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ABSTRACT   

The emergence of Candida auris has created a global health challenge. Azole antifungals are the 

most affected antifungal class due to the extraordinary capability of C. auris to develop resistance 

against these drugs. Here, we used a combinatorial therapeutic approach to sensitize C. auris to 

azole antifungals. We have demonstrated the capability of the HIV protease inhibitors lopinavir 

and ritonavir, at clinically relevant concentrations, to be used with azole antifungals to treat C. 

auris infections both in vitro and in vivo. Both lopinavir and ritonavir exhibited potent synergistic 

interactions with the azole antifungals, particularly with itraconazole against 24/24 (100%) and 

31/34 (91%) of tested C. auris isolates, respectively. Furthermore, ritonavir significantly interfered 

with the fungal efflux pump, resulting in significant increase in Nile red fluorescence by 44%. In 

a mouse model of C. auris systemic infection, ritonavir boosted the activity of lopinavir to work 

synergistically with fluconazole and itraconazole and significantly reduced the kidney fungal 

burden by a 1.2 log (~94%), and a 1.6 log (~97%) CFU, respectively. Our results urge further 

comprehensive assessment of azoles and HIV protease inhibitors as a novel drug regimen for the 

treatment of serious invasive C. auris infections. 
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INTRODUCTION  

Candida auris is an emerging fungal pathogen responsible for serious invasive outbreaks 

worldwide [1, 2]. The United States Centers for Disease Control and Prevention (CDC) has 

categorized C. auris infections as an urgent threat for which new drugs are urgently needed [3]. C. 

auris isolates have already developed resistance to two (azoles and polyenes) out of the three 

available classes of antifungal agents and strains resistant to the third class (echinocandins) are on 

the rise [4]. Azole antifungals remained the first-line treatment options for Candida infections for 

decades [5, 6]. Currently, fluconazole (the most widely used azole antifungal) is no longer 

considered a reliable therapeutic option because ~ 90% of the circulating C. auris isolates are 

reported to be fluconazole-resistant [7]. Nevertheless, the susceptibility of C. auris to other azole 

antifungals, such as itraconazole and voriconazole, varies  [8]. Most worrisome, pan-resistant C. 

auris isolates have also been reported in the United States and other countries which highlight the 

global threat posed by C. auris and the urgent need for alternative approaches to manage the 

challenging C. auris infection [9]. 

In a previous work, we screened 1,547 FDA-approved drugs and identified the HIV protease 

inhibitor lopinavir as a potent in vitro enhancer to azole antifungals [10]. Herein, we sought to 

examine the potential of lopinavir to enhance the in vivo efficacy of azole antifungals in a mouse 

model of disseminated candidiasis. However, lopinavir exhibits poor bioavailability when 

administered alone [11], which may prevent it from enhancing the activity of azole antifungals in 

vivo. Thus, we hypothesized that ritonavir, a dual action drug with pharmacokinetic (PK)-boosting 

activity and efflux inhibition, can synergize with lopinavir to enhance the antifungal activity of 

azole antifungals. Therefore, we investigated the synergistic activity of ritonavir and lopinavir with 

azoles against C. auris, the efflux inhibitory activity of ritonavir, and finally, the in vivo efficacy 

of lopinavir/ritonavir/azoles combination in a mouse model of C. auris disseminated infection. 

MATERIALS AND METHODS 

Fungal isolates, media and reagents 

A total of 34 C. auris isolates were provided from the CDC (Atlanta, GA, USA), BEI Resources 

(Manassas, VA, USA), and Westerdijk Fungal Biodiversity Institute (Utrecht, the Netherlands). 

Isolate ID and clade distribution are listed in Table S1. The media and tested drugs were obtained 



as follows: RPMI 1640 (Gibco, Grand Island, NY, USA); 3-(N-Morpholino) propane sulfonic acid 

(MOPS) (Fisher Bioreagents, Fairlawn, NJ, USA); yeast extract peptone dextrose agar and broth 

(YPD, Becton, Dickinson, and Company, Sparks, MD, USA); HEPES buffer (DOT Scientific Inc, 

Burton, MI, USA); phosphate-buffered saline (PBS) (Corning, Manassas, VA, USA); 

cyclophosphamide (Cayman Chemical, Ann Arbor, MI, USA); chloramphenicol (Sigma-Aldrich, 

St. Louis, MO, USA); fluconazole (FLC), itraconazole (ITC), and lopinavir (LPV) (Acros 

Organics, Morris Plains, NJ, USA); voriconazole (VRC), ritonavir (RTV), and Nile red (TCI 

America, Portland, OR, USA). 

Minimum inhibitory concentration (MIC) and checkerboard assay 

MICs identification and checkerboard assays were performed according to the Clinical and 

Laboratory Standards Institute M27-A3 guidelines [12]. The fractional inhibitory concentration 

index (ΣFICI) was calculated and interpreted as follows: ΣFICI ≤0.5 was classified as synergism 

(SYN), ΣFICI from >0.5 to ≤4 was classified as indifference (IND), and ΣFICI >4 was classified 

as antagonism (ANT) [13, 14]. Every assay was performed in triplicate. 

Efflux pump assay  

Azole-resistant C. auris AR0390 was used to evaluate the effect of RTV on the efflux pump using 

the established glucose-induced Nile red efflux assay [15, 16]. Briefly, C. auris cells were 

cultivated in YPD broth overnight in a shaker incubator (150 rpm at 35 °C). Next, cells were 

collected and washed three times with PBS. Candida cells were then resuspended in PBS, allowed 

to starve for 4 h in the shaker, and then incubated overnight at 4 °C. The next day, cells were 

suspended in HEPES buffer and 7.5 mM Nile red was added to the suspension for 30 min at 35 

°C. Extra Nile red was washed out twice with PBS; cells were treated with either DMSO or RTV 

(8 µg/ml) and transferred to an opaque 96-well plate. Efflux was initiated by the addition of 

glucose (10 mM). The fluorescence signal of Nile red at 485/528 nm was measured before and 

10 min after adding glucose using a Biotek Synergy H1 microplate reader. 

In vivo kidney fungal burden mouse model  

We evaluated the in vivo efficacy of the tested combinations in a previously described C. auris 

disseminated infection mouse model with modifications [17]. Briefly, female CD-1 mice (5-6 

weeks old) were randomly distributed into groups and were injected intraperitoneally (i.p.) with 



cyclophosphamide 4 days (150 mg/kg) and 1 day (100 mg/kg) before infection. On the challenge 

day, mice were injected i.p. with ~ 4 × 107/mouse cells of C. auris AR0390 suspended in PBS in 

the FLC sensitization experiment. For the ITC sensitization experiment, mice were infected with 

2 × 107 CFU/mouse of C. auris AR0390. Treatments started two hours after infection. All 

treatments were given twice daily via oral gavage for two consecutive days. On the third day, mice 

were humanely euthanized, and kidneys were aseptically extracted and homogenized in PBS. The 

kidney homogenate was serially diluted and then plated on YPD agar supplemented with 

chloramphenicol (100 µg/ml). Animal model results were analyzed via a one-way ANOVA with 

post hoc Dunnett’s test for multiple comparison using GraphPad Prism version 8 for Windows 

(GraphPad Software, La Jolla, CA, USA).  

RESULTS 

In vitro interactions between lopinavir/ritonavir and azole drugs against C. auris isolates 

First, we identified the susceptibility of all isolates to the three azole antifungal drugs (FLC, ITC, 

and VRC) and HIV protease inhibitors (LPV and RTV) (Table S1). Approximately 74% (25/34) 

of the tested isolates were resistant to FLC (MIC values ranged from 32 to >128 µg/ml). The MIC 

values for ITC and VRC against C. auris ranged between 0.125 to 2 µg/ml and 0.015 to 4 µg/ml 

respectively. LPV and RTV alone did not inhibit growth of any of the tested C. auris isolates 

(MICs >128 µg/ml).  

Afterwards, we investigated the interactions between LPV and the three azole antifungals (FLC, 

VRC, and ITC) against 24 C. auris isolates (Table 1). LPV interacted synergistically with FLC 

and with VRC against 62.5% (15/24) of the isolates. The ΣFICI for the synergistic interactions 

ranged from 0.14 to 0.38 and 0.27 to 0.38 for FLC/LPV and VRC/LPV, respectively. LPV 

exhibited the most potent synergistic interaction with ITC against 100% (24/24) of the tested 

isolates with ΣFICI ranged from 0.14 to 0.31.  

Similarly, RTV interacted synergistically with FLC and with VRC against 21% (7/34) of the C. 

auris isolates. The ΣFICI ranged from 0.25 to 0.38 for FLC/RTV and from 0.31 to 0.5 for 

VRC/RTV. Furthermore, RTV exhibited a potent synergistic interaction with ITC against 91% 

(31/34) of the tested C. auris isolates, with ΣFICI ranging from 0.07 to 0.31 (Table 2).  

Ritonavir’s effect on efflux pump activity in C. auris 



We used the glucose-induced Nile red efflux assay to evaluate the ability of RTV to inhibit the 

efflux pump activity of C. auris AR0390. RTV was able to interfere with the efflux of Nile red, 

which led to a significant increase in the Nile red fluorescence signal in yeast cells (by 44% ± 

9.3%) (Fig. 1A).  

In vivo activity of lopinavir/ritonavir and azole drugs against C. auris infection in a mouse 

model of disseminated candidiasis  

We evaluated the ability of LPV to re-sensitize/enhance the susceptibility of drug-resistant C. auris 

to the antifungal activity of FLC and ITC in two independent experiments of a disseminated 

candidiasis mouse model.  

For FLC sensitization, groups of immunocompromised CD-1 mice (n=8) were challenged with 4 

× 107 CFU/mouse of C. auris AR0390, and the treatment was initiated orally 2 h after fungal 

challenge. Mice were treated twice daily with FLC (75 mg/kg), LPV (160 mg/kg), LPV-R (160-

40 mg/kg), FLC/LPV (75/160 mg/kg), FLC/LPV-R (75/160-40 mg/kg) and one group was kept as 

an untreated control. The treatment continued for 48 h then all mice were euthanized to determine 

the fungal burden in the kidneys. As shown in Fig. 1B, FLC/LPV treatments did not significantly 

reduce the C. auris burden compared to the untreated or FLC-treated controls. On the other hand, 

the FLC/LPV-R combination significantly reduced the burden of C. auris in the kidneys relative 

to all other treatments and produced a 1.2 log CFU reduction (~94%) compared to the vehicle 

control and a 1 log CFU reduction (~90%) compared to FLC alone.  

For ITC sensitization experiment, groups of immunocompromised CD-1 mice (n=6) were infected 

with 2 × 107 CFU/mouse C. auris AR0390 and then treated orally with ITC (5 mg), LPV-R (160-

40 mg/kg), a combination of ITC/LPV-R (5/160-40 mg/kg), and one group was kept as an 

untreated control. As shown in Fig. 1C, ITC-LPV-R combination significantly reduced the burden 

of C. auris in murine kidneys producing a 1.6 log CFU reduction (~97%) compared to the vehicle 

control and a 1.3 log CFU reduction (~95%) compared to ITC alone. 

DISCUSSION 

Candida auris is an emerging fungal pathogen characterized by its alarming multidrug-resistance 

profile. Combination therapy is considered as an alternative approach for the management of hard-

to-treat pathogens. We previously reported the potent azole re-sensitization activities and many 



advantageous qualities of the HIV protease inhibitor, LPV against 10 isolates of multidrug-

resistant C. auris [10]. Here, we confirmed this synergistic interaction against 24 additional 

isolates of C. auris. Additionally, we evaluated another HIV protease inhibitor, RTV, which is 

clinically used with LPV to enhance its pharmacokinetic profile [11].  

Our results indicate that LPV and RTV exhibit a synergistic interaction when combined with the 

azole antifungals FLC, VRC, or ITC. Checkerboard assays revealed that LPV exhibited better 

synergistic interactions with FLC and VRC against 62.5% of C. auris isolates tested compared to 

RTV (only 21%). Interestingly, the most potent synergistic interactions were observed with the 

combination of HIV protease inhibitors (LPV or RTV) and the azole drug ITC against almost all 

the tested isolates (100% and 91% respectively).  

Overexpression of efflux pumps is a major mechanism by which C. auris exhibits resistance to 

azole drugs. Here, we were curious if RTV (like LPV) can interfere with the efflux pump of C. 

auris. As expected, our findings revealed that RTV significantly interfered with the efflux pump 

of C. auris and increased the Nile red florescence intensity in the fungal cells by 44 %. 

The favorable in vitro results encouraged us to explore the in vivo efficacy of these combinations 

in a C. auris disseminated infection mouse model. We first evaluated the in vivo efficacy of 

FLC/LPV (75/160 mg/kg) in a neutropenic mouse model in the presence and absence of the 

bioavailability enhancer RTV. The FLC/LPV (75/160) combination did not significantly reduce 

C. auris kidney burden in mice. We speculated that the low in vivo efficacy of the FLC/LPV 

combination could be due to the poor oral bioavailability of LPV (~25%). Since RTV possesses 

PK boosting and efflux inhibition activities, we hypothesized that RTV could synergize with LPV 

to enhance the antifungal activity of FLC. It is worth mentioning that the pharmacokinetic of 

protease inhibitors (LPV and RTV) were previously studied in a mouse experiment at the doses of 

200 and 50 mg/kg, respectively. These doses resulted in plasma levels that are equivalent to those 

of therapeutic doses in humans [18]. In our study, we used lopinavir and ritonavir at the dose of 

160-40 mg/kg which is lower than the previously reported dose. This indicates that lopinavir-

ritonavir, at clinically achievable concentrations, could induce in vivo efficacy against C. auris. 

As expected, the FLC/LPV-R combination (75/160-40 mg/kg) significantly reduced the burden of 

C. auris in the kidneys of mice. FLC/LPV-R generated a 1.2 log (~94%) CFU reduction compared 

to the vehicle control and a 1 log (90%) CFU reduction compared to FLC alone.  



Then, we moved to test the in vivo synergy with ITC. ITC/LPV-R (5/160-40 mg/kg) combination 

exhibited the most potent in vivo efficacy leading to a significant decline in the fungal burden in 

the kidneys compared to all other treatments. ITC/LPV-R generated a 1.6 log (~97%) CFU 

reduction compared to the vehicle control and a 1.3 log (~95%) CFU reduction compared to ITC 

alone. Interestingly, the in vivo activity of ITC/LPV-R against C. auris is comparable to that 

observed with a newly developed antifungal drug (APX001A) currently undergoing clinical trials 

[19]. 

Moreover, there have been reports of the clinical resolution of azole-resistant oropharyngeal 

candidiasis following the administration of HIV protease inhibitor therapy [20, 21] that further 

validates our approach. Taken together, the characteristics of protease inhibitors as re-sensitizing 

antifungal agents may offer a novel strategy to current approaches for treating serious C. auris 

infections.  
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Table 1: Interactions between lopinavir and azole antifungals (fluconazole, itraconazole, and voriconazole) against 24 C. auris 1 

isolates 2 

C. auris 

Isolate ID 

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

MIC (µg/ml) ΣFICI Mode MIC (µg/ml) ΣFICI Mode MIC (µg/ml) ΣFICI Mode 

CBS 12766 32/16 0.31 SYN 0.25/8 0.28 SYN 0.125/8 0.28 SYN 

CBS 12768 64/16 0.31 SYN 0.25/8 0.28 SYN 0.125/16 0.31 SYN 

CBS 12770 64/8 0.28 SYN 0.25/8 0.16 SYN 0.25/4 0.27 SYN 

CBS 12771 64/8 0.28 SYN 0.5/4 0.27 SYN 0.25/4 0.27 SYN 

CBS 12772 64/16 0.31 SYN 0.25/8 0.28 SYN 0.125/16 0.31 SYN 

CBS 12773 64/8 0.28 SYN 0.25/16 0.31 SYN 0.125/32 0.38 SYN 

CBS 12774 32/4 0.14 SYN 0.5/8 0.28 SYN 0.25/4 0.27 SYN 

NR-52713 32/8 0.28 SYN 0.06/8 0.15 SYN 0.125/8 0.53 IND 

NR-52714 16/8 0.53 IND 0.125/4 0.27 SYN 0.125/4 0.52 IND 

NR-52715 0.5/8 0.53 IND 0.06/8 0.15 SYN 0.015/1 1 IND 

NR-52716 4/16 0.56 IND 0.125/8 0.16 SYN 0.06/1 1 IND 

NR-52717 32/8 0.16 SYN 0.25/8 0.16 SYN 0.25/8 0.28 SYN 

AR 1101 16/16 0.31 SYN 0.25/8 0.28 SYN 0.125/16 0.31 SYN 

CBS 12372 32/8 0.28 SYN 0.5/8 0.28 SYN 0.125/16 0.31 SYN 

CBS 10913 0.5/1 1 IND 0.03/4 0.14 SYN 0.015/1 1 IND 

CBS 12373 32/8 0.28 SYN 0.5/8 0.28 SYN 0.25/8 0.28 SYN 

AR 1102 >128/>128 2 IND 0.25/4 0.27 SYN 2/1 1 IND 

AR 1103 128/8 0.53 IND 0.25/8 0.28 SYN 0.5/8 0.28 SYN 

AR 0931 64/32 0.38 SYN 0.25/16 0.31 SYN 1/16 0.31 SYN 

AR 1104 16/8 0.28 SYN 0.5/4 0.27 SYN 0.25/8 0.53 IND 

AR 1097 8/16 0.31 SYN 0.25/8 0.28 SYN 0.06/16 0.30 SYN 

AR 1099 1/4 0.52 IND 0.125/4 0.27 SYN 0.015/1 1 IND 

AR 1100 1/16 0.56 IND 0.06/4 0.26 SYN 0.015/1 1 IND 

AR 1105 0.5/8 0.53 IND 0.125/4 0.27 SYN 0.015/4 0.35 SYN 

FLC: fluconazole, ITC: itraconazole, VRC: voriconazole, LPV: lopinavir, SYN: synergy, IND: indifference.   3 

 4 



Table 2: Interactions between ritonavir and azole antifungals (fluconazole, itraconazole, and voriconazole) against 34 C. auris 5 

isolates 6 

C. auris 

Isolate ID 

FLC/RTV combination ITC/RTV combination VRC/RTV combination 

MIC (µg/ml) ΣFICI Mode MIC (µg/ml) ΣFICI Mode MIC (µg/ml) ΣFICI Mode 

AR0382 1/1 1 IND 0.25/16 0.56 IND 0.015/1 1 IND 

AR0387 1/1 1 IND 0.06/8 0.27 SYN 0.015/1 1 IND 

AR0388 64/16 0.31 SYN 0.125/16 0.19 SYN 0.25/32 0.38 SYN 

AR0389 >128/>128 2 IND 0.25/2 0.26 SYN 2/1 1 IND 

AR0390 64/16 0.31 SYN 0.25/8 0.28 SYN 0.25/8 0.53 IND 

CBS 12766 128/1 1 IND 0.25/8 0.28 SYN 0.5/1 1 IND 

CBS 12768 128/1 1 IND 0.25/16 0.31 SYN 0.5/1 1 IND 

CBS 12770 128/16 0.56 IND 0.25/8 0.28 SYN 0.25/16 0.31 SYN 

CBS 12771 64/32 0.38 SYN 0.25/8 0.28 SYN 0.25/16 0.31 SYN 

CBS 12772 128/16 0.56 IND 0.25/16 0.31 SYN 0.5/1 1 IND 

CBS 12773 64/16 0.31 SYN 0.25/16 0.31 SYN 0.5/1 1 IND 

CBS 12774 128/32 0.63 IND 0.5/2 0.26 SYN 0.25/16 0.31 SYN 

NR-52713 32/8 0.28 SYN 0.06/8 0.15 SYN 0.125/8 0.53 IND 

NR-52714 32/1 1 IND 0.125/4 0.27 SYN 0.125/8 0.53 IND 

NR-52715 1/1 1 IND 0.06/8 0.15 SYN 0.015/1 1 IND 

NR-52716 4/16 0.56 IND 0.25/8 0.28 SYN 0.06/1 1 IND 

NR-52717 32/32 0.25 SYN 0.25/8 0.16 SYN 0.25/16 0.31 SYN 

AR0381 1/1 1 IND 0.01/8 0.07 SYN 0.007/1 1 IND 

AR 1101 32/16 0.56 IND 0.5/2 0.51 IND 0.25/1 0.50 SYN 

CBS 12372 64/16 0.56 IND 0.5/4 0.27 SYN 0.5/1 1 IND 

CBS 10913 0.5/1 1 IND 0.06/8 0.27 SYN 0.015/1 1 IND 

CBS 12373 64/16 0.56 IND 0.5/4 0.27 SYN 1/1 1 IND 

AR0383 >128/>128 2 IND 0.25/4 0.27 SYN 0.5/1 1 IND 

AR0384 >128/>128 2 IND 0.25/4 0.27 SYN 1/1 1 IND 

AR 1102 >128/>128 2 IND 0.25/4 0.27 SYN 1/1 1 IND 

AR 1103 >128/>128 2 IND 0.25/8 0.28 SYN 2/1 1 IND 

AR0385 >128/>128 2 IND 0.25/8 0.28 SYN 2/32 0.63 IND 

AR0386 >128/>128 2 IND 0.25/8 0.28 SYN 2/1 1 IND 



AR 0931 >128/>128 2 IND 0.5/4 0.52 IND 2/16 0.56 IND 

AR 1104 64/1 1 IND 0.5/4 0.27 SYN 0.5/1 1 IND 

AR 1097 8/16 0.31 SYN 0.125/8 0.28 SYN 0.125/8 0.53 IND 

AR 1099 1/8 0.53 IND 0.125/4 0.27 SYN 0.015/1 1 IND 

AR 1100 1/16 0.56 IND 0.125/4 0.27 SYN 0.015/1 1 IND 

AR 1105 0.25/16 0.56 IND 0.125/8 0.28 SYN 0.015/8 0.36 SYN 

FLC: fluconazole, ITC: itraconazole, VRC: voriconazole, RTV: ritonavir, SYN: synergy, IND: indifference.    7 
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Figure 1: Efflux assay and in vivo efficacy of HIV protease inhibitors in combination with azole antifungals against C. auris. A) 9 

Inhibitory effect of ritonavir (RTV) on the efflux of Nile red from C. auris. RTV, at 8 µg/ml, interferes with the efflux of Nile red 10 

from C. auris AR0390. The data, which represent the average of 3 independent experiments, were analyzed via a Student’s t-test. 11 

Asterisks denote a statistical difference in the intensity of Nile red fluorescence between the untreated and RTV-treated C. auris cells 12 

(P <0.0001). B) In vivo efficacy of FLC/LPV-R combination. Female CD-1 mice (n = 8), infected with azole-resistant C. auris AR0390 13 

(4 × 107 CFU/mouse) and treated with vehicle control (untreated), fluconazole (FLC) 75 mg/kg, lopinavir (LPV) 160 mg/kg, lopinavir-14 

ritonavir (LPV-R) 160-40 mg/kg, fluconazole/lopinavir (FLC/LPV) 75/160 mg/kg, and fluconazole/lopinavir-ritonavir (FLC/LPV-R) 15 

75/160-40 mg/kg. C) In vivo efficacy of ITC/LPV-R combination. Female CD-1 mice (n = 6), infected with azole-resistant C. auris 16 

AR0390 (2 × 107 CFU/mouse) and treated with vehicle control, itraconazole (ITC) 5 mg/kg, lopinavir-ritonavir (LPV-R) 160-40 mg/kg, 17 

or the itraconazole/lopinavir-ritonavir combination (ITC/LPV-R) 5/160-40 mg/kg. The data were analyzed via a one-way analysis of 18 

variance (ANOVA) using post-hoc Dunnett’s test for multiple comparisons. The asterisk (*) indicates a statistically significant 19 

difference (P < 0.05) compared to the untreated control. The pound sign (#) indicates a statistically significant difference for the 20 

combination treatment compared to the treatment with the azole drug alone (P < 0.05). 21 
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