auris in a 384-well
plate format that is robust for compound screening, and our approved drug library
contains additional approved drugs and drug candidates (4,314 compounds in our
collections versus 1,280 compounds in the Prestwick approved drug library). We
found a high reproducibility of hits between our results and those reported by Wall
et al. (21), validating our methodology when the same strain, 0390, was used. Wall
et al. reported 27 hits with .70% inhibition at 20mM against C. auris strain 0390.
Our libraries covered 22 of these 27 hits, and 12 of them demonstrated inhibition in
the primary screen (9 validated in confirmation assay) (see Table S2 in the supple-
mental material).

Eleven compounds demonstrated concentration-dependent growth inhibition for
all three tested strains. The five fungicides that comprise the list of active compounds
include three topical medicines (dipyrithione, ciclopirox, and oxiconazole nitrate) and
two oral drugs (posaconazole and flucytosine). Posaconazole, a triazole antifungal
agent, has a MIC breakpoint of 0.06mg/ml for Candida spp., including C. albicans, C.
dubliniensis, C. parapsilosis, and C. tropicalis, according to the European Committee on
Antimicrobial Susceptibility Testing (23, 24), although a clinical breakpoint for treat-
ment of infections by C. auris has not been defined. Fluconazole-resistant fungal strains
often exhibit reduced posaconazole susceptibility. Based on experiences in the treat-
ment of invasive aspergillosis, it may not be possible to achieve a therapeutic response
when MICs are over 1.0mg/liter, and a high or elevated dose could be required when
the MIC is 0.50mg/liter (25). The IC50 values of posaconazole to drug-resistant C. auris
ranged from 0.4 to 1mg/liter in our assay, indicating that posaconazole may be less
suitable to treat C. auris as a single agent. Flucytosine is a fluorinated pyrimidine ana-
log with potent antifungal activity against Candida spp. The 24-h epidemiological cut-
off values (ECVs) for flucytosine are 0.5 to 1mg/liter for some common Candida spp.,
and the susceptible breakpoint of #1mg/ml was established by the British Society for
Mycopathology (26). The IC50 values for flucytosine ranged from 0.1 to 0.4mg/liter in

FIG 3 Schematic representation of the sphingolipid pathways in fungi. All of these reactions are
reversible. A dotted line means additional enzymatic steps are present but are not illustrated for
clarity. DHS, dihydrosphingosine; PHS, phytosphingosine; DHS-1-P, dihydrosphingosine-1-phosphate;
PHS-1-P, phytosphingosine-1-phosphate; DHC, dihydroceramide; PHC, phytoceramide; CER, ceramide;
OH-PHC, hydroxylated-phytoceramide; OH-CER, hydroxylated ceramide; GlcCer, glucosylceramide; IPC
36, inositol phosphoryl ceramide containing 36 carbons (sphingoid base plus fatty acid); IPC 42,
inositol phosphoryl ceramide containing 42 carbons (sphingoid base plus fatty acid); IPC-44, inositol
phosphoryl ceramide containing 44 carbons (sphingoid base plus fatty acid).
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our assay, but the MIC value listed in the CDC panel against strain 0390 is .128mg/li-
ter. The discrepancy could be due to the different assay period (24 h versus 48 h) used
in the experiments. Nevertheless, according to our results, flucytosine in combination
could be a potential treatment option for drug-resistant C. auris. However, significant
toxicity would likely reserve its use for the most resistant infections.

In addition to antifungal agents, our screens identified six novel compounds with
anti-C. auris activity. More significantly, four of them are quinoline derivatives, specifi-
cally 8-hydroxyquinolines, indicating their potential application to treat infections by C.
auris. It is noteworthy that diiodohydroxyquinoline was also observed in the report by
Wall et al. (21). 8-Hydroxyquinolines have diverse therapeutic applications, including
neuroprotection, anticancer, anti-inflammatory, and antimicrobial effects. Their antimi-
crobial activities have been reported to encompass broad-spectrum antibacterial, anti-
malarial, and antiviral activities (27). The fungicidal activity of 8-hydroxyquinolines has
also been recognized recently (28–30), although the mechanism of action of hydroxy-
quinolines against Candida spp. has not been fully characterized. Pippi et al. showed
that clioquinol can damage fungal cell walls and inhibit the formation of pseudohy-
phae in C. albicans (31). However, these results need to be further validated, as C. auris
and C. albicans do not share the same propensity to induce filament formation (32, 33).
Another study, published by Yaakov et al., investigated the mechanisms of broxyquino-
line in Aspergillus fumigatus; they concluded that broxyquinoline bound to iron, cop-
per, or zinc which coordinated into the active site of metalloenzymes, particularly oxi-
doreductases, causing enzyme malfunction that resulted in oxidative stress and
apoptosis in A. fumigatus (34).

Even though flucytosine appears to be a potent compound against multidrug-re-
sistant C. auris, clinical application as flucytosine monotherapy is limited due to the
rapid development of drug resistance (35). A previous study of drug combination ther-
apy using a checkerboard assay demonstrated that flucytosine exhibited an indifferent
interaction with different classes of antifungals, including a polyene (amphotericin B),
an echinocandin (micafungin), and an azole (voriconazole), against 14 C. auris isolates
(36). In line with this report, two azole compounds (voriconazole and posaconazole) in
a combination with flucytosine yielded indifferent interactions against C. auris strains
0384 and 0385 based on the values of FICI at IC50.

Intriguingly, we found that flucytosine leads to an increase in the activity of myrio-
cin against all three C. auris strains. In the profiling study, a combination of flucytosine
and myriocin showed synergistic effects in five strains and additive effects in eight
strains. Myriocin is a metabolite derived from thermophilic fungi. It is a sphingosine
analog and a potent inhibitor of serine palmitoyltransferase and thus blocks sphingoli-
pid biosynthesis (Fig. 3). Fingolimod, a derivative of myriocin, was approved by the
Food and Drug Administration (FDA) as an immunomodulating drug to treat multiple
sclerosis. Myriocin’s antifungal activity against C. albicans was found when it was dis-
covered in 1973 (37). However, the same report revealed a toxicity in mice that is due
to a shared molecular target between mammals and fungi, the enzyme serine
palmitoyltransferase.

Additional studies sought to determine the cellular levels of sphingolipids after flu-
cytosine and myriocin treatment to characterize the targeted molecular pathways in
this peculiarly resistant fungus. These studies revealed a decrease in sphingoid bases,
as expected, but, interestingly, the combination treatment significantly increased the
level of IPC species in C. auris 0384. This could have occurred either by an upregulation
of inositol phosphorylceramide (IPC) synthase activity, which is unlikely because the
level of ceramides (substrates of the IPC synthase) does not decrease, or by a downreg-
ulation of Isc1 activity, the enzyme performing the reverse reaction of hydrolyzing IPCs
into ceramide (38, 39). It is interesting that this was not observed in C. auris strains
0385 and 0390, suggesting the specificity of this effect in strain 0384. Another interest-
ing observation was an increase in PHS-1-P in strains 0385 and 0390, which was likely
due to a toxic effect of the drugs on the cells, particularly the lytic drug flucytosine,
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primarily because specific enzyme inhibition would presumably result in elevation of
DHS-1-P levels, since the known metabolic enzymes metabolize both species. The
sphingolipid analysis also revealed differences within different classes of pathogenic
fungi. For example, two species of GlcCer were detectable in C. auris in addition to an
unmethylated form, the latter of which is typically undetectable in Cryptococcus spp.,
Candida albicans, or Aspergillus spp. (39, 40). In addition, GlcCer appeared to be the
most abundant sphingolipid in C. auris, more similarly to Cryptococcus than to other
Candida species such as C. albicans that make more complex species of IPCs containing
more sugars (e.g., 1-3 mannose and 1-3 inositol) attached to the ceramide backbone
(41). Clearly, further studies are needed to understand the unique enzymatic kinetics of
sphingolipid pathways in C. auris versus those of other fungi and upon sphingosine-
related treatment regimens that may potentiate antifungal drug development of this
novel pathway, as recently demonstrated in Cryptococcus neoformans (42).

In summary, we reported a viability assay measuring ATP content in live C. auris for
high-throughput screening of approved drug collections. This assay is robust and easy
to perform in any academic HTS laboratory and could be useful to screen large com-
pound libraries for lead discovery, as well as individual patient isolates to identify per-
sonalized treatment options for a given patient with an intractable, resistant infection,
as recently performed for a patient whose carbapenem-resistant Escherichia coli bacte-
rial infection and a specific drug toxicity restricted therapeutic options (43, 44). In the
present study, we have identified 6 compounds with novel anti-C. auris activities. We
also found 13 sets of drug combinations that enhanced activity of individual drugs
against C. auris, including the pairs flucytosine-myriocin, flucytosine-broxyquinoline,
flucytosine-broquinaldol, and flucytosine-clioquinol. The additive/synergistic effect of
the flucytosine-myriocin combination was demonstrated in 13 clinical isolates. These
drug combination pairs may have potential to be used clinically to treat refractory
infections caused by drug-resistant C. auris.

MATERIALS ANDMETHODS
Materials. Micafungin sodium (catalog no. GN26615) was purchased from Aurum Pharmatech LLC

(Franklin Park, NJ). Posaconazole (catalog no. 32103) was obtained from Sigma-Aldrich (St. Louis, MO).
The ATP-based kit (BacTiter-Glo microbial cell viability assay, catalog no. G8231) was purchased from
Promega (Madison, WI). The 384-well white sterile plates (catalog no. 781073) were purchased from
Greiner Bio-One (Monroe, NC). RPMI 1640 medium was customized by K-D Medical (Columbia, MD).

Preparation of fungal stocks. C. auris strains were obtained from the CDC. Recovery procedures
were taken from instructions provided by CDC and the FDA AR Isolate Bank. Frozen stocks were subcul-
tured onto Sabouraud dextrose agar plates for 72 h at 30°C. For each strain, three colonies were inocu-
lated into 10ml fresh RPMI 1640 medium for 48 h at 30°C. Once cultures reached an absorbance
(530 nm) of 0.3 to 0.5, sterile glycerol was added to a final concentration of 10%. The 10% glycerol stocks
were aliquoted and stored at280°C.

ATP-based antifungal screening assays. The BacTiter-Glo microbial cell viability assay kit, consist-
ing of luciferase/luciferin and detergents, was used to quantify the amount of ATP representing the cell
viability (see Table S3 in the supplemental material). For assay development, frozen C. auris stocks were
thawed at 4°C and diluted with RPMI 1640 medium in ratios of 1:1,000, 1:500, and 1:200 prior to plating
into wells. C. auris cells were incubated for 24 h and 48 h at 35°C in a 5% CO2 humidified atmosphere.

Compound library and liquid handling instrument. The library of 1,280 pharmacologically active
compounds (LOPAC, Sigma) contains a collection of 1,280 small molecules with characterized biological
activities that has been widely used for HTS assay validations (45, 46). The NIH Chemical Genomics
Center Pharmaceutical (NPC) collection was constructed in-house and comprises 2,816 compounds that
have been approved for use by the Food and Drug Administration, along with a number of approved
molecules from related agencies in foreign countries (47). A solvent-specific anti-infective compound
collection was built in-house with 219 compounds, including antibiotic, antiviral, antifungal, antipar-
asitic, and other reported anti-infective drugs. Based on their solubility, compounds were prepared
as an eight-point 1:3 serial dilution in water (45 compounds) or DMSO (174 compounds) and stored
separately.

Susceptibility testing. MICs were determined following the guidelines of the Clinical and
Laboratory Standards Institute (CLSI) (18). C. auris strains were grown in RPMI medium, buffered with
morpholinepropanesulfonic acid (MOPS) to pH 7.0. Flucytosine and myriocin were serially diluted from
32 to 0.03mg/ml, while fluconazole and caspofungin were serially diluted from 64 to 0.06mg/ml in a 96-
well plate. The inoculum was prepared according to CLSI methods (48). After 48 h of incubation at 35°C,
the absorbance at 450 nm was read. The MIC80 was established as the lowest concentration of each com-
pound inhibiting 80% of fungal growth.
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The effects of the flucytosine and myriocin combination were assessed by a checkerboard microdilu-
tion method and classified by the FICI (49). In a 96-well plate, myriocin was serially diluted from 8mg/ml
to 0.007mg/ml (11 dilutions), while flucytosine was serially diluted from 4mg/ml to 0.06mg/ml (7 dilu-
tions). The FICI was calculated as follows: (MIC of myriocin in combination/MIC of myriocin alone) 1
(MIC of flucytosine in combination/MIC of flucytosine alone). For calculation purposes, the MIC of flucy-
tosine for C. auris 0389 strain was defined as 8mg/ml. The interaction was considered synergistic when
the FICI was#0.5, additive when the FICI was .0.5 and#4, and antagonistic when the FICI was.4 (49).

Lipid analysis. The yeast colonies were inoculated in 50ml yeast nitrogen base (YNB) medium plus
5% asparagine and placed on a rotary shaker at 30°C for 16 h. The cultures were then washed 3 times in
phosphate-buffered saline (PBS), resuspended, and counted. A final concentration of 5� 108 cells was
resuspended in 1ml of YNB medium containing different concentrations of myriocin and flucytosine,
namely, 0.06/4mg/ml and 0.25/2mg/ml, for strain 384; 0.5/2mg/ml and 1/2mg/ml for strain 385; and 1/
4mg/ml and 8/4mg/ml for strain 390. A control containing only YNB with yeast cells (no drug) was
added. All the samples were processed in triplicate. The samples were incubated on a rotary shaker at
37°C and 5% CO2 for 3 h. After 3 h, the cultures were pelleted down to remove the medium and proc-
essed for lipid extraction. The lipid extraction protocol consisted of 3 steps, as follows: (i) Mandala
extraction, (ii) Bligh and Dyer protocol, and (iii) base hydrolysis. At the end of the Bligh and Dyer step, an
aliquot was taken for the determination of the inorganic phosphate (Pi) content, which was used to nor-
malized the data obtained from the liquid chromatography-mass spectrometry (LC-MS). After base hy-
drolysis, the samples were dried and sent to the LC-MS facility for analysis. Appropriate lipid standards
were used for quantitative analysis. Statistical analysis was performed by two-way analysis of variance
(ANOVA). A P value of ,0.05 was considered to be significant.

Data analysis. Data from the primary screen and the confirmation screen were analyzed using a
software developed in-house at the NIH Chemical Genomics Center (NCGC) (50). Briefly, raw plate reads
were normalized relative to the DMSO-only wells (100% viability) and 20mg/ml micafungin-treated wells
(0% viability). Each data set was corrected using the DMSO plate by applying an in-house pattern correc-
tion algorithm. The half-maximum inhibition concentration (IC50) values and % efficacy were obtained
by fitting the concentration-response titration data to a 4-parameter Hill equation (51).

Dose-response curves were generated using Prism 8 (GraphPad Software, Inc., San Diego, CA).
Results in the figures were expressed as mean6 standard deviation (SD).
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