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ABSTRACT The limited therapeutic options and the recent emergence of multidrug-
resistant Candida species present a significant challenge to human medicine and un-
derscore the need for novel therapeutic approaches. Drug repurposing appears as a
promising tool to augment the activity of current azole antifungals, especially
against multidrug-resistant Candida auris. In this study, we evaluated the fluconazole
chemosensitization activities of 1,547 FDA-approved drugs and clinical molecules
against azole-resistant C. auris. This led to the discovery that lopinavir, an HIV pro-
tease inhibitor, is a potent agent capable of sensitizing C. auris to the effect of azole
antifungals. At a therapeutically achievable concentration, lopinavir exhibited potent
synergistic interactions with azole drugs, particularly with itraconazole against C.
auris (fractional inhibitory concentration index [�FICI] ranged from 0.04 to 0.09). Ad-
ditionally, the lopinavir/itraconazole combination enhanced the survival rate of C.
auris-infected Caenorhabditis elegans by 90% and reduced the fungal burden in in-
fected nematodes by 88.5% (P � 0.05) relative to that of the untreated control. Fur-
thermore, lopinavir enhanced the antifungal activity of itraconazole against other
medically important Candida species, including C. albicans, C. tropicalis, C. krusei, and
C. parapsilosis. Comparative transcriptomic profiling and mechanistic studies revealed
that lopinavir was able to significantly interfere with the glucose permeation and
ATP synthesis. This compromised the efflux ability of C. auris and consequently en-
hanced the susceptibility to azole drugs, as demonstrated by Nile red efflux assays.
Altogether, these findings present lopinavir as a novel, potent, and broad-spectrum
azole-chemosensitizing agent that warrants further investigation against recalcitrant
Candida infections.
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Since its emergence in 2009, Candida auris has been implicated in several global
outbreaks of serious invasive infections that are usually associated with high

mortality rates (40 to 60%) (1–5). Phylogenetically, C. auris isolates have been grouped
into four distinct clades, South Asian (clade I), East Asian (clade II), African (clade III), and
South American (clade IV) (6, 7). These clades differ significantly in several attributes,
including geographic prevalence, susceptibility to antifungal drugs, mechanisms of
drug resistance, and pathogenesis. In contrast to those in clade II, isolates belonging to
clades I, III, and IV demonstrate a higher propensity for invasive infections and are more
resistant to antifungal drugs (8). Additionally, isolates belonging to clades I and IV were
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found to be more virulent in animal models of invasive candidemia than other isolates
(6, 9). The remarkable resistance to standard antifungal agents, the ability to withstand
commonly used disinfectants, the ability to persist on abiotic surfaces for extended
periods, and the efficient transmissibility among patients are key elements underlying
the global threat posed by C. auris (1, 10–12). In recognition of this threat, the U.S.
Centers for Disease Control and Prevention (CDC) has recently classified C. auris as an
urgent threat that requires immediate action (13).

Unfortunately, only three classes of antifungal drugs—azoles, polyenes, and echi-
nocandins—are currently in use for the treatment of invasive Candida infections (14)
According to the CDC, approximately 90% of C. auris isolates in the United States were
reported to be fluconazole resistant, �30% demonstrated resistance to amphotericin B,
and �5% were resistant to echinocandins (15). Due to their safety profile, oral bio-
availability, low cost, and broad-spectrum antifungal activity, azole drugs have gained
preference as a vital antifungal therapy (16, 17). Thus, there is a pressing need to
preserve the clinical utility of azole drugs by enhancing their antifungal activity against
azole-resistant species. Candida species utilize various mechanisms to resist the anti-
fungal activity of azole drugs. These mechanisms are primarily attributed to overpro-
duction or mutation of the azole target (ERG11), hyperactivity of the membrane efflux
transporters, aneuploidy, altered sterol composition, and increased uptake of exoge-
nous sterols (18, 19). In C. auris, hyperactivity of the membrane efflux transporters and
mutations in the azole target site (ERG11) were reported to be predominant in isolates
belonging to clades I, III, and IV, while increased copy numbers of the ERG11 were
reported to be widespread among clade III isolates (6, 20–23).

Using an adjuvant to resensitize/enhance the susceptibility of drug-resistant Can-
dida species to the antifungal activity of current azoles is an approach that warrants
further investigation. This approach has been successfully implemented to control
various bacterial and viral infections and has been also used in the treatment of cancer
(24–27). However, to a large extent, drug combinations are still inadequately exploited
as a therapeutic strategy to treat systemic fungal infections. We previously reported
that several FDA-approved drugs such as sulfa drugs, pitavastatin, and ospemifene
interacted synergistically and enhanced the activity of azoles against Candida species
(16, 28–30). However, sulfa drugs displayed limited azole-chemosensitizing activity
against C. auris. Pitavastatin and ospemifene were able to sensitize C. auris to the effect
of azoles but at concentrations that are difficult to achieve in human serum. In this
study, we conducted a whole-cell screening assay designed specifically to identify
potent chemosensitizing agents capable of restoring the antifungal activity of flucona-
zole in C. auris. The most potent hit identified, lopinavir (LPV), was further assessed with
different azole drugs against multiple Candida species. Transcriptome sequencing
(RNA-Seq) analysis was utilized to investigate the potential mechanism underlying the
synergistic interactions between lopinavir and azole drugs.

RESULTS
Screening of the JHCCL and identification of hits. To identify drugs hit capable of

restoring the antifungal activity of fluconazole against azole-resistant C. auris, the Johns
Hopkins clinical compound library (JHCCL) was screened at a fixed concentration
(16 �M) against C. auris AR0390 in the presence or absence of fluconazole (32 �g/ml).
Positive hits were assigned for those compounds which inhibited fungal growth
by �80% only in the presence of fluconazole. Only four hits, lopinavir (LPV), aprepitant
(APR), benzalkonium chloride (BZK), and benzododecinium chloride (BZD), were effec-
tive in restoring susceptibility of the test isolate to fluconazole (Fig. 1a and b). Positive
hits were initially determined by visual inspection and then further confirmed spectro-
photometrically by measuring the optical density of C. auris cultures at 490 nm (OD490).
As expected, all hit compounds were able to reduce fungal growth by 90 to 95%
relative to that of the untreated control (Fig. 1c). Since the focus of this work was to
identify fluconazole adjuvants suitable for treating systemic C. auris infections, the two
antiseptic compounds (BZK and BZD) were excluded from further analysis. Both lopi-
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navir (an HIV antiviral) and aprepitant (antiemetic) exhibited potent fluconazole-
chemosensitizing activities. In this study, we focused our attention on lopinavir and
characterized its activity in combination with different azole drugs.

Lopinavir restores the fungistatic activity of fluconazole against C. auris
AR0390. To study the killing kinetics of the lopinavir/fluconazole combination against
C. auris, a time-kill assay was conducted. As shown in Fig. 2a, neither lopinavir
(10 �g/ml) nor fluconazole (16 �g/ml) was solely able to exert any noticeable antifungal
activity against the test isolate (AR0390). However, the combination of the two drugs at the
same concentration displayed a fungistatic effect against the test isolate. Additionally, a
spotting assay was used to further illustrate the fluconazole-chemosensitizing activity of
lopinavir. As shown in Fig. 2b and c, C. auris cultures treated with either lopinavir
(10 �g/ml) or fluconazole (16 �g/ml) grew normally on yeast-peptone-dextrose (YPD)

FIG 1 Identification of the primary screening hits that sensitized C. auris AR0390 to fluconazole. The
Johns Hopkins clinical compound library was screened at 16 �M against the azole-resistant C. auris
AR0390 in the absence of fluconazole (a). Hit compounds identified included lopinavir (LPV), aprepitant
(APR), benzododecinium chloride (BZD), and benzalkonium chloride (BZK), which inhibited fungal
growth by more than 80% in the presence of 32 �g/ml of fluconazole (b). Cultures treated with hit
compounds were validated spectrophotometrically by measuring the absorbance at OD490 nm (c).
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agar plates. In contrast, prominent growth inhibition was observed only in cultures
treated with the lopinavir/fluconazole combination (Fig. 2b).

Interactions between lopinavir and azole drugs against C. auris isolates. The
ability of lopinavir to restore the antifungal activity of fluconazole against the C. auris
AR0390 isolate encouraged us to explore the potential interactions between lopinavir
and different azole drugs (fluconazole, voriconazole, and itraconazole) against a panel
of 10 C. auris clinical isolates (Table 1). These isolates represent the four major clades
of C. auris and were reported to exhibit differences in susceptibility to azole drugs and
the utilized mechanisms of azole resistance (21–23). Consistent with these reports, all
isolates belonging to clades I, III, and IV (except for strains AR0382 and AR0387) were
highly resistant to fluconazole (MIC � 128 �g/ml) and in general displayed low suscep-
tibility to voriconazole and itraconazole (MIC � 0.5 �g/ml), as shown in Table 1. Against
all tested isolates, the individual treatment with lopinavir did not exhibit any observ-
able antifungal activity (MIC � 128 �g/ml) (Table 1). Next, standard microdilution
checkerboard assays were performed and the fractional inhibitory concentration indi-
ces (¥FICI) were calculated to assess the potential interactions between lopinavir and
azole drugs. The results presented in Table 2 indicated that lopinavir was able to display

FIG 2 Time-kill analysis of lopinavir at 10 �g/ml, fluconazole (FLC) at 16 �g/ml, or a combination of the
two drugs. Test agents were evaluated against C. auris AR0390 over a 48-h incubation period at 35°C.
DMSO served as a negative untreated control (a). Cultures of C. auris AR0390 treated with lopinavir (at
10 �g/ml), either alone or in combination with fluconazole (at 16 �g/ml), were spotted onto YPD agar
plates and incubated for 24 h before being scanned (b).

TABLE 1 Clade classification, mechanism of azole resistance, and susceptibility of C. auris to lopinavir, fluconazole, voriconazole, and
itraconazole

C. auris
isolate Clade Mechanism(s) of azole resistance

MIC (�g/ml)a

LPV FLC VRC ITC

AR0381 II None �128 1 0.0078 0.125
AR0382 I None �128 1 0.0625 0.25
AR0383 III ERG11 mutation (F126L, V125A), overexpression of CDR1 �128 256 0.5 0.5
AR0384 III ERG11 mutation (F126L, V125A), overexpression of CDR1 �128 128 0.5 0.25
AR0385 IV ERG11 mutation (Y132F, K177R, N335S, E343D), overexpression of CDR1 �128 256 4 0.5
AR0386 IV ERG11 mutation (Y132F, K177R, N335S, E343D), overexpression of CDR1 �128 256 2 0.5
AR0387 I None �128 1 0.0312 0.125
AR0388 I ERG11 mutation (K143R), overexpression of CDR1 and MDR1 �128 256 0.5 1
AR0389 I ERG11 mutation (Y132F), overexpression of CDR1 �128 256 2 1
AR0390 I ERG11 mutation (K143R), overexpression CDR1 and MDR1 �128 256 0.5 1
aLPV, lopinavir (LPV); FLC, fluconazole; VRC, voriconazole; ITC, itraconazole.

Eldesouky et al. Antimicrobial Agents and Chemotherapy

January 2021 Volume 65 Issue 1 e00684-20 aac.asm.org 4

https://aac.asm.org


a synergistic relationship with fluconazole against three isolates (¥FICI ranged from
0.13 to 0.31), while an indifference effect was observed against the remaining seven
isolates (¥FICI ranged from 0.53 to 1.06). We noticed that all the three isolates that
responded synergistically to the lopinavir/fluconazole combination belong to clade I and
that two of them were highly resistant to fluconazole (MIC � 256 �g/ml). When tested with
voriconazole, lopinavir was able to display synergistic interactions against six isolates (¥FICI
ranged from 0.19 to 0.31), while an indifference effect was observed against the remaining
four isolates (¥FICI � 0.53). Notably, the lopinavir/voriconazole combination was able to
display synergistic interactions only against isolates of clades I and IV which displayed
reduced susceptibility to voriconazole (MIC � 0.5 �g/ml). Interestingly, when lopinavir was
combined with itraconazole, potent synergistic interactions against all tested isolates were
observed (¥FICI ranged from 0.04 to 0.09), including those exhibiting reduced susceptibility
to itraconazole (MIC � 0.5 �g/ml). These potent synergistic interactions were responsible
for significant reductions, ranging from 32- to 256-fold, in the MICs of itraconazole. Since
lopinavir interacted more favorably with itraconazole, the combination of lopinavir and
itraconazole was selected for further investigation.

Effect of lopinavir/itraconazole against other Candida species. As lopinavir
possessed a potent synergistic relationship with itraconazole against all tested C. auris
isolates, we next moved to examine whether lopinavir would have a similar effect
against other clinically important Candida species. Using standard microdilution check-
erboard assays, we examined the interaction between lopinavir and itraconazole
against a panel of 14 isolates, including C. albicans (n � 4), C. glabrata (n � 3), C. krusei
(n � 3), C. tropicalis (n � 2), and C. parapsilosis (n � 2). As shown in Fig. 3a, lopinavir
exhibited broad-spectrum synergistic interactions with itraconazole against all tested
isolates, except for C. glabrata, as demonstrated by the low ¥FICI values (ranged from
0.09 to 0.31). The observed synergistic interactions were further demonstrated by
spotting the treated cultures onto YPD agar plates and visually observing the growth
of CFU. As shown in Fig. 3b, individual treatments with either lopinavir (10 �g/ml) or
itraconazole (0.25� MIC) failed to significantly interfere with the visual growth of all
tested isolates. However, the growth of C. albicans (TWO7243), C. krusei (ATCC 14243),
C. tropicalis (ATCC 1369), and C. parapsilosis (ATCC 22019) was considerably inhibited
when fungal cultures were treated with the lopinavir/itraconazole combination.

Effect of the lopinavir/itraconazole combination on the transcriptome of C.
auris. To gain insight into the molecular mechanisms underlying the synergistic
relationship between lopinavir and azole drugs, we performed comparative transcrip-
tomic analysis of C. auris isolate AR0390 treated with either dimethyl sulfoxide (DMSO;
1%), lopinavir (10 �g/ml), itraconazole (1 �g/ml), or a combination of the last two drugs
at the same concentration. A total of 84.2 million reads were obtained from the four
samples. Differentially expressed genes (DEGs) were identified between the tested
groups using edgeR (31). Genes that showed a �2-fold (up or down) difference in their
expression were considered differentially expressed, and the cutoff for statistical sig-

TABLE 2 Effects of lopinavir on the antifungal activity of fluconazole, voriconazole, and itraconazole against C. auris

C. auris
isolate

LPV/FLC combination LPV/VRC combination LPV/ITC combination

MIC (�g/ml) ¥FICa Mode MIC (�g/ml) ¥FIC Mode MIC (�g/ml) ¥FIC Mode

AR0381 0.5/0.5 0.53 IND 8/0.0039 0.53 IND 2/0.00098 0.04 SYN
AR0382 1/0.25 0.31 SYN 8/0.0156 0.31 SYN 8/0.0019 0.08 SYN
AR0383 2/128 0.56 IND 8/0.25 0.53 IND 8/0.0019 0.07 SYN
AR0384 2/128 1.06 IND 8/0.25 0.53 IND 8/0.0078 0.09 SYN
AR0385 2/128 0.56 IND 4/0.5 0.19 SYN 8/0.0078 0.05 SYN
AR0386 16/128 0.53 IND 4/0.25 0.19 SYN 8/0.0078 0.05 SYN
AR0387 0.5/1 1.03 IND 4/0.0156 0.53 IND 8/0.00098 0.04 SYN
AR0388 8//32 0.19 SYN 8/0.0625 0.19 SYN 2/0.0039 0.07 SYN
AR0389 8/128 0.56 IND 8/0.5 0.31 SYN 2/0.0078 0.07 SYN
AR0390 8//16 0.13 SYN 8/0.0625 0.19 SYN 4/0.0039 0.07 SYN
aThe fractional inhibitory concentration index (�FICI) was used to quantify the interactions between the tested combinations based on the following definitions:
synergy (SYN) at �FICI values of �0.5, indifference (IND) at �FICI values ranging from �0.5 to �4, and antagonism at �FICI values of �4.
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nificance was adjusted to a P value of 0.05. As presented in Fig. 4a, a total of 19 DEGs
were identified in samples treated with either itraconazole or the lopinavir/itraconazole
combination. While no DEGs were identified in the sample receiving lopinavir alone
(Fig. 4b), a total of 18 DEGs (10 upregulated plus 8 downregulated) were detected in the
itraconazole-treated sample (Fig. 4c and Table 3). Among the upregulated genes in the
itraconazole group were the drug transporter MDR1, amino acid permeases (DIP5 and
CAN1), stress-associated genes (DDR48 and PGA31), and genes involved in ergosterol
biosynthesis (ERG24) and ferric reductase (FRE3). On the other hand, itraconazole treatment
resulted in significant downregulation of genes for high-affinity glucose transporters (HGT6
and HGT8), alcohol dehydrogenase (ADH1), and a secreted lipase (LIP2).

Of interest, a total of 10 DEGs (8 upregulated plus 2 downregulated) were identified
in the lopinavir/itraconazole treatment group (Fig. 4d and Table 4). Similar to the case
with the sample treated with itraconazole alone, we noticed that genes involved in
ergosterol function (ERG24), stress response (DDR48), amino acid permeases (DIP5 and
CAN1), and ferric reductase (FRE3) were upregulated in the lopinavir/itraconazole
treatment group. However, in contrast to the case with itraconazole treatment, no
significant upregulation of the drug transporter MDR1 was observed in the lopinavir/
itraconazole-treated group. Additionally, an upregulation of the lipid translocase en-
coded by RTA3, whose expression is indicative of stress response, was detected only in
the lopinavir/itraconazole treatment. On the other hand, similar to the case with the
sample treated with itraconazole alone, two high-affinity glucose transporters (HGT6
and HGT8) were found to be downregulated in the lopinavir/itraconazole sample.

In order to gain an overall understanding of the impact of the lopinavir/itraconazole
treatment on the transcriptome of C. auris, we performed Gene Ontology (GO) analysis
of the identified DEGs. Interestingly, eight GO terms were found to be significantly
overrepresented (enriched) only in the sample treated with lopinavir/itraconazole,
while no significant GO terms were identified in the sample treated with itraconazole
alone. Of note, all identified GO terms in the lopinavir/itraconazole-treated group were
found to be downregulated, of which five are associated with membrane transport
activities (Fig. 5). All significant downregulated GO terms are provided in Table S4 in the
supplemental material.

Validation of RNA-Seq data. To validate the RNA-Seq data, we selected five DEGs
exhibiting a broad range of differential expression for analysis by quantitative real-time
reverse transcription-PCR (RT-qPCR). The five DEGs selected were the two glucose

FIG 3 Broad-spectrum synergistic interactions of lopinavir and itraconazole (ITC) against different Candida species.
Shown are fractional inhibitory concentration index (¥FICI) values as calculated from checkerboard assays (a).
Cultures of C. albicans TWO743, C. krusei ATCC 14243, C. tropicalis ATCC 1369, and C. parapsilosis ATCC 22019 were
treated with LPV (10 �g/ml) and ITC (0.25� MIC), either alone or in combination. Cultures were incubated at 35°C
for 24 h and then were spotted onto YPD agar plates and incubated for 24 h before being scanned (b).
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transporters (HGT6 and HGT8) and azole resistance-related efflux genes (CDR1, CDR2,
and MDR1). As shown in Fig. 6 and consistent with the RNA-Seq data, we did not detect
a significant difference in the expression of the drug transporters CDR1 and CDR2 for all
treatment groups. However, a significant increase in the expression level of MDR1 was
observed in the sample treated with itraconazole alone. Additionally, both itraconazole
alone and the lopinavir/itraconazole combination resulted in significant downregula-
tion of the glucose transporters HGT6 and HGT8. Interestingly, lopinavir treatment alone
was able to significantly reduce the expression of the glucose transporter HGT6 relative
to that of the untreated control. Moreover, the impact of the lopinavir/itraconazole
combination on the expression of HGT6 was more pronounced than the effect ob-
served for itraconazole treatment alone.

Lopinavir interferes with glucose transport, ATP content, and efflux activity in
C. auris. Since lopinavir was able to interfere significantly with the mRNA levels of the
glucose transporter HGT6, we were curious to study its effect on glucose utilization, ATP
synthesis, and efflux activities in C. auris. To examine the effect on glucose utilization,
we used a glucose-induced acidification assay for which bromophenol blue was used
as a pH indicator. As shown in Fig. 7a, as expected, untreated C. auris AR0390 cells were
able to utilize glucose present in the assay medium, resulting in a significant drop in pH
(resulting in lower OD595 values). However, lopinavir (at 10 �g/ml) significantly inter-

FIG 4 Effects of lopinavir, itraconazole, and a combination of the two drugs on the C. auris transcriptome. Shown is a transcriptional comparison of C. auris
AR0390 treated with LPV, ITC, or a combination of both drugs versus the untreated control. (a) Heat map of FPKM values of DEGs of each treatment versus
the untreated control, scaled by row. Genes were clustered using hierarchical clustering based on Euclidean distance. (b) Volcano plot of DEGs from C. auris
AR0390 treated with LPV at 10 �g/ml. (c) Volcano plot of DEGs from C. auris AR0390 treated with ITC at 1 �g/ml. (d) Volcano plot of DEGs from C. auris AR0390
treated with the lopinavir/itraconazole (LPV/ITC) combination.
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fered with the glucose utilization ability of C. auris, and no observable reduction in
OD595 values was detected. Next, we assessed the effect of lopinavir treatment on the
cellular ATP levels. At 10 �g/ml, lopinavir significantly reduced cellular ATP levels in C.
auris AR0390, by �52% � 3.9%, compared to those in the untreated control (Fig. 7b).

Next, we utilized glucose-induced Nile red efflux assays to assess the effect of
lopinavir on the efflux activity of C. auris. As presented in Fig. 7c, lopinavir treatment,
at 10 �g/ml, significantly interfered with the efflux of Nile red from all 10 isolates of C.
auris tested. Significant increases in Nile red fluorescence intensity, by 56 to 184%
(P � 0.05) depending on the tested isolates, were observed compared to that in the
untreated cultures. We also assessed the effect of lopinavir treatment at different
concentrations (2, 8, and 32 �g/ml) on Nile red efflux from three recombinant Saccha-
romyces cerevisiae strains exclusively expressing individual efflux genes of C. albicans
(CDR1, CDR2, or MDR1); our data indicate that lopinavir, in a dose-dependent manner,
interfered significantly (P � 0.05) with Nile red efflux from all tested recombinant strains
(Fig. 7d).

Caenorhabditis elegans. To further corroborate the in vitro activity of the lopinavir/
itraconazole combination, we evaluated the combination’s in vivo efficacy using a C.
elegans infection model. As shown in Fig. 8a, treatment with lopinavir (10 �g/ml) alone
failed to reduce the CFU burden of C. auris in infected nematodes. Itraconazole (at
1 �g/ml, 1� MIC) was able to reduce the burden of C. auris by �45% � 1.8% in infected
nematodes compared to that in the untreated control. The lopinavir/itraconazole

TABLE 3 List of differentially expressed genes for C. auris AR0390 treated with itraconazole (1 �g/ml)

ID Name Log2 fold change P value CGDa description

40028953 CAN1 3.4505 3.5 � 10	10 Basic amino acid permease
40025718 FRE3 2.7106 1.09 � 10	6 Protein with similarity to ferric reductase Fre10p
40028243 ERG24 2.3585 5.2 � 10	5 C-14 sterol reductase with a role in ergosterol biosynthesis
40030120 PGA31 2.3457 7.7 � 10	5 Protein associated with cellular response to chemical stimulus
40030199 DDR48 2.1539 3.7 � 10	4 Stress-associated protein, induced by benomyl, caspofungin, and ketoconazole
40029187 MDR1 2.1045 4.4 � 10	4 Plasma membrane MDR/MFS multidrug efflux pump
40027842 RCT1 2.1026 4.5 � 10	4 Fluconazole-induced protein, required for caspofungin tolerance
40028209 PRA1 2.0941 4.5 � 10	4 Cell surface protein that sequesters zinc from host tissue
40026925 DIP5 1.9692 4.7 � 10	4 Dicarboxylic amino acid permease
40025268 PGA30 1.9233 3.1 � 10	4 Predicted GPI-anchored protein
40030546 DAL81 	2.0262 3.7 � 10	4 RNA polymerase II repressing transcription factor binding activity
40028527 TDH3 	2.0678 4.8 � 10	4 NAD-linked glyceraldehyde-3-phosphate dehydrogenase
40029413 JEN2 	2.1117 4.4 � 10	4 Dicarboxylic acid transporter
40027889 YHB1 	2.245 1.2 � 10	4 Nitric oxide dioxygenase
40029539 ADH1 	2.3056 7.7 � 10	5 Alcohol dehydrogenase
40029385 LIP2 	2.3233 4.5 � 10	4 Secreted lipase
40027170 HGT8 	2.7557 6.1 � 10	7 High-affinity glucose transporter of the major facilitator superfamily
40027169 HGT6 	2.9273 9.6 � 10	8 Putative MFS glucose transporter
aDescriptions of the identified differentially expressed genes (DEGs) were obtained from the Candida Genome Database (CGD) supplemented by a tBLASTx search. ID,
identifier; GPI, glycosylphosphatidylinositol.

TABLE 4 List of differentially expressed genes for C. auris AR0390 treated with a combination of lopinavir (10 �g/ml) and itraconazole
(1 �g/ml)

ID Name Log2 fold change P value CGDa description

40025268 PGA30 2.4588 2.6 � 10	5 Protein with unknown function
40025718 FRE3 2.1689 3.4 � 10	4 Protein with similarity to ferric reductase Fre10p
40028953 CAN1 2.7975 1.3 � 10	6 Basic amino acid permease
40030199 DDR48 2.5766 7.4 � 10	6 Stress-associated protein, induced by benomyl, caspofungin, and ketoconazole
40027842 RCT1 2.4473 2.3 � 10	5 Fluconazole-induced protein, required for caspofungin tolerance
40029690 RTA3 2.4239 2.9 � 10	5 Putative lipid translocase that influences the susceptibility of C. albicans to fluconazole
40028243 ERG24 2.2803 9.3 � 10	5 C-14 sterol reductase with a role in ergosterol biosynthesis
40030120 PGA31 2.2697 1.6 � 10	4 Cellular response to chemical stimulus
40027170 HGT8 	1.9543 2.4 � 10	4 High-affinity glucose transporter of the major facilitator superfamily
40027169 HGT6 	2.7443 1.3 � 10	6 Putative MFS glucose transporter
aDescriptions of the identified DEGs were obtained from the Candida Genome Database supplemented by a tBLASTx search.
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combination, at the same tested concentrations, significantly reduced C. auris CFU, by
�88.5% � 0.68%, compared to that in the untreated control.

Next, we assessed the effect of the lopinavir/itraconazole combination on enhancing
the survival of C. elegans infected with C. auris AR0390. As shown in Fig. 8b, 5 days

FIG 5 Gene Ontology (GO) enrichment analysis of differentially expressed genes in the lopinavir/itraconazole-
treated sample. GO analysis was implemented by the Cluster Profiler R package, and a P value of �0.05 was used
as the cutoff parameter. Upregulated GO terms (a) and downregulated GO terms (b) are shown.
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postinfection, only 20% of untreated C. elegans organisms survived infection with C.
auris. Lopinavir alone, at 10 �g/ml, did not improve the survival of C. elegans, while
itraconazole at 1 �g/ml (1� MIC) enhanced the survival rate of infected worms by
�50% (P � 0.05). However, the combination of lopinavir/itraconazole significantly im-
proved the survival of C. elegans, by �90% (P � 0.05).

DISCUSSION

The recent emergence of multidrug-resistant C. auris poses a significant threat to
public health and imposes the need for immediate efforts to explore novel antifungal
agents and to uncover alternative therapeutic approaches. In this study, we utilized
drug repurposing as a promising approach to identify novel adjuvants capable of
enhancing the antifungal activity of azole drugs against the multidrug-resistant C. auris.
The Johns Hopkins clinical compound library (JHCCL), which contains 1,547 FDA-
approved drugs and clinical molecules, was screened against the multidrug-resistant
isolate C. auris AR0390 in the presence or absence of a subinhibitory concentration of
fluconazole (32 �g/ml). AR0390 is a multidrug-resistant isolate and thus was used to
screen the JHCCL to identify new adjuvants with potent azole-chemosensitizing activ-
ity. The primary screen revealed four compounds were able to inhibit the growth of C.
auris AR0390 only in the presence of fluconazole. In this study, we decided to focus our
attention on lopinavir, an HIV protease inhibitor, which restored the fungistatic activity
of fluconazole against the test isolate at a clinically achievable concentration, as shown
in the time-kill study. Indeed, previous studies indicated that lopinavir can reach up to
�12 �g/ml in human serum with standard doses as an antiviral agent (32–34). Next,
checkerboard assays were utilized to assess the interactions between lopinavir and
different azole drugs against a panel of 10 C. auris isolates. Our data indicate that
different C. auris clades responded distinctly to the combination of lopinavir with either
fluconazole or voriconazole. All isolates that responded synergistically to the lopinavir/
fluconazole combination were found to belong to clade I. Interestingly, isolates AR0388
and AR0390, which exhibited extensive resistance to fluconazole, were highly sensitive
to the lopinavir/fluconazole combination. We noticed that the two isolates shared the
same azole resistance mechanism, a single point mutation in ERG11 (K143R), and
overexpression of the efflux transporters CDR1 and MDR1 (21, 23). However, the clade
I isolate AR0389, which also has a single mutation in ERG11 (Y132F), did not respond to
the lopinavir/fluconazole combination, probably due to its extensive CDR1 overexpres-
sion compared to those of AR0388 and AR0390, as previously reported (22, 23).
Moreover, all isolates with multiple ERG11 mutations did not respond to the lopinavir/
fluconazole combination. We also noticed that the lopinavir/voriconazole combination
was able to display synergistic interactions only against isolates of clades I and IV, which

FIG 6 Effect of itraconazole, lopinavir (LPV), or a combination of the two drugs on the mRNA expression
levels of five selected genes involved in glucose transport and efflux in C. auris. Exponentially grown C.
auris AR0390 cells were treated with either LPV (10 �g/ml), ITC (1 �g/ml), or a combination of the two
drugs for 3 h. Following treatment, cells were harvested and lysed, and RNA was extracted. The expression
of genes encoding glucose transport (HGT6 and HGT8) and the azole resistance-related efflux genes (CDR1,
CDR2, and MDR1) was internally normalized to ACT1 and compared to that of the untreated control. Asterisks
indicate significant changes in expression of the examined genes (at least 2-fold differences, up or down)
relative to that of the untreated control. The results are presented as means � SD.
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displayed reduced susceptibility to voriconazole (MIC � 0.5 �g/ml). In contrast, clade III
isolates did not respond to the lopinavir/voriconazole combination. These findings
suggest that the lopinavir/voriconazole combination is able to overcome azole resis-
tance mechanisms that involve reduced affinity to mutated ERG11 or increased efflux
activities due to overexpression of CDR1 and/or MDR1. In addition, the lack of activity
against clade III isolates may be attributable to the existence of additional resistance
mechanisms such as increased copy number of ERG11, which was reported to be
predominant among clade III isolates (6). Collectively, these data indicate that the
genetic variability among C. auris clades and the underlying mechanisms of azole
resistance play critical roles in dictating the efficacies of these drug combinations.

Interestingly, the combination of lopinavir and itraconazole displayed potent synergistic
interactions against all tested isolates, regardless of clades’ differences and the various azole
resistance mechanisms utilized. These potent synergistic interactions remarkably reduced

FIG 7 Effect of lopinavir on the glucose utilization, ATP content, and efflux activity of C. auris. (a) Effect of LPV on the glucose utilization
ability of C. auris. Cultures of C. auris AR0390 were treated with DMSO (1%) or lopinavir (LPV) at 10 �g/ml, and then the ability of C.
auris to utilize externally supplemented glucose and acidify the assay medium was detected by the decreased absorbance of
bromophenol blue at 590 nm. (b) Effect of lopinavir on the ATP content of C. auris. Exponentially grown C. auris AR0390 cells were
treated with DMSO (1%) or LPV (10 �g/ml) for 3 h at 35°C before being lysed, and ATP content was determined. Asterisks represent
a statistical difference (P � 0.05) in ATP content between treated cells and the untreated control, as determined by unpaired t test.
(c) Effect of lopinavir (10 �g/ml) on Nile red efflux from 10 different C. auris isolates. (d) Effect of lopinavir (at 2, 8, or 32 �g/ml) on Nile
red efflux from recombinant S. cerevisiae strains expressing individual efflux genes CDR1, CDR2, or MDR1 from C. albicans. Data
represent means 
 SD from triplicate measurements. Asterisks represent a statistical difference (P � 0.05) in the efflux of Nile red for
LPV-treated cells compared to that of the untreated control, as determined by multiple t tests using the Holm-Sidak method for
multiple comparisons.
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the MICs of itraconazole, by 32- to 256-fold. In this regard, lopinavir surpassed several
known azole-chemosensitizing agents, including sulfamethoxazole, clorgyline, and cyclo-
sporine (16, 35, 36). Sulfamethoxazole displayed synergistic interactions with itraconazole
against only three C. auris isolates, as previously reported (16). However, clorgyline inter-
acted synergistically with itraconazole against only one isolate, while cyclosporine dis-
played synergistic interactions with itraconazole against all 10 isolates but with higher ¥FICI
values (Table S5). The synergistic interaction between lopinavir and itraconazole was further
validated in vivo using C. elegans as an infection model. Lopinavir at 10 �g/ml significantly
reduced the burden of C. auris AR0390 in the infected nematodes and improved their
survival compared to the results with the single treatment with itraconazole. These results
suggest that lopinavir has the potential to be used clinically as an antifungal adjuvant for
overcoming azole resistance in C. auris, though further pharmacokinetic studies and in vivo
assessment in rodents and humans are needed.

To explore the potential downstream mechanism by which lopinavir enhances the
activity of azole drugs, we performed a global transcriptomic analysis of C. auris AR0390
treated with lopinavir or itraconazole (either alone or in combination). Interestingly, a
significant upregulation of the azole exporter gene MDR1 was observed only when C.
auris was exposed to itraconazole; however, cells treated with the lopinavir/itracona-
zole combination did not exhibit a significant increase in the expression of MDR1.
Additionally, GO enrichment analysis indicated that the lopinavir/itraconazole combi-
nation exerted a broad-ranging inhibitory effect against several MFS membrane trans-
porters, including MDR1 and the glucose transporters HGT6 and HGT8. To validate the
RNA-Seq data, RT-qPCR was used to measure the mRNA levels of MDR1, CDR1, and
CDR2, whose overexpression is known to be a major cause of azole resistance in
Candida species (18, 37, 38). Also, we evaluated the mRNA expression levels of the
glucose transporters HGT6 and HGT8. Consistent with our RNA-Seq data, MDR1 was
significantly upregulated only in the itraconazole-treated group. Additionally, we did

FIG 8 In vivo efficacy of the lopinavir/itraconazole combination using a Caenorhabditis elegans infection
model. Nematodes infected with C. auris AR0390 were treated with LPV at 10 �g/ml and ITC at 1 �g/ml,
either alone or in combination. Untreated worms served as a negative control. Effects of LPV, ITC, and the
lopinavir/itraconazole combination on reducing fungal burden (CFU) after 24 h of treatment are shown
(a). Asterisks indicate a statistical significance (P � 0.05) compared to the untreated control, while a
pound sign indicates a statistical significance for the combination treatment compared to treatment with
ITC alone (P value � 0.05, as determined by one-way analysis of variance [ANOVA] using Dunnett’s test
for multiple comparisons). A Kaplan-Meier survival curve, assessed by log-rank test for significance, to
evaluate the ability of the lopinavir/itraconazole combination to enhance survival of C. elegans infected
with C. auris AR0390 was performed (b).
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not detect any significant difference in the expression of CDR1 and CDR2 in all
treatment groups, in agreement with RNA-Seq data. However, RT-qPCR data regarding
the expression of glucose transporters were not exactly the same as the data obtained
from RNA-Seq. Though both itraconazole and the lopinavir/itraconazole combination
resulted in a significant downregulation of HGT6 and HGT8, we noticed that lopinavir
was also able to significantly interfere with the expression of HGT6. In addition, the
negative impact on HGT6 expression was found to be more significant in cells treated
with the lopinavir/itraconazole combination than with the single treatment with either
itraconazole or lopinavir. Together, these observations indicate that lopinavir, by itself,
was able to interfere with glucose transport, and that its combination with itraconazole
interfered more significantly with the expression of several MFS transporters, including
those responsible for glucose permeation and the azole-related efflux transporter
MDR1, via a mechanism that still needs to be investigated. Notably, several HIV protease
inhibitors, including lopinavir, were previously shown to interfere with glucose trans-
port in human cells and also in the malarial pathogen Plasmodium falciparum (39–42).
Given the highly conserved nature of glucose permeases, it is conceivable that lopinavir
could have a similar effect against glucose transport in Candida species, though further
molecular studies are needed to confirm this point.

Next, we assessed the effect of lopinavir on the ability of C. auris to utilize externally
added glucose and the subsequent effect on cellular ATP levels. Consistent with the
transcriptomic data, lopinavir significantly interfered with the ability of C. auris to utilize
glucose and consequently resulted in a significant reduction in the ATP content. We
hypothesized that this effect could defuse energy-dependent drug resistance mecha-
nisms such as efflux hyperactivity, particularly ABC-mediated efflux activity, which is a
vital azole resistance mechanism in C. auris. Indeed, previously reported whole-genome
sequencing data revealed that C. auris contains large proportions of efflux transporters
(43). In the same vein, abrogation of azole-related efflux genes, particularly CDR1, was
shown to restore the antifungal activity of azole drugs against C. auris (21). To test our
hypothesis, we examined the effect of lopinavir on the efflux activity of C. auris using
dye efflux assays. Consistent with our hypothesis, lopinavir was able to interfere
significantly with the Nile red efflux from all tested isolates. Moreover, we noticed that
lopinavir was also capable of interfering with the Nile red efflux from recombinant S.
cerevisiae mutants, exclusively expressing the individual efflux genes of C. albicans,
CDR1, CDR2, and MDR1. Since a high degree of homology exists between the efflux
genes of C. auris and C. albicans (21), we assume that lopinavir would have similar
inhibitory effects on C. auris transporters. Collectively, these results suggest that the
mechanism by which lopinavir interacts synergistically with azole drugs is mediated by
significant interference with Candida’s efflux activities.

In summary, this study utilized drug repurposing as a powerful tool to identify
potent compounds capable of restoring/enhancing the antifungal activities of azole
drugs, especially against drug-resistant Candida. This led to the discovery that lopinavir
displayed variable azole-chemosensitizing activities against C. auris depending on the
azole agent and nature of the tested isolate. The lopinavir/itraconazole combination
displayed the most potent synergistic relationship and was effective against major
clinically important Candida species, including the emergent multidrug-resistant C.
auris. A potential drawback of this novel combination is that the commercial availability
of itraconazole can be a concern in some geographic locations, where fluconazole is the
only available azole agent. However, according to the current distribution maps of
antifungals, relatively few countries, mainly clustered in central and west Africa, do not
have itraconazole in their drug markets (44). Finally, it should be emphasized that
previous studies indicated that HIV antiviral agents were able to interfere with the
fungal aspartyl proteases and were presented as potent inhibitors of several key
virulence attributes in Candida species, such as hypha formation, adherence, biofilm
formation, and phenotypic switching (45–49). These studies and the data derived from
this work further support the clinical potential of lopinavir as a promising antifungal
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adjuvant and open the door for a more comprehensive study to investigate the
chemosensitizing activities of various HIV protease inhibitors.

MATERIALS AND METHODS
Fungal strains, reagents, and chemicals. Fungal strains used in this study are listed in Table S1. RPMI

1640 powder with glutamine, but without NaHCO3, was purchased from Thermo Fisher Scientific (Waltham,
MA). 3-(N-Morpholino)propanesulfonic acid (MOPS) was obtained from Sigma-Aldrich (St. Louis, MO). Yeast-
peptone-dextrose (YPD) broth and YPD agar were obtained from Becton, Dickinson and Company (Franklin
Lakes, NJ). The Johns Hopkins clinical compound library (JHCCL) was purchased from The Johns Hopkins
University School of Medicine, delivered in microplates (10 mM, dissolved in DMSO), and stored at 	80°C until
use. Nile red, voriconazole, and itraconazole were obtained from TCI America (Portland, OR). Lopinavir was
obtained from Sigma-Aldrich. Fluconazole was obtained from Fisher Scientific (Pittsburgh, PA). Gentamicin
sulfate was purchased from Chem-Impex International Inc. (Wood Dale, IL).

Screening of the JHCCL library. The drug library was screened at a fixed concentration (16 �M)
against a multidrug-resistant C. auris strain, AR0390, in the presence or absence of fluconazole (32 �g/
ml), following the guidelines of CLSI M27A3 (69), with modifications. Briefly, a fresh culture of C. auris
AR0390 was diluted to approximately 2.5 � 103 CFU/ml in RPMI 1640 medium buffered with 0.165 M
MOPS reagent. Aliquots (at 100-�l volumes) of the fungal suspension were transferred to the wells of a
round-bottomed 96-well microtiter plate containing a 16 �M concentration of each drug. The plates
were then incubated for 24 h at 35°C. Positive hits were assigned for compounds that prominently
reduced the visual growth of the test isolate only in the presence of fluconazole and were further
validated spectrophotometrically by reducing the OD490 value of the treated culture by at least 80%
relative to that of the untreated control.

Time-kill and spotting assays. To study the killing kinetics of the lopinavir/fluconazole combination
against C. auris, a time-kill assay was performed as previously described (50–52). Briefly, exponential-phase C.
auris AR0390 cells were diluted to �1 � 105 CFU/ml in RPMI 1640 medium containing lopinavir (10 �g/ml),
fluconazole (16 �g/ml), or a combination of the two. Cells treated with DMSO (1%), the solvent of the drugs,
served as an untreated control. Test agents were added at the respective concentrations and incubated at
35°C for 24 h. The number of viable cells was monitored by counting CFU at specific time points (0, 6, 12, and
24 h). Killing curves were constructed by plotting CFU from different treatments versus the specified time
points. The results are presented as the mean values of triplicate measurements obtained from three
independent experiments. The fluconazole-chemosensitizing activity of lopinavir was further validated by
spotting 5-�l aliquots of treated and nontreated cultures on YPD agar plates. The plates were incubated at
35°C for another 24 h before they were scanned.

Microdilution checkerboard assays. The interaction between lopinavir and different azole antifun-
gal drugs (fluconazole, voriconazole, and itraconazole) was assessed using microdilution checkerboard
assays, as previously reported (53–55). The fractional inhibitory concentration index (�FICI) was used to
assess the interactions between the tested drug combinations. �FICI interpretations corresponded to the
following definitions: synergy at �FICI values of �0.5, indifference at �FICI values ranging from �0.5
to �4, and antagonism at �FICI values of �4 (56–58).

Effect of the lopinavir/itraconazole combination against other Candida species. To evaluate the
potential interaction between lopinavir and itraconazole against other Candida species, we utilized
checkerboard assays and calculated the �FICI, as described above. The lopinavir/itraconazole combina-
tion was assessed against 14 isolates of clinically important Candida species, including C. albicans (n � 4),
C. glabrata (n � 3), C. krusei (n � 3), C. tropicalis (n � 2), and C. parapsilosis (n � 2). Additionally, 5-�l
aliquots from treated and untreated cultures of representative Candida strains that were sensitive to the
lopinavir/itraconazole combination were spotted onto YPD agar plates and incubated for 24 h at 35°C
before the plates were scanned.

RNA extraction. Exponential-stage cultures of C. auris AR0390 were treated with either DMSO (1%),
lopinavir (10 �g/ml), itraconazole (1 �g/ml), or a combination of the two drugs. For each treatment
condition, duplicate samples were prepared. All treated cultures were incubated for 3 h at 35°C. Cells
were subsequently pelleted and washed twice with phosphate-buffered saline (PBS), and RNA was
extracted using an Ambion RiboPure yeast kit, following the manufacturer’s guidelines. The RNA quality
was checked on a bioanalyzer nanochip (Agilent), and all RNAs used for downstream experiments were
determined to have RNA integrity numbers (RIN) of 9.5 and above. The SuperScript III first-strand kit
(Invitrogen) was used to prepare cDNA, following the manufacturer’s guidelines.

RNA sequencing and enrichment analysis of differentially expressed genes (DEGs). An Illumina
NovaSeq6000 was utilized to sequence 150-bp paired-end reads. Next, adapters were removed and were
then trimmed based on quality using the program Fastp. Trimmed reads were aligned to the C. auris NCBI
reference genome version B11221 (https://www.ncbi.nlm.nih.gov/assembly/GCF_002775015.1) using the
aligner HISAT2 (v2.1) (59). FeatureCounts (v2.1) used the GTF file associated with the reference genome
to generate a count matrix of reads mapping to each gene (60). The fragments per kilobase per million
(FPKM) of each gene was calculated based on the length of the gene and read count mapped to this
gene. Differential expression analysis was performed using the package edgeR (v3.16.5) (31). The P values
were adjusted for multiple testing using the Benjamini and Hochberg method (61). A corrected P value
of 0.005 and an absolute fold change of two were set as the thresholds for significant differential
expression. Gene names and descriptions were assigned to the identified DEGs by BLAST searching gene
sequences using the Candida Genome Database (CGD) and by using tBLASTx against C. albicans SC5314
(taxid 237561) with an E value cutoff of 0.01 (62). All gene sequences are listed in Table S2.
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Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented by the
ClusterProfiler Bioconductor package (v2.4.3), and GO terms with a corrected P value of less than 0.05
were considered significantly enriched (63).

RT-qPCR. To validate the RNA-Seq results, we selected five genes (HGT6, HGT8, CDR1, CDR2, and
MDR1) for quantitative real-time reverse transcription-PCR (RT-qPCR) analysis. Gene expression levels
were calculated using the threshold cycle (2	ΔΔCT) method, as previously described (64). The primers
used in this study are listed in Table S3. The gene expression of C. auris AR0390 treated with lopinavir,
itraconazole, or a combination of the two was internally normalized to ACT1 and compared to the
untreated control (1% DMSO).

Glucose acidification assay. The effect of lopinavir on the glucose utilization ability of C. auris AR0390
was assessed, as described previously (65). Briefly, exponentially grown C. auris AR0390 cells were collected,
suspended in 0.1 M KCl, and incubated for 1 h at 35°C, and then the yeast suspension was adjusted to an
OD600 of 2 to 3 and incubated overnight at 4°C. Aliquots (20 �l) of yeast suspension were added to 155 �l of
buffer (0.1 M KCl, 50 �g/ml of bromophenol blue [pH 5]) with either lopinavir (10 �g/ml) or DMSO (1%).
Medium acidification was started by adding 25 �l of 20% glucose to the yeast cultures. The reaction was
monitored spectrophotometrically by measuring the OD590 every 30 min for 4 h. The reduction in OD590

values for the untreated control (DMSO) is indicative of the glucose-utilizing ability of C. auris.
Cellular ATP content assay. The effect of lopinavir on fungal cellular ATP content was determined

as described previously, with the following modifications (66). Briefly, an exponential-stage culture of C.
auris AR0390 was adjusted to �1 � 107 cells/ml in RPMI 1640 medium. The yeast suspension was then
treated with either lopinavir (10 �g/ml) or DMSO (1%) and incubated at 35°C for 3 h. Following
incubation, cells were harvested, washed twice with PBS, and then lysed by bead beating to release the
cellular ATP molecules. Aliquots of cell lysates were mixed with equal volumes of BacTiter-Glo reagent
(Promega Corporation, Madison, WI) and incubated for 10 min in the dark at room temperature before
recording of the luminescence intensity. Control cell-free wells were used to determine the background
luminescence. Signals represented the means of three separate experiments, and data represent the
percentage ATP content in the lopinavir-treated wells relative to that of the untreated control.

Nile red efflux assay. To evaluate the effect of lopinavir on Nile red efflux from 10 C. auris isolates
and three S. cerevisiae strains exclusively expressing C. albicans efflux genes CDR1, CDR2, and MDR1, we
used Nile red efflux assays as previously described (16, 67, 68). Briefly, exponential state cells were
harvested, washed twice with PBS, and then incubated for an additional 2 h at 35°C with shaking
(200 rpm) to starve cells. Cells were incubated overnight on ice and were then adjusted to �1 � 107/ml
in 50 mM HEPES-NaOH buffer (pH 7.0) containing 7.5 mM Nile red for 30 min at 35°C. Nile red-loaded cells
were washed three times with cold HEPES buffer and then transferred onto opaque 96-well plates
containing lopinavir (final concentration of 10 �g/ml) or DMSO (1%). Efflux was initiated by adding
glucose at a final concentration of 10 mM to all wells, and plates were incubated at room temperature
for 10 min before recording of the fluorescence signal. Nile Red fluorescence intensity was measured at
485/528 nm using a SpectraMax i3x microplate reader (Molecular Devices, San Jose, CA).

Caenorhabditis elegans infection model. To assess the in vivo efficacy of the lopinavir/itraconazole
combination, a C. elegans infection model was utilized, as previously described (14, 28). Briefly, synchro-
nized worms [strain AU37 genotype glp-4(bn2) I; sek-1(km4) X] at larval stage 4 (L4) were incubated with
5 ml of YPD suspension containing log-phase C. auris AR0390 (�1 � 106 CFU/ml) for 3 h at room
temperature. Following infection, nematodes were washed five times with PBS to remove noningested
cells. The nematodes were resuspended in M9 buffer (containing 20% RPMI 1640 medium) and
distributed into groups (n � 20 worms), and then DMSO (1%), lopinavir (10 �g/ml), itraconazole (1 �g/
ml), or a combination of the two drugs was added. All treatments (in triplicates) were maintained for 24
h at 25°C before being removed with repetitive washing with PBS. To release the ingested C. auris cells,
worms were subjected to vigorous vortexing with silicon carbide beads for at least 2 min. The C. elegans
homogenates were then serially diluted and plated onto YPD agar plates containing gentamicin
(100 �g/ml). Plates were incubated for 24 h at 35°C before CFU per worm were determined.

In a subsequent experiment, worms were infected with a large inoculum of C. auris AR0390
(�1 � 107 CFU/ml) as described above. Infected worms were treated with DMSO (1%), lopinavir
(10 �g/ml), itraconazole (1 �g/ml), or a combination of the two drugs, and survival of nematodes was
monitored and recorded for 5 days. Data are presented as percent survival of infected C. elegans using
a Kaplan-Meier survival curve generated using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA).

Data availability. The sequence reads of all samples were deposited in the NCBI database (Gene
Expression Omnibus [GEO]) under the accession number GSE148341.

SUPPLEMENTAL MATERIAL
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