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Introduction: Azole resistance has been increasingly reported and become an issue

for clinical managements of invasive mycoses. New strategy with combination

therapy arises as a valuable and promising alternative option. The aim of the

present study is to investigate the in vitro combinational effect of proton pump

inhibitors (PPIs) and azoles against pathogenic fungi.

Methods: In vitro interactions of PPIs including omeprazole (OME), lansoprazole

(LAN), pantoprazole (PAN), and rabeprazole (RAB), and commonly used azoles

including itraconazole (ITC), posaconazole (POS), voriconazole (VRC) and

fluconazole(FLC), were investigated via broth microdilution chequerboard

procedure adapted from the CLSI M27-A3 and M38-A2. A total of 67 clinically

isolated strains, namely 27 strains of Aspergillus spp., 16 strains of Candida spp.,

and 24 strains of dematiaceous fungi, were studied. C. parapsilosis (ATCC 22019)

and A. flavus (ATCC 204304) was included to ensure quality control.

Results: PPIs individually did not exert any significant antifungal activity. The

combination of OME with ITC, POS, or VRC showed synergism against 77.6%,

86.6%, and 4% strains of tested pathogenic fungi, respectively, while synergism of

OME/FLC was observed in 50% strains of Candida spp. Synergism between PAN

and ITC, POS, or VRC was observed against 47.8%, 77.6% and 1.5% strains of

tested fungi, respectively, while synergism of PNA/FLC was observed in 50%

strains of Candida spp. Synergism of LAN with ITC, POS, or VRC was observed

against 86.6%, 86.6%, and 3% of tested strains, respectively, while synergism of

LAN/FLC was observed in 31.3% strains of Candida spp. Synergy of the

combination of RAB with ITC, POS, or VRC was observed against 25.4%, 64.2%,

and 4.5% of tested strains, respectively, while synergism of RAB/FLC was

observed in 12.5% of Candida spp.. Among PPIs, synergism was least observed

between RAB and triazoles, while among triazoles, synergism was least observed

between VRC and PPIs. Among species, synergy was much more frequently

observed in Aspergillus spp. and dematiaceous fungi as compared to Candida

spp. Antagonism between PPIs with ITC or VRC was occasionally observed in

Aspergillus spp. and dematiaceous fungi. It is notable that PPIs combined with

azoles showed synergy against azole resistant A. fumigatus, and resulted in

category change of susceptibility of ITC and POS against Candida spp.
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Discussion: The results suggested that PPIs combined with azoles has the

potential to enhance the susceptibilities of azoles against multiple pathogenic

fungi and could be a promising strategy to overcome azole resistance issues.

However, further investigations are warranted to study the combinational

efficacy in more isolates and more species, to investigate the underlying

mechanism of interaction and to evaluate the potential for concomitant use of

these agents in human.
KEYWORDS
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1 Introduction

Invasive fungal infections have emerged as a major clinical

challenge and imposed economic burden to the health care system

worldwide due to the widespread application of immunosuppressive

and immunomodulation-based therapies (Enoch et al., 2017). Invasive

candidiasis and aspergillosis are the most common invasive yeast and

mold infection, respectively(Erjavec et al., 2009; Brown et al., 2012;

Gonzalez-Lara and Ostrosky-Zeichner, 2020). Candida albicans and

Aspergillus fumigatus are always the most frequent organisms isolated.

However, a rise of non-albicans Candida and non-fumigatus

Aspergillus with reduced susceptibility to common available

antifungal agents was noted, which constitutes a substantial

proportion of invasive candidiasis and invasive aspergillosis (Lamoth

et al., 2015; Gonzalez-Lara and Ostrosky-Zeichner, 2020). The

mortality rates of invasive candidiasis and invasive aspergillosis were

reported to be as high as 75% (Brown et al., 2012; Kullberg and

Arendrup, 2015) and 95% (Brown et al., 2012), respectively. In

addition, opportunistic infection by dematiaceous fungi is also being

increasingly recognized and reported (Zeng et al., 2007; Li et al., 2011;

Patel et al., 2013). Triazoles are still the main choice for invasive fungal

infections(Campoy and Adrio, 2017). However, azole resistance has

been increasingly reported (Prasad et al., 2017; Hadrich and Ayadi,

2018). New strategy with combination therapy arises as a valuable and

promising alternative option due to its potential to increase the efficacy

of current antifungals and to reduce the probability of resistance.

Cellular pH homeostasis plays a critical role in fungal cell

physiology. Abundant fungal plasma membrane and organellar

pumps are responsible for intracellular pH regulation, maintenance

of ionic balance and electrochemical proton gradients, which are

essential for nutrient uptake, cell growth and virulence(Monk et al.,

1995b). The proton pump inhibitors exert antifungal effect and may

potentially reverse the acquired resistance to azoles (Afeltra and

Verweij, 2003; Monk et al., 2005). Hence, targeting proton pumps

might be a promising target for broad spectrum combinational strategy

with conventional antifungals. The FDA-approved proton pump

inhibitors (PPIs) such as omeprazole (OME), lansoprazole (LAN),

pantoprazole (PAN), and rabeprazole (RAB) are widely applied for the
02
treatment of digestive disorders such as peptic ulcer disease and

gastrointestinal hemorrhage(Asim Syed and Abbas Naqvi, 2016).

Previous studies have demonstrated that OME exerted fungicidal

growth inhibition against Saccharomyces cerevisiae and Candida

albicans (Monk et al., 1995a), and that activated LAN showed

hyphal growth inhibition of C. albicans (Biswas et al., 2001). In

addition, PPIs have been demonstrated to act synergistically with

fluconazole (FLC) against C. albicans in vitro and in vivo (Lu et al.,

2020). However, the combinational effects of PPI and azoles against

other species of Candida spp., dematiaceous fungi and Aspergillus spp.

were still unknown. Therefore, it is tempting to investigate the

combined effect of FDA-approved PPIs and triazoles against other

pathogenic fungi. In the present study, the in vitro interactions between

PPIs and commonly used itraconazole (ITC), posaconazole (POS),

voriconazole (VRC) and FLC against pathogenic fungi

were investigated.
2 Materials and methods

2.1 Fungal strains, antifungals and
chemical agents

A total of 67 clinically isolated strains, namely 27 strains of

Aspergillus spp. (14 strains of A. fumigatus including four azole-

resistant A. fumigatus strains harboring the association of a tandem

repeat sequence and punctual mutation of the Cyp51A gene (TR34/

L98H and TR46/Y121F/T289A, 12 strains of A. flavus, and 1 strain

of A. niger), 16 strains of Candida spp. (9 strains of C. albicans, 2

strains of C. krusei, 2 strains of C. parasilosis, 3 strains of C.

tropicalis), 18 strains of E. dermatitidis, 3 strains of Fonsecaea.

monophora, 2 strains of Phialophora americana and 1 strain of

Phialophora macrospora were studied. C. parapsilosis (ATCC

22019) and A. flavus (ATCC 204304) was included to ensure

quality control. All fungal strains were identified by microscopic

morphology and by molecular sequencing of the internal

transcribed spacer (ITS) ribosomal DNA (rDNA) (Glass and

Donaldson, 1995). For identification of Aspergillus spp.,
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additional molecular sequence of b-tubulin and calmodulin was

required (Hong et al., 2005; Samson and Varga, 2009).

The experimental agents including OME (CAS: 73590-58-6),

PAN (CAS: 102625-70-7), LAN (CAS: 103577-45-3), RAB (CAS:

117976-89-3) and ITC (CAS: 84625-61-6) were purchased in

powder form from MedChemExpress (MCE), NJ, USA; VRC

(CAS: 137234-62-9) was obtained from Solarbio, Beijing, China;

POS (CAS: 171228-49-2) was obtained from Meilunbio, Dalian,

China; and FLC (CAS: 86386-73-4) was obtained from Selleck

Chemicals, Houston, TX, USA. The powder was dissolved diluted

in dimethyl sulfoxide as stock solutions (3200 mg/ml).
2.2 In vitro interactions of PPIs and azoles
against pathogenic fungi

The broth microdilution chequerboard procedure based on the

CLSI M27-A3 (Clinical and laboratory standards institute, 2008),

M38-A2 (Clinical and laboratory standards institute, 2017)

standard and previously published protocols (Gao et al., 2020)

was performed. Conidia were harvested from fungal cultures grown

on Sabouraud dextrose agar (SDA) for 2, 3, and 5 days for Candida

spp., Aspergillus spp., and dematiaceous fungi, respectively.

Subsequently, the conidia were resuspended in sterile distilled

water containing 0.03% Triton and diluted to the concentration

of 1-5×106 spores/ml and 2-5×106 spores/ml for yeast and

filamentous fungi, respectively. The suspension was than diluted

1000 times with RPMI-1640 to achieve a two-fold suspension more

concentrated than the density needed or to approximately 2-4×103

spores/ml (Clinical and laboratory standards institute, 2008) for

yeast and 1-3×104 spores/ml (Clinical and laboratory standards

institute, 2017) for filamentous fungi, respectively. The working

concentration ranges of PPIs were 2-128 mg/ml for all tested species.

The working concentration ranges of tested azoles against both

Aspergillus spp. and dematiaceous fungi were 0.06-8mg/ml for ITC

and VRC, and 0.03-4mg/ml for POS, respectively, except that for

azole resistant A. fumigatus, the working concentration of all azoles

were adjusted to 0.5-32mg/ml. The working concentration ranges of

tested azoles against Candida spp. were 0.06-16mg/ml for ITC and

VRC, 0.03-8mg/ml for POS, and 0.25-64mg/ml for FLC, respectively.

As described, a 50 ml of serial diluted PPIs was inoculated

horizontally and another 50 ml of serial diluted azoles was

inoculated vertically in the 96-well plate, which contained 100ml
prepared inoculum suspension. Interpretation of results was

performed after incubation at 35°C for 24h for Candida spp., 48h

for, Aspergillus spp., and 72h for dematiaceous fungi, respectively.

The MICs applied for the evaluation against Candida spp. were

determined as the lowest concentration resulting in 50% inhibition

of growth (Clinical and laboratory standards institute, 2008). The

MICs applied for the evaluation against filamentous fungi were

determined as the lowest concentration resulting in 100% inhibition

of growth (Clinical and laboratory standards institute, 2017). The

combination interaction between PPIs and azoles was classified

according to the fractional inhibitory concentration index (FICI),
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which was calculated by the formula: FICI=(Ac/Aa)+(Bc/Ba), where

Ac and Bc are the MICs of antifungal drugs in combination, and Aa

and Ba are the MICs of antifungal drugs A and B alone (Tobudic

et al., 2010). An FICI of ≤0.5 indicates synergy, an FICI of >0.5 to ≤4

indicates no interaction (indifference), and an FICI of >4 indicates

antagonism (Odds, 2003). All tests were performed in triplicate.
3 Results

3.1 In vitro interactions between OME and
azoles against pathogenic fungi

The median and range of MICs of OME and azoles alone or in

combination were listed in Table 1. OME alone exhibited limited

antifungal effect against all tested species. However, the median MICs

of azoles and OME in the combination revealed up to eight-fold and

128-fold reduction compared to that when tested alone, respectively.

The summarized interaction profile between OME and azoles was

shown in Figures 1A, B. Synergy of OME/ITC was observed in 20

strains of Aspergillus spp., 21 strains of dematiaceous fungi and 11

strains of Candida spp., respectively. Synergy of OME/POS was shown

in 24 strains of Aspergillus spp., 23 strains of dematiaceous fungi and 11

strains of Candida spp., respectively. In contrast, synergy between OME

and VRC was only observed in 2 strains of dematiaceous fungi and 2

strains of Candida spp. Synergy of OME/FLC was observed in 8 strains

of Candida spp. Antagonism was only observed in the combination of

OME/VRC against 3 strains of tested fungi. In total, the combination of

OME/ITC and OME/POS showed synergism against 77.6% and 86.6%

strains of pathogenic fungi, respectively, while synergism of OME/FLC

was observed in 50% strains of Candida spp. However, synergism was

rarely observed in the combination of OME/VRC.
3.2 In vitro interactions between PAN and
azoles against pathogenic fungi

The median and range of MICs of PAN and azoles alone or in

combination were listed in Table 2. PAN alone exhibited limited

antifungal effect against all tested species. However, the median

MICs of azoles and PAN in the combination revealed up to eight-

fold and 128-fold reduction compared to that when tested alone,

respectively. The summarized interaction profile between PAN and

azoles was shown in Figures 1A, B. Synergy of PAN/ITC was

observed in 11 strains of Aspergillus spp., 15 strains of

dematiaceous fungi and six strains of Candida spp., respectively.

The synergy of PAN/POS was shown in 22 strains of Aspergillus

spp., 23 strains of dematiaceous fungi and 7 strains of Candida spp.,

respectively. In contrast, synergy between PAN and VRC was only

observed in 1 strains of dematiaceous fungi. Synergy of PAN/FLC

was observed in 8 strains of Candida spp. No antagonism was

observed in the combination of PAN with azoles. In total, PAN

synergized with ITC, POS, VRC and FLC against 47.8%, 77.6%,

1.5% and 50% of tested strains, respectively.
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3.3 In vitro interactions between LAN and
azoles against pathogenic fungi

The median and range of MICs of LAN and azoles alone or in

combination were listed in Table 3. LAN alone exhibited limited

antifungal effect against all tested species. However, the median MICs

of azoles and LAN in the combination revealed up to 11-fold and 128-

fold reduction compared to that when tested alone, respectively. The

summarized interaction profile between LAN and azoles was shown in

Figures 1A, B. Synergy of LAN/ITC was observed in 22 strains of

Aspergillus spp., 23 strains of dematiaceous fungi and 13 strains of

Candida spp., respectively. The synergy of LAN/POS was shown in 24

strains of Aspergillus spp., 23 strains of dematiaceous fungi and 11

strains of Candida spp., respectively. In contrast, synergy between LAN

and VRC was only observed in one strains of dematiaceous fungi and

one strains of Candida spp. Synergy of LAN/FLC was observed in five

strains of Candida spp. Antagonism of LAN/VRC was observed in one

strains of dematiaceous fungi. In total, synergy of the combination of

LAN with ITC and POS was observed against 86.6% of tested strains,

while synergy of LAN/VRC and LAN/FLCwas only observed in 3% and

31.3% tested strains, respectively.
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3.4 In vitro interactions between RAB and
azoles against pathogenic fungi

The median and range of MICs of RAB and azoles alone or in

combination were listed in Table 4. RAB alone exhibited limited

antifungal effect against all tested species. However, the median

MICs of azoles and RAB in the combination revealed up to 7.7-fold

and 128-fold reduction compared to that when tested alone,

respectively. The summarized interaction profile between RAE

and azoles was shown in Figures 1A, B. Synergy of RAB/ITC was

observed in 10 strains of Aspergillus spp., two strains of

dematiaceous fungi and five strains of Candida spp., respectively.

The synergy of RAB/POS was shown in 24 strains of Aspergillus

spp., and 19 strains of dematiaceous fungi. Synergy between RAB

and VRC was only observed in 1 strains of Aspergillus spp., and two

strains of dematiaceous fungi. Synergy of RAB/FLC was observed in

two strains of Candida spp. Antagonism of RAB/VRC was observed

in two strains of dematiaceous fungi and antagonism of RAB/ITC

was observed in one strain of Candida spp. In total, synergy of the

combination of RAB with ITC, POS, VRC or FLC was observed

against 25.4%, 64.2%, 4.5% and 12.5% of tested strains, respectively.
TABLE 1 Summary of drug interaction for the combination of OME and azoles.

Median MICa (range) of durg (mg/mL) FICI bresults (n)

Alone In combination S I A

Azoles OME Azoles OME

A. fumigatus (n=14)

ITC 2 (1->32) >128 0.5 (0.13->32) 32 (2->128) 10 4 0

POS 1 (0.5-2) >128 0.25 (0.06-1) 32 (2-128) 11 3 0

VRC 0.5 (0.25-32) >128 1.25 (0.25-32) 2 0 13 1

Non-fumigatus Aspergillus (n=13)

ITC 1 (0.5-2) >128 0.25 (0.06-1) 32 (2-128)) 10 3 0

POS 1 (0.5-1) >128 0.125 (0.06-0.25) 32 (16-64) 13 0 0

VRC 0.5 (0.25-2) >128 0.5 (0.25-4) 2 0 12 1

Dematiaceous fungi (n=24)

ITC 1 (0.13-2) >128 (64->128) 0.13 (0.03-0.5) 16 (16-64) 21 3 0

POS 0.5 (0.25-1) >128 (64->128) 0.06 (0.03-0.25) 16 (8-64) 23 1 0

VRC 0.19 (0.06-2) >128 (64->128) 0.19 (0.06-0.5) 2 (2-128) 2 21 1

Candida spp. (n=16)

ITC 1 (0.13-2) ≥128 0.38 (0.13-1) 32 (2-64) 11 5 0

POS 0.5 (0.13-2) ≥128 0.13 (0.06-2) 32 (2-64) 11 5 0

VRC 0.25 (0.13-4) ≥128 0.13 (0.13-4) 2 (2-64) 2 14 0

FLC 4 (0.25-32) ≥128 1 (0.25-16) 2 (1-8) 8 8 0
fro
aThe MIC is the concentration achieving 100% growth inhibition for Aspergillus spp. and dematiaceous fungi and 50% growth inhibition for Candida spp., respectively.
bFICI, fractional inhibitory concentration index; S, synergy (FICI of ≤ 0.5); I, no interaction (indifference) (0.5<FICI ≤ 4); A, antagonism (FICI of >4).
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A

B

FIGURE 1

(A) Interaction profile between PPIs and azoles against all tested fungi. (B) Interaction profile between PPIs and azoles among different species.
TABLE 2 Summary of drug interaction for the combination of PAN and azoles.

Median MICa (range) of durg (mg/mL) FICI bresults (n)

Alone In combination S I A

Azoles PAN Azoles PAN

A. fumigatus (n=14)

ITC 1 (0.5->32) >128 0.5 (0.25->32) 64 (64->128) 5 9 0

POS 1 (0.5-2) >128 0.125 (0.06-2) 64 (2-128) 10 4 0

VRC 0.5 (0.25-32) >128 0.5 (0.5-32) 2 0 14 0

Non-fumigatus Aspergillus (n=13)

ITC 0.5 (0.5-1) >128 0.125 (0.06-0.5) 64 (16-128)) 6 7 0

POS 1 (0.5-1) >128 0.25 (0.06-0.25) 64 (16-64) 12 1 0

(Continued)
F
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TABLE 3 Summary of drug interaction for the combination of LAN and azoles.

Median MICa (range) of durg (mg/mL) FICIb results (n)

Alone In combination S I A

Azoles LAN Azoles LAN

A. fumigatus (n=14)

ITC 1 (0.5->32) >128 0.25 (0.13->32) 32 (2->128) 10 4 0

POS 1 (0.5-2) >128 0.09 (0.06-1) 16 (8-32) 11 3 0

VRC 0.5 (0.25-32) >128 0.5 (0.25-32) 2 0 14 0

Non-fumigatus Aspergillus (n=13)

ITC 0.5 (0.25-1) >128 0.06 (0.06-0.25) 32 (16-128)) 12 1 0

POS 1 (0.5-1) >128 0.13 (0.06-0.25) 16 (8-32) 13 0 0

VRC 0.5 (0.5-2) >128 0.5 (0.5-4) 2 0 13 0

Dematiaceous fungi (n=24)

ITC 1 (0.13-2) >128 (64->128) 0.13 (0.03-0.5) 24 (16-64) 23 1 0

POS 0.5 (0.25-1) >128 (64->128) 0.06 (0.03-0.5) 16 (8-32) 23 1 0

VRC 0.19 (0.06-2) >128 (64->128) 0.25 (0.13-1) 2 (2->128) 1 22 1

Candida spp. (n=16)

ITC 1 (0.13-2) >128 0.25 (0.06-1) 24 (2-64) 13 3 0

POS 0.5 (0.13-2) >128 0.13 (0.06-2) 16 (2-32) 11 5 0

VRC 0.25 (0.13-4) >128 0.13 (0.13-4) 2 (1-64) 1 15 0

FLC 4 (0.25-32) >128 1.5 (0.25-16) 2 (0.5-8) 5 11 0
F
rontiers in Cellu
lar and Infection Microbiology 06
 fro
aThe MIC is the concentration achieving 100% growth inhibition for Aspergillus spp. and dematiaceous fungi and 50% growth inhibition for Candida spp., respectively.
bFICI, fractional inhibitory concentration index; S, synergy (FICI of ≤ 0.5); I, no interaction (indifference) (0.5<FICI ≤ 4); A, antagonism (FICI of >4).
TABLE 2 Continued

Median MICa (range) of durg (mg/mL) FICI bresults (n)

Alone In combination S I A

Azoles PAN Azoles PAN

VRC 0.5 (0.25-2) >128 0.5 (0.5-2) 2 0 13 0

Dematiaceous fungi (n=24)

ITC 1 (0.13-2) >128 (64->128) 0.25 (0.03-2) 32 (2-64) 15 9 0

POS 0.5 (0.25-1) >128 (64->128) 0.13 (0.03-0.25) 32 (16-64) 23 1 0

VRC 0.19 (0.06-2) >128 (64->128) 0.25 (0.06-1) 2 (2->128) 1 23 0

Candida spp. (n=16)

ITC 1 (0.13-2) >128 0.5 (0.06-1) 2 (2-128) 6 10 0

POS 0.5 (0.13-2) >128 0.19 (0.06-2) 32 (2-64) 7 9 0

VRC 0.25 (0.13-4) >128 0.25 (0.13-4) 2 0 16 0

FLC 4 (0.25-32) >128 1 (0.25-16) 2 (1-16) 8 8 0
aThe MIC is the concentration achieving 100% growth inhibition for Aspergillus spp. and dematiaceous fungi and 50% growth inhibition for Candida spp., respectively.
bFICI, fractional inhibitory concentration index; S, synergy (FICI of ≤ 0.5); I, no interaction (indifference) (0.5<FICI ≤ 4); A, antagonism (FICI of >4).
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4 Discussion

As the present study revealed, among species, synergy was

much more frequently observed in Aspergillus spp. and

dematiaceous fungi as compared to Candida spp. (Tables S1-S15;

Figure 1B). However, it's notable that PPIs combined with azoles

resulted in category change of ITC, VRC and FLC susceptibilities in

Candida spp. (Tables S1-S5) and that ITC category change was

most often observed in the LAN/ITC combination, while FLC

category change in Candida spp. was most commonly observed in

the PAN/FLC combination. In addition, the combination with PPIs

and POS or ITC exhibited synergism against two azole-resistant A.

fumigatus strains that harboring the association of a tandem repeat

sequence and punctual mutation of the Cyp51A gene (TR34/L98H
Frontiers in Cellular and Infection Microbiology 07
and TR46/Y121F/T289A), resulting in up to 8-fold reduction in

MICs of azoles (Tables S6-9).

Although, clinically, PPIs combined with FLC have been

successfully applied for the treatment of candida esophagitis

combined acute oesophageal necrosis (Pereira et al., 2013; Chen

et al., 2016), paradoxical interactions between PPIs and FLC have

been reported against the yeast Candida. OME, RAB, PAN and

esomeprazole have also been shown to antagonize the growth

inhibition effect of FLC (Kaneko et al., 2013; Urai et al., 2014; Liu

and Kohler, 2016). However, recently PPIs, including OME, RAB,

PAN, esomeprazole and ilaprazole, have been demonstrated to act

synergistically with FLC against C. albicans both in vitro and in vivo

(Lu et al., 2020). The present study also demonstrated variable

interaction profiles between PPIs and triazole against multiple
TABLE 4 Summary of drug interaction for the combination of RAB and azoles.

Median MICa (range) of durg (mg/mL) FICIb results (n)

Alone In combination S I A

Azoles RAB Azoles RAB

A. fumigatus (n=14)

ITC 2 (1->32) >128 0.75 (0.25->32) 64 (2->128) 6 8 0

POS 1 (0.5-2) >128 0.25 (0.06-2) 32 (2-64) 12 2 0

VRC 0.75 (0.25-32) >128 0.75 (0.25-32) 2 0 14 0

Non-fumigatus Aspergillus (n=13)

ITC 1 (0.5-4) >128 1 (0.25-2) 2 (2-128)) 4 9 0

POS 1 (0.5-1) >128 0.13 (0.06-1) 32 (2-64) 12 1 0

VRC 0.5 (0.25-2) >128 0.5 (0.25-2) 2 (2-32) 1 12 0

Dematiaceous fungi (n=24)

ITC 1 (0.13-2) >128 0.5 (0.13-1) 2 (2->128) 2 22 0

POS 0.5 (0.25-1) >128 0.13 (0.03-0.5) 32 (4->128) 19 5 0

VRC 0.19 (0.06-2) >128 0.25 (0.06-1) 2 (2-32) 2 20 2

Candida spp. (n=16)

ITC 1 (0.13-2) >128 0.5 (0.13-2) 2 (2-64) 5 10 1

POS 0.5 (0.13-2) >128 0.5 (0.13-2) 2 (2-32) 0 16 0

VRC 0.25 (0.13-4) >128 0.25 (0.13-4) 2 0 16 0

FLC 4 (0.25-32) >128 3 (0.25-16) 3 (1-4) 2 14 0
fro
aThe MIC is the concentration achieving 100% growth inhibition for Aspergillus spp. and dematiaceous fungi and 50% growth inhibition for Candida spp., respectively.
bFICI, fractional inhibitory concentration index; S, synergy (FICI of ≤ 0.5); I, no interaction (indifference) (0.5<FICI ≤ 4); A, antagonism (FICI of >4).
TABLE 5 Summary of drug interaction for the combination of PPIs and azoles.

PPIs ITC (n=67) POS (n=67) VRC (n=67) FLC (n=16)

S I A S I A S I A S I A

OME 52 (77.6%) 15 (22.4%) 0 58 (86.6%) 9 (13.4%) 0 4 (6%) 60 (89.6%) 3 8 (50%) 8 (50%) 0

PAN 32 (47.8%) 35 (52.2%) 0 52 (77.6%) 15 (22.4%) 0 1 (1.5%) 66 (98.5%) 0 8 (50%) 8 (50%) 0

LAN 58 (86.6%) 9 (13.4%) 0 58 (86.6%) 9 (13.4%) 0 2 (3%) 64 (97%) 1 5 (31.3%) 11 (68.7%) 0

RAB 17 (25.4%) 49 (73.1%) 1 43 (64.2%) 24 (35.8%) 0 3 (4.5%) 62 (95.5%) 2 2 (12.5%) 14 (87.5%) 0
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species of Candida, Aspergillus and dematiaceous fungi. Among

PPIs, synergism was least observed between RAB and triazoles,

while among triazoles, synergism was least observed between VRC

and PPIs (Table 5; Figure 1). In addition, antagonism was most

commonly observed between VRC and PPIs (Table 5; Figure 1).

Triazoles targets ergosterol biosynthetic enzyme and results in

diminished ergosterol in fungal plasma membrane. This disruption

in membrane function corresponds to fungal growth inhibition

(Peyton et al., 2015). However, upregulated expression of multidrug

efflux pumps correlates with decreased susceptibility of azoles

(Fraczek et al., 2013). The plasma membrane structure is crucial

for the proper localization and function of efflux pumps. It has been

demonstrated that both ergosterol and sphingolipid are crucial for

maintenance of plasma membrane structure (Urbanek et al., 2022).

Inhibition of sphingolipid synthesis results in significantly elevated

susceptibility to azoles and diminished efflux pump levels (Gao

et al., 2018; Urbanek et al., 2022). The FDA-approved proton pump

inhibitors (PPIs) have been shown to have an inhibitory effect

against fatty acid synthases (FAS) and inhibited proliferation of

pancreatic cancer cells (Fako et al., 2015). In all live creatures, FAS

are central to metabolism since that fatty acids and their

biosynthesis are essential for the survival, representing building

blocks of lipids membranes and also energy reserves of a cell and

precursors to second messenger molecules(Schweizer and

Hofmann, 2004; White et al., 2005). Specifically, in fungi, fatty

acids are building blocks for sphingolipid (Lomakin et al., 2007).

The inhibitory effect of PPIs on FAS might provide one mechanistic

basis for the synergy between azoles and PPIs.

It has been shown that PPIs target and inhibit plasma membrane

ATPase, including fungal plasma membrane ATPase Pam1p(Monk

et al., 1995a). Studies have demonstrated that targeting plasma Pam1p

increases the potencies of azole drugs and circumvents azole resistance

(Monk et al., 2005). In addition, Pma1p inhibition may affect pathways

downstream of Vacuolar-ATPase(V-ATPases) function (Hayek et al.,

2014), which is responsible for acidifying and maintaining the pH of

intracellular compartments and is important for fundamental cellular

processes such as mTOR, Notch, and Wnt signaling(Vasanthakumar

and Rubinstein, 2020). Previous research demonstrated that V-ATPase

is required for antifungal resistance and virulence of Candida glabrata,

and inhibition of V-ATPase exerts a synergistic effect with azole

antifungal agents (Minematsu et al., 2019). Although PPIs are

primarily applied as irreversible blockers of the plasma membrane

ATPase, they have also been demonstrated to be effective on V-

ATPases at higher concentrations (Mattsson et al., 1991; Moriyama

et al., 1993). In addition, ergosterol also plays a regulatory role in fungal

V-ATPase function(Zhang et al., 2010). Therefore, the effect of PPIs on

both plasma and vacuolar ATPase might provide another plausible

mechanism for synergism of PPIs and azoles.

However, antagonism between PPIs and azoles have also been

reported (Liu and Kohler, 2016) and observed in our study. Previous

study has shown that OME induces CDR1 expression and disturbs the

anti-Candida activity of FLC(Urai et al., 2014). In our study, no

antagonism was observed between PPIs and FLC against tested

Candida strains. These demonstrated the complex combinatorial effect

of PPIs and azoles could be dependent on the tested strains as well as the

specific type of azoles used. In addition, in the present study, synergy
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between PPIs and POS or ITC was more frequently observed than that

observed in the combinations of PPIs and VRC or FLC (Table 5, Figure

1). The underlying mechanism may lies in the fact that VRC is a

synthetic derivative of FLC by the substitution of a triazole group with a

fluoropyrimidine moiety and by the addition of a methyl group to the

propyl backbone (Sabo and Abdel-Rahman, 2000), while POS is

structurally an analogue of itraconazole with a 1,3-dioxolone backbone

(Kauffman et al., 2007), which might explain the discrepancy of the

interaction profile of PPIs with VRC as compared to ITC or POS.

As mentioned above, synergism was least observed in RAB-triazoles

combinations and VRC-PPIs combinations, while antagonism was most

commonly observed in VRC-PPIs combinations (Figure 1). Antagonism

was not observed between POS or FLC and PPIs. These provides

preliminary information for therapeutic decision by clinicians when

patients received both PPIs and triazoles treatment. For patients under

triazoles treatment, RAB is the least priority to be chose among PPIs for

gastric disease. For patients under VRC treatment, other category instead

of PPIs may offer a better option. However, further investigations are

warranted to study the combinational efficacy in more isolates and more

species, to investigate the underlying mechanism of interaction and to

evaluate the potential for concomitant use of these agents in human.

In summary, the present study investigated the combinational

efficacies of PPIs and triazoles against multiple pathogenic fungi. PPIs

exerted favorable synergistic effect with triazoles, although antagonism

was occasionally observed in several strains. Additionally, PPIs have the

potential to reverse azoles resistance of pathogenic fungi, which

provided new promising strategies to overcome the resistance issue.

However, combinational effect of PPIs with triazoles may be dependent

on the tested strains as well as the specific type of azoles used.
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