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ABSTRACT

As the number of hospitalized and immunocompromigatients continues to rise, invasive
fungal infections, such as invasive candidiasis asyergillosis, threaten the life of millions of
patients every year. The azole antifungals areeatlyr the most prescribed drugs clinically that
display broad-spectrum antifungal activity and dece oral bioavailability. Yet, the azole
antifungals have their own limitations and are ueab meet the challenges associated with
increasing fungal infections and the accompaniedeldpment of resistance against azoles.
Exploring combination therapy that involves thereat azoles and another drug has been shown
to be a promising strategy. Haloperidol and itsivdgive, bromperidol, were originally
discovered as antipsychotics. Herein, we synthesiad report a series of bromperidol
derivatives and their synergistic antifungal int#i@ns in combination with a variety of current
azole antifungals against a wide panel of fungéh@gens. We further select two representative
combinations and confirm the antifungal synergypleyforming time-kill assays. Furthermore,
we evaluate the ability of selected combinationgléstroy fungal biofilm. Finally, we perform
mammalian cytotoxicity assays with the represeveatiombinations against three mammalian
cell lines.

Keywords: Biofilm, Candida albicans, Cytotoxicity, Drug synergy, Filamentous fungusmé-
kill



INTRODUCTION

Fungal infections are an ever-growing global hepftthlem. Even though fungal infections can
affect both the healthy and the sick, they poseughmgreater threat to chronically ill and
immunocompromised patients [1]. As the number ofpitalized and immunocompromised
patients increases, the rise of fungal infectiams the associated resistance problems are raising
alarm.Candida albicans is a leading cause of fungal infections and acctomt up to 70% of
total incidents worldwide [2]. Invasive candidigsisbloodstream infection @andida species,

is one of the most common nosocomial fungal diseagth an estimate of 350,000 incidents
worldwide every year and a 30-55% mortality rate 4B From 2000 to 2005, the number of
invasive candidiasis in the USA rose by 52% and/itably much more in less developed
countries, such as Brazil and India. In additiolCémdida species, some filamentous fungi, such
asAspergillus, also cause life-threatening infections. If lefitneated, invasive aspergillosis can
result in a 99% mortality rate, and therefore, mother fungal infection that is calling for
immediate attention worldwide. For instance, theréasing use of corticosteroid in 4.8 million

asthma patients is linked to over 400,000 patiéetgeloping chronic pulmonary aspergillosis

[5].

Fungi infect not only humans but also various feodrces. From the Irish potato famine in the
19" century [6, 7] to today’s spread Bficcina graminis tritici Ug99, which is responsible for

stem or black rust diseases on wheat [8], fundgaktions have never been solely a burden to
clinical healthcare providers, but also to foodduaction and quality control professionals. By
infecting crops and livestock, fungi not only rdsil severe damage in the food production

industry, but can be spread to humans through &modcause diseases.

The challenges we face with fungal infections are&lent and urgent, yet, our repertoire of
antifungals is limited [3]. Currently, there arelypew antifungal drugs for the treatment of
systemic infections, including polyenesg, amphotericin B (AmB)), azole®.¢., fluconazole
(FLC), itraconazole (ITC), ketoconazole (KTC), pomaazole (POS), and voriconazole (VOR);
Fig. 1A), and echinocandine.g., caspofungin (CAS)), each of which has severdditions. The
intravenous drug AmB was the first antifungal agepproved for systemic use for invasive

fungal infections over 50 years ago [9]. Howevés, dose-limiting toxicity and other adverse



effects often result in interruption of treatmeaticses [10]. Another intravenous antifungal drug
family, the echinocandins, was shown to possessgridaxicity and to be better tolerated than
AmB in various formulations [3]. The broad-spectrumature of the echinocandins has made

them a better alternative to AmB for treating irvadungal infections.
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Fig. 1. Structures ofA. the common azole antifungals with the triazole pferophore highlighted in pink as well as
B. the chemical synthesis of bromperidol series camgs (-5) involved in this study.

The azoles are the only class of oral antifungalentified due to their excellent oral
bioavailability [11, 12]. By targeting the sterald-demethylase, azoles inhibit the biosynthesis
of ergosterol, which is a vital component of thadal cell membrane [13, 14]. Inhibition of this
enzyme causes the methylated sterol side produeiscumulate inside the fungal cells, which is

toxic to fungi and results in cell death. In aduitito excellent bioavailability, the azole



antifungals also exhibit fewer adverse effects thamB. Consequently, the azole antifungals
quickly became the most clinically prescribed amtgal class worldwide since their introduction
to the market. However, azoles have their own &tions. Azoles inhibit cytochrome P450
enzymes, which results in undesired interferendé tie metabolism of numerous other drugs,
making it difficult for patients being treated witultiple concurrent medications [15].
Moreover, azoles are often found to be fungistébwvards many fungi, resulting in only
temporary inhibition of fungal growth [16]. The lamf fungicidal activity has made it
challenging to prevent fungal regrowth and the agmanied development of antimicrobial

resistance to azoles.

Due to the clinical importance of azole antifungatgny research groups have tried to develop
new azole antifungal therapies with broader angéirspectra, reduced undesired drug-drug
interactions, and diminished other adverse eff@#sides developing new azole derivatives [17-
19], exploring various combination therapies thatrkvsynergistically with the current azole
antifungals has proved fruitful [20-22For instance, various azoles were shown to display
synergistic antifungal activity with a series of @mphilic tobramycin derivatives with azoles
inhibiting ergosterol biosynthesis and the tobraimyterivatives proposed to act on the fungal
membrane integrity [23, 24]. Sertraline, an antrdspant, was also found to work synergistically

with FLC against cryptococcal infections [25].

The benefits of repurposing existing drugs thatehalveady been approved by the US Food and
Drug Administration (FDA) for a new application agst fungal infections extend beyond
yielding potentially new antifungal therapies. Tieevious evaluations of the approved drugs
from years of clinical studies can also provideuable information about these drugs, such as
their pharmacokinetics, pharmacodynamics, metaiolend toxicity profiles. In the effort of
repurposing existing drugs, several non-antifurtyafys were identified with antifungal activity
and were summarized in a previous review artic#.[Blaloperidol (trade name Haldol) is an
FDA-approved oral antipsychotic that was recenilgcovered to possess antifungal activity
towards a drug-sensitive€. albicans strain . albicans SC5314) [27]. Bromperidol, a
haloperidol derivative also with antipsychotic pedjes, was reported to kill mycobacteria in a

synergistic manner with spectinomycin [28], furtiseiggesting that this antipsychotic drug may



possess antimicrobial properties. Although the utall antifungal target of
haloperidol/bromperidol is still in debate, thistipeychotic drug can potentially be developed

into a combination therapy with azoles as a nevfuargal strategy.

Herein, we synthesized a series of bromperidpa(d a series of its derivativesgnd3-5) (Fig.
1B) and evaluated the combinational antifungal progs of these compounds with a variety of
clinical azole antifungal drugs. We tested the cioraiions of five azoles (FLC, ITC, KTC, POS,
and VOR) and compoundk5 against a wide selection of fungal strains, inicigdsevenC.
albicans, one noralbicans Candida (C. glabrata), and one filamentoufungus A. terreus).
After assessing the synergistic effect betweenahae antifungals and compoundlsh, we
further performed time-kill assays to evaluate taigifungal strategy in a time- and dose-
dependent manner. Moreover, we evaluated the catitsmof bromperidol Z) and selected
azole antifungals for its ability to disrupt yedsofilm in a representativ€. albicans strain.
Finally, we performed mammalian cytotoxicity asgath three selected mammalian cell lines in
order to estimate the mammalian cytotoxicity exalig the combinations of compounti$ and

azole antifungals.

RESULTSAND DISCUSSIONS

Chemical synthesis of bromperidol and itsderivatives

In this study, we aim to evaluate the antifungdlvaty of the combination of common azole
antifungals (FLC, ITC, KTC, POS, and VOR, Fig. 1anpd bromperidol Z) as well as its
derivatives { and3-5) (Fig. 1B) against nine fungal pathogens. Eacthefnine fungal strains
tested in this study also presents distinct biol@nd a complex resistance profile. The
bromperidol series compound$-§) were synthesized by a reaction of 4-(4-bromophefy
hydroxypiperidine with different 4-chlorobutyroplere derivatives in the presence of sodium
iodide and sodium carbonate (Fig. 1B). The submtitsi at the R position of the five compounds
varied in size and included a hydrogen atom, halsdeg., fluorine, chlorine, and bromine),
and a methoxy group. Detailed synthetic procedanescharacterization for each compound are

provided in the Supporting Information.

Antifungal synergy of the combinations of azole antifungals and bromperidol series



compounds 1-5 by checker board assays

Prior to evaluating the combinational antifungdieef of azoles and compoundsb, we first
determined the minimum inhibitory concentration Jlivalues of each drug against a variety of
fungal pathogens to examine their innate antifurefedct and better gauge for an appropriate
concentration range to use for the following chelokard assay (Tables 1 and 3, displayed as
MICaong. We first selected two representatif@ealbicans strains (strain® andF) (Table 1).C.
albicans ATCC 10231 (strairB) is sensitive to most azoles wheréasalbicans ATCC 64124
(strain F) displays resistance to most azoles tested. The wlues of the azole antifungals
against some fungal strains determined in thisystuere in agreement with previously reported
values [17]. Furthermore, we observed no antifurejééct for compoundd4-5 when tested

alone.

We then tested the synergistic antifungal effedtshe five azoles and compourd5 in
combination by checkerboard assays and calculateétactional inhibitory concentration index
(FICI) against strain® andF (Table 1). The FICI cutoff values for determiniagnergy are:
synergistic (SYN) if FICKO.5, additive (ADD) if 0.5 < FICK 4, antagonistic (ANT) if FICI >4
[29]. In some cases where the FICI was >0.5, howewe observed a significant decrease in the
MIC values of at least one of the drugs in the comdiions. In such cases, we further defined
partial synergy (pSYN) as 0.5 < FIGI0.75 (indicating that both drugs showed reduction
MIC values and one drug showetwo-fold reduction in MIC value), and strong addgieffect
(ADD*) where one drug showedtwo-fold reduction in MIC value. We deemed definitngse
two categories necessary, as with these combirsatiwa would still be able to use low amount
of azoles in combination to achieve a similar amifal effect as using high concentrations of
azoles alone, which would alleviate azole-induaedcity and side effects. One thing to note is
that due to the resistant nature of some fungalrstrand the insufficient antifungal activity of
the tested drugs, we were unable to achieve fhibition of fungal growth with some drugs,
therefore, resulting in unbound MIC values such»32 pg/mL for most azoles and >128, >64,
and >32ug/mL for most bromperidol derivatives. In theseesasve considered the MIC values
to be 32ug/mL for the azoles and 128, 64, and|BZmL for compoundd4-5, respectively, in
order to calculate a bound FICI value. However,s tlapproximation would produce

overestimated FICI values that are higher thartrilne FICI values if the real MIC values could



be determined. Hence, the amount of synergy obdernvéhis study (both in terms of the FICI
value for each combination and in terms of the gratamge of combinations with synergy) would

be an underestimation of the real potential synergy

Table 1. The combinational effect of various azoles and poundsl-5 against two representati@ albicans strains.

Cpd AzoleStrain MIC alone | MIC in combaFICI Interp. Cpd AzoleStrain; MIC alone MICin  FICI Interp.
(pg/mL) (Mg/mL) (png/mL) combo
(ng/mL)
Azole Cpd Azole Cpd Azole Cpd i Azole Cpd
1 FLC B >32 >64 32 64 2.00 ADD 4 FLC B >32 >64 >32 >64 | 2.00 ADD
F >32 >64 >32 >64 2.00 ADD F >32  >64|>32 >64 | 2.00 ADD
ITC B 1 >64 0.5 64 150 ADD ITC B 1 >64:0.5 64 : 1.50 ADD
F >32 >64 >32 >64 2.00 ADD F >32  >64i>32 >64; 2.00 ADD
KTC B 1 >64 1 >64 2.00 ADD KTC B 2 >64 1 1 0.52 pSYN
F 8 >64 4 32 1.00 ADD F 8 >64 4 1 0.52 pSYN
POS B 1 >64 0.5 16 0.75 pSYN POS B 1 >64 0.5 32 1.00 ADD
F >32 >64 2 8 0.19 SYN F >32 >644 16 0.38 SYN
VOR B 1 >64 0.5 8 0.63 pSYN VOR B 1 >64 0.5 32 . 1.00 ADD
,,,,,,,,,,, F >3 >4 8 32 075 pSYN | F >3 >64 4 32 063pSYN
2 FLC B >32 12¢ 32 64 10 ADD 5 FLC B >32 >128>32 >12¢ 20C ADD
F >32 128 32 64 1.50 ADD F >32 >12832 >128 2.00 ADD
ITC B 1 128 0.25 64 0.75 pSYN ITC B 1 >1281 >128:2.00 ADD
F >32  12¢ 2 64 0.5¢ pSYN F >32 >128>32 >12¢ 20C ADD
KTC B 1 >128 (0.5 32 0.75 pSYN KTC B 1 >1281 >128:2.00 ADD
F 16 >12¢ 4 64 0.7t pSYN F 8 >12¢&4 64 1.0C ADD
POS B 05 128 0.125 64 0.75 pSYN POS B 1 >1281 >128:2.00 ADD
F >32 128 4 4 0.16 SYN F >32  >1282 8 0.13 SYN
VOR B 05 128 0.25 32 0.75 pSYN VOR B 1 >1280.5 32 :0.75 pSYN
___________ F___.>32 128 4 8 019 SYN | F >3 >128 128 125 ADD*
3 FLC B >32 >32 32 16 1.50 ADD
F >32 >32 >32 >32 2.00 ADD
ITC B 1 >32 1 >32 2.00 ADD
F >32 >32 >32 >32 2.00 ADD
KTC B 2 >32 0.5 16 0.75 pSYN
F 8 >32 4 0.5 0.52 PpSYN
POS B 1 >32 0.5 4 0.63 pSYN
F >32 >32 2 4 0.19 SYN
VOR B 1 >32 0.2t 16 0.7t pSYN
F >32 >32 4 16 0.63 pSYN

Strains:B = C. albicans ATCC 10231F =C. albicans ATCC 64124.
The FICI cutoff values for determining synergy asgnergistic (SYN) if FICK 0.5, additive (ADD) if 0.5 < FICK 4, antagonistic (ANT)fi
FICI > 4.
Note: Where the highest concentration of a compound aleadrug alone did not achieve optical growth iitiob, the MIGone Value used i
the FICI calculation is the highest concentratiested of that compound or azole drug.
Indicates synergy (SYN, both drugs show@efold reduction in MIC value).
Indicates partial synergy (pSYN, both drugs shodecrease in MIC value and one drug show@dold reduction in MIC value).
Indicates strong additive effect (ADD*, only oneid showed>2-fold reduction in MIC value).
Indicates weak additive effect (ADD, neither of ttirugs showed2-fold reduction in MIC value).

Of the 25 combinations tested against strathsand F in the first round, we found six
combinations (24% of all combinations) to be syrstigwith FICI values ranging from 0.13 to
0.5 against the azole-resistant striainrhe best combination with the lowest FICI valdéd.3
observed was compouradand POS, which showed decrease of Mlgof azole and compound
5 from >32 and >128g/mL to 2 and §g/mL (16-fold reduction in MIC values for both ds)g

respectively. The second best combination discaverigh an FICI value of 0.16 was with



compound2 and POS, which showed decrease of MKcof azole and compoun2 from >32
and 128ug/mL to 4 (8-fold MIC reduction) and dg/mL (32-fold MIC reduction), respectively.
In these cases, we demonstrated that the comhisatib azoles and bromperidol derivatives
could synergistically inhibit the growth of an ageksistanC. albicans that otherwise would not
have responded to high concentrations of eitheggmiven in the assay. Amongst the six
combinations that display synergy, four of thernfpoundl with POS, compoun& with POS

or VOR, and compoun@ with POS) were also found to display partial sgyef0.5 < FICI<
0.75) against straiB. Moreover, partial synergy was also observed agdioth strain® andF

for the following combinations: compountl with VOR, compound2 with ITC or KTC,
compound3 with KTC or VOR, and compoundi with KTC. For example, with the combination
of compound2 and ITC against strail (FICI = 0.56), inhibition of fungal growth couldeb
achieved with 2ug/mL of ITC (16-fold MIC reduction) and 64g/mL of compound (1-fold
MIC reduction). Partial synergy was also detectedcbmpoundt with VOR against straiff as
well as for compound with VOR against straiB. With the FICI values calculated in this study
likely to be overestimated as explained above gtloesnbinations with partial synergy also have

great potentials for being developed into syneigasttifungal therapies.

Besides the combinations found to exert synergistipartial synergistic effect between the
azole antifungals and our bromperidol derivatives, also found one combination to display
strong additive effect, which is the combinationM®R and compoun& against strairF. An
FICI value of 1.25 indicated that this combinattiaplayed additive effect. However, looking at
the MIC values of each drug alone and in combimatwe found a significant decrease (4-fold
reduction) in the MIC of VOR in combination compdr® that of VOR alone even though the
MIC value of compound showed no further decrease from 128mL. This suggested that the
addition of compound significantly reduced the amount of VOR requiredirthibit fungal
growth, alleviating the toxicity and other undeditde effects of azole antifungals. The rest of
the combinations (11 out of 25 combinations) digpthweak additive effect against both strains
B and F with FICI values ranging from 1.00 to 2.00. No aganism was found in any

combinations tested in this study.



When we collected all FICI values for these 25 cmations in Table 2 and analyzed them in a
heat map style table, it became clear that all gystc combinations discovered so far involve
either POS or VOR. Of the five combinations invalyiPOS, 100% displayed synergy against
the azole-resistari@. albicans strainF, and 60% displayed partial synergy against saiof all

the combinations involving VOR, only one combinatighat with compoun@) was found to be
synergistic against straiR. Meanwhile, four combinations with VOR showed [@rsynergy
against straind (compoundsl-3 and 5) and F (1, 3, and 4). This demonstrated that the
combination of azoles and bromperidol derivativiesvged better results with the more resistant
fungal strainF. Besides POS and VOR, we found that three combingticompound®-4 with
KTC, showed partial synergy against both fungalist, and one combination, compouhdith
ITC, displayed partial synergy against both fungfahins. All the combinations involving FLC
only displayed weak additive effect. This suggestegt POS and VOR might be the best

candidates for developing combination therapy wampoundd-5.

Table 2. FICI values of the combination of 5 azoles and poamdsl-5 against twdC. albicans strains.

. FLC ; ITC ; KTC ; POS ; VOR
Cpd R ' B F ' B F ' B F ' B F ' B F
1 H 1200 200 150 200 :200 100 :075 019 063 0.75
2 F 1150 150 @075 056 :075 075 ;075 016 @075  0.19
3 Cl 1150 200 200 200 075 052 063 019 075 063
4 Br 1200 200 150 200 052 052 {100 038 100 063
5 OMe 1200 200 :200 200 :200 100 ;200 013 :!075 125

Strains:B = C. albicans ATCC 10231F = C. albicans ATCC 64124.
The FICI cutoff values for determining synergy asgnergistic (SYN) if FICI< 0.5, additive (ADD) if 0.5 < FICK 4,
antagonistic (ANT) if FICI > 4.
Indicates synergy (SYN, both drugs show@efold reduction in MIC value).
Indicates partial synergy (pSYN, both drugs shodedrease in MIC value and one drug show2dold reduction
in MIC value).
Indicates strong additive effect (ADD*, only oneud showed2-fold reduction in MIC value).
Indicates weak additive effect (ADD, neither of iirugs showed2-fold reduction in MIC value).

When looking at the five synergistic combinatiofidP@S and compoundis5 against strairk,

we noticed that smaller R substituents in our caimpis seemed to correlate with lower FICI
values. The FICI values increased as the size efRtsubstituent increased from fluorine to
bromine in compound2-4. This may indicate that the small size of a flneratom as the R
substituent in our compounds may be optimal foerexting with its cellular target in fungal
cells, and increase in the size of the R substitoery cause loss of engagement with the target
due to steric hindrance. This postulation could &ls observed by looking at the overall number
of combinations that show synergistic tendency ésgy or partial synergy) amongst all 25
combinations tested in the first round. Compowndvith a fluorine substituent, showed the



highest number of combinations (four out of fiverdmnations) with synergistic tendencies. This
number decreases as the size of the R substitnerdases (from fluorine to bromine in
compound-4). Compoundb, with a methoxy substituent, showed the best sysiir effect in
combination with POS with the lowest FICI value ntdéed in this study so far. Although
methoxy group is the largest R group amongst @ Gompounds in this study, the presence of
an oxygen atom and the lowest FICI value of 0.18hmisuggest either potential hydrogen
bonding involved in the interaction of compoubavith its target or methoxy group, as a strong
electron donating group, increased tieat interaction of the connected phenyl ring with the

target protein/enzyme.

With POS and VOR appearing to be the best azolds\elop combinational antifungal therapy
with compoundsl-5, we further expanded our fungal collection andegghe combination of
either POS or VOR and compounb$ against seven additional strains in order to beitsess
the potential synergy against a wide variety ohpgénic fungi with distinct biological features
(Table 3). Amongst these seven additional fungairst were five extr&. albicans strains, one
non-albicans Candida strain C. glabrata, strainH), and one filamentous fungu#. (terreus,
strain 1). All of these fungi are resistant to POS and V@Rcept forA. terreus, which is
sensitive to both of these azoles. The checkerba@ashy results for POS and VOR in
combination with compoundk5 against straiB andF from Table 1 were also listed in Table 3

for easy comparison.

Of the ten combinations listed in Table 3, eachirmganine fungal strains, we found seven
combinations to display synergistic interactionsnpound? in combination with POS or VOR
showed synergy against straiRsG, andl or F andG, respectively. Compound with either
POS or VOR exhibited synergistic interactions agiastrainF. The other compounds, 4, and

5, all demonstrated synergistic interactions whemlmoed with POS against strairfs.
Compounds4 and 5 also were found to be synergistic with POS agaststinsH and I,
respectively. Furthermore, all ten combinationsilexéd partial synergy against at least one
fungal strain, four of which also displayed stroadditive effect against a variety of fungal
strains (compound with POS or VOR, compoun8 with POS, and compourtsl with VOR).

The best combination appeared to be compo2irehd POS, as this combination exhibited



synergistic interactions against three fungal sa&nd partial synergy against four more out of
the nine fungal strains we tested. No combinatiarese discovered to have antagonistic
interactions (FICI > 4). Additionally, we found thanore combinations involving POS showed
synergistic or partially synergistic effect commhr® the combinations involving VOR. For
instance, all five combinations involving POS des@d synergy, whereas only two out of five
combinations involving VOR tested exhibited synstigi interactions. These data demonstrated
better synergy from developing combination antifalrtherapy with POS and bromperidol series

derivatives.

Table 3. Combinational effect of POS VOR with compound<l-5 against a variety of fuial strains

Cpd Azole Strain MIC alone MIC combo FICI Interp. EAzoIe Strain MIC alone MIC combo FICI Interp.
(g/mL) (Hg/mL) | (Hg/mL) (Hg/mL)
Azole Cpd | Azole Cpd ' Azole Cpd ! Azole Cpd
1 POS A >32 >64 1 64 1.0:ADD* VOR A >32 >64 |2 64 1.06 ADD*
B 1 >64 0.5 16 0.7EpSYN B 1 >64 05 8 0.63 pSYN
C >32 >64 >32 >64 2.0(ADD ] (o] >32 >64 >32 >64 2.00 ADD
D >32 >64 0.25 64 1.0:ADD* | D >32 >64 | >32 >64 2.00 ADD
E >32 >64 | >32 >64  2.0(ADD E >32 >64 | >32 >64 2.00 ADD
F >32 >64 {2 8 0.19SYN 1 F >32 >64 8 32 0.75 PpSYN
G >32 >64 0.125 64 1.0(ADD* G >32 >64 0.125 64 1.00 ADD*
H >32 >64 2 32 0.5€pSYN b H >32 >64 0.25 64 1.01 ADD*
__________ 1 >4 025 64 _ 120ADD* . 1 05  >64 105  >64 200 ADD
2 POS A >32 >12¢ 8 64 0.7¢ pSYN VOR A >32 >12¢ 0.5 64 0.5z pSYN
B 0.5 128 0.125 64 0.7!pSYN i B 0.5 128 0.25 32 0.75 pSYN
c >32 >128 | >32 >128: 2.0(ADD ' c >32 >128  >32 >128 : 2.00 ADD
D >32 >12¢ 0.E 64 0.5z pSYN ] D >32 >12¢ 1 64 0.5  pSYN
E >32 >128 | >32 >128 2.0lADD . E >32 >128 | >32 >128 | 2.00 ADD
F >32 128 4 4 0.1€SYN ] F >32 128 4 8 0.19 SYN
G >32 >128 | 0.0625 64 0.5SYN , G >32 >128 | 0.125 64 0.50 SYN
H >32 >128 | 0.25 64 0.5.pSYN : H >32 >128 | 0.25 64 0.51 pSYN
__________ b1~ >128 1025 32 (O05SYN . I 05 >128 05  >128 200 ADD
3 POS A >32 >32 i1 16 0.52pSYN EVOR A >32 >32 8 16 0.75 pSYN
B 1 >32 05 4 0.63pSYN ] B 1 >32 025 16 0.75 pSYN
C >32 >32 05 32 1.0:ADD* | C >32 >32 16 16 1.00 ADD
D >32 >32 2 16 0.5€pSYN D >32 >32 16 16 1.00 ADD
E >32 >32 05 16 0.5.pSYN : E >32 >32 16 16 1.00 ADD
F >32 >32 2 4 0.19SYN F >32 >32 4 16 0.63 pSYN
G >32 >32 105 16 0.5.pSYN | G >32 >32 2 8 0.31 SYN
H >32 >32 >32 >32 2.0(ADD | H >32 >32 >32 >32 2.00 ADD
__________ |05 >3 05 >32  20ADD ‘| 025 >3 1025 >32 200 ADD __
4 POS A >32 >64 | >32 >64 | 2.0(ADD VOR A >32 >64 | >32 >64 2.00 ADD
B 1 >64 i0.E 32 1.0C ADD ' B 1 >64 0. 32 1.0C ADD
C >32 >64 >32 >64 2.0(ADD ] C >32 >64 >32 >64 2.00 ADD
D >32 >64 >32 >64 2.0(ADD . D >32 >64 | >32 >64 2.00 ADD
E >32 >64 >32 >64 2.0C ADD ] E >32 >64 >32 >64 20C ADD
F >32 >64 4 16 0.36SYN ' F >32 >64 4 32 0.63 pSYN
G >32 >64 | >32 >64 | 2.0(ADD : G >32 >64 | >32 >64 = 2.00 ADD
H >32 >64 8 8 0.38SYN ] H >32 >64 >32 >64 2.00 ADD
__________ |05 >64 025 1 [O0SpSYN . | 025 >64 025 >64 | 200 ADD __
5 POS A >32 >128 | >32 >128 . 2.0lADD VOR A >32 >128 | >32 >128 ;| 2.00 ADD
B 1 >128 i1 >128 | 2.0(ADD | B 1 >128 0.5 32 0.75 pSYN
C >32 >128 | >32 >128: 2.0lADD ' c >32 >128 | >32 >128 | 2.00 ADD
D >32 >128 | >32 >128: 2.0(ADD ] D >32 >128 | >32 >128 | 2.00 ADD
E >32 >128 | >32 >128: 2.0(ADD E >32 >128 | >32 >128 | 2.00 ADD
F >32 >128 {2 8 0.13SYN ] F >32 >128 {8 128 1.25 ADD*
G >32 >128 | >32 >128: 2.0lADD | G >32 >128 | >32 >128 | 2.00 ADD
H >32 >12¢ 0.2t 64 0.51 pSYN ' H >32 >12¢ >32 >12¢ 220C ADD
| 0.5 >128 :0.125 32 0.51SYN ] | 0.25 >128 | 0.25 >128: 2.00 ADD




Strains:A = C. albicans ATCC MYA-1003,B = C. albicans ATCC 10231,C = C. albicans ATCC MYA-1237,D = C. albicans ATCC MYA-
2310,E = C. albicans ATCC MYA-2876,F = C. albicans ATCC 64124,G = C. albicans ATCC 90819H = C. glabrata ATCC 2001,l = A.
terreus ATCC MYA-3633.
The FICI cutoff values for determining synergy asgnergistic (SYN) if FICK 0.5, additive (ADD) if 0.5 < FICK 4, antagonistic (ANT)f
FICI > 4.
Note: Where the highest concentration of a compound a@leadrug alone did not achieve optical growth iitiol, the MIG,onevalue used in tr
FICI calculation is the highest concentration tésibthat compound or azole drug.

Indicates synergy (SYN, both drugs show@efold reduction in MIC value).

Indicates partial synergy (pSYN, both drugs shodedrease in MIC value and drug show@efold reduction in MIC value).

Indicates strong additive effect (ADD*, only oneid showed-2-fold reduction in MIC value).

Indicates weak additive effect (ADD, neither of theigs showe>2-fold reduction in MIC value

In addition to the variou€. albicans strains, we also observed synergy in the aldincans
Candida, C. glabrata, and the filamentous fungu#, terreus. Amongst the ten combinations
againstC. glabrata (strain H), we found one combination (compouddvith POS) to display
strong synergy, four combinations (compoutgd®, and5 with POS as well as compou@dvith
VOR) to display partial synergy, and one combimaoompound. with VOR) to display strong
additive effect. Amongst the ten combinations agfal terreus (strain 1), we found two
combinations (compoundsor 5 with POS) to be synergistic, one combination &plily partial
synergy, and one combination to display strong taddieffect. Overall, these data further
suggested that combining azoles and compoliglas an antifungal strategy would be effective
against a variety of fungal pathogens and beneddtiepts suffering from different fungal

infections.

Time-dependent antifungal activity of the combination of azole antifungals and
bromperidol series compounds

In order to confirm the synergistic interactionviee¢n our bromperidol series compounds and
azole antifungals, we performed time-kill assaysi@gf strainF for two representative
combinations (compound and either POS or VOR) that displayed great syn@rgorevious
checkerboard assays (Fig. 2). In these time-kilags, we evaluated the antifungal effect of each
drug alone (POS, VOR, or compoufas well as the two combinations (POS or VOR with
compound 2) at various concentrations (0.5%-8x Mi@w, Of each drug). Overall, the
combinations of POS or VOR and compoudshowed fungistatic effect at 8x Mi&nbo
concentrations. The CFU/mL values did not diffelsistamongst various samples until after 6 h.
In the first combination tested (POS + compo@hdwe saw significant growth in the growth
control (increase in CFU/mL by 4 order of magnituddeanwhile, the POS or compoud

alone samples showed slight inhibition of fungabvgth similar to that of the 0.5x and 1x



MIC combo Samples (increase in CFU/mL by about 1 order ofjnmitade). The combination
sample with 4x MIGompo Showed stronger inhibition of fungal growth congzhto the alone
samples as well as the combination samples with desgs. The combination sample with 8x
MIC combo Showed complete inhibition of fungal growth aneé tBFU/mL value for this sample
remained around 1x3@FU/mL throughout 24 h. The growth of the fungusach sample was
further assessed by the addition of resazurin #ie24-h time point, which can be metabolized
by live fungal cells and turns the solution fronuédlto pink. The combination of VOR and
compound showed a similar profile to that of the combinataf POS and compourf] except
that the combination sample with 8x MlGho showed slight reduction in CFU/mL by about 1

logso unit over 24 h.
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Fig. 2. Time- and dose-dependent antifungal synergy ottimbination ofA. POS orB. VOR and compoun@ at
various concentrations again€t albicans ATCC 64124 (strainF). Each sample with resazurin added for
visualization of fungal growth is presented undathéhe growth curve for each combination.

Biofilm disruption with the combination of representative azole antifungals and
bromperidol series compounds

Recent discoveries suggest that fungi in biofilmspldy drastically different biology and
antimicrobial susceptibility when compared to flieeng (planktonic) fungal cells [30]. Biofilm-

forming (sessile) fungal cells are protected byraodllular matrices and display increased



resistance against a variety of antifungal agedis34]. Using a water soluble metabolic dye,
XTT (2,3-bis(2-methoxy-4-nitro-5-sulfo-phenyl)-2ldttazolium-5-carboxanilide), the metabolic
activity of biofilm (sessile cells) can be measureccheckerboard format assays [35]. In this
study, we selected two representative combinat(®@S or VOR with compoun@), which
showed excellent synergy in the above checkerbassdy against straif, and evaluated the
antifungal effect that these combinations have essite cells (Table 4). We reported that the
sessile cells of straifr are highly resistant to all drugs tested, inclgdihOS, VOR, and
compound? alone with sessile MIC (SMIC) values of >32, >aRd >128ug/mL, respectively.
When tested in combination, both combinations éaile show strong synergy as observed in
checkerboard assay in planktonic fungal cells. eldt both combinations showed strong
additive antifungal effect with FICI values of 1.0ghe SMIC value of compoun@ in
combination did not decrease by much comparedatbalone, the SMIC values of POS or VOR
both decreased significantly from >32 to Qu&/mL). This result suggested great antifungal
potential of the combination of azoles and brongmrseries compounds as well as the more

resistant nature of the sessile fungal cells coegpay planktonic cells.

Table 4. Inhibition of biofilm formation with azoles and epound2 combinations.

Cpd Azole  Strain SMIC alone fig/mL) ' SMIC combo |ig/mL) i+ FICI  Interp.
. Azole Cpd . Azole Cpd :
2 PO< F 1 >32 >12¢ 1 0. 12¢ 1 1.0z  ADD*
VOR F 1 >32 >128 . 05 128 . 1.02 ADD*

StrainF =C. albicans ATCC 64124.

The FICI cutoff values for determining synergy asgnergistic (SYN) if FICK 0.5, additive (ADD) if 0.5 < FICK 4, antagonistic (ANT) if
FICI > 4.

Since the highest concentration of compo@nat azole alone did not achieve complete growttibitibn, the MIGone value used in the FICI
calculation is the highest concentration testecbofipound or azole drugs.

ADD* indicates strong additive effect (one drug wled>2-fold reduction in MIC value).

Mammalian cytotoxicity of the combination of representative azole antifungals and
bromperidol series compounds

In addition to assessing the time-dependent killamgl disruption of fungal biofilm, we also
evaluated the mammalian cytotoxicity of azole amigfals and bromperidoR) alone and in
combination (Fig. 3). In order to gain a better ensthnding of the toxicity profile towards
different mammalian cells, we evaluated represaa@zoles (POS and VOR) and compo@nd
against three different mammalian cell lines, idahg human bronchial epithelial cells BEAS-
2B, human kidney epithelial cells HEK-293, and tharine macrophage J774A.1. Please note

that as many xenobiotics stimulate cell growth aast of exerting toxicity at sub-ig



concentrations [23, 36-39], resulting in >100% livival in the treatment groups, we have
considered these >100% cell survival data as nereéd toxicity and expressed them as 100%
cell survival. When testing the azole antifungdésia (Fig. 3A), we observed no cytotoxic effect
up to 4pg/mL. At 8ug/mL, we observed 80 + 9% cell survival with J778A&ells, and at 16
pHg/mL, we observed around 45 + 12% and 46 + 3% suaivival POS-treated HEK-293 and
J774A.1 cells, respectively. No cytotoxic effectsn@bserved in any VOR-treated cell lines at
any concentrations tested. With BEAS-2B and HEK-26Bs being more robust cell lines than
J774A.1, we were not surprised to see the absdrtogioity in these two cell lines compared to
that in J774A.1 cells, because macrophages ara sftert-lived and fragile within the human
body. We then assessed the toxicity of compdliatbne as a representative of our bromperidol
series derivatives (Fig. 2B). We found no toxictyainst BEAS-2B and HEK-293 cells at 64
png/mL. Compound alone exerted toxicity against J774A.1 cells anowed 72 £ 14%, 50 +
7% and 30 = 4% cell survival with 16, 32, and |6¢/mL compound2, respectively. These
findings suggested that our bromperidol series @amgs had much better toxicity profiles
against various mammalian cells and that the sjyatef using our bromperidol series
compounds in combination with azole antifungals effectively help alleviate azole-induced

toxicity by reducing the amount of azole antifursgedquired in treatment.

Since 8ug/mL compound was the highest concentration at which no cytaibxivas observed
with all three cell lines, we performed the cytataty assay of POS and VOR against all three
cell lines with 8ug/mL compound supplemented in the media (Fig. 3C). We obseruadss
overall cytotoxic effect as in the azoles alone gas The percent cell survivals were slightly
lower at 8 or 16ug/mL POS in combination compared to that of POSi@ldMeanwhile, we
observed no toxicity at 1gg/mL VOR in combination with §ig/mL compound®. As J774A.1

is the most fragile cell line tested, we also téstiee combination of azoles and a higher
concentration of compoun® (32 pg/mL) against the two epithelial cell lines (BEAB-2nd
HEK-293 cells) (Fig. 3D). Of the combination of P@8d compoun@ against BEAS-2B cells,
we observed 71 + 11% and 38 * 6% cell survival a&an8l 16pg/mL POS. However, the
combination toxicity of POS and 3&/mL compound® was more prominent against HEK-293

cells where we observed decreased cell survival 86 + 8% to 40 + 6% as the concentration of



POS increased from 1 to 1&/mL. With 32 ug/mL compound?, we still noted no toxicity
against either cell lines at any concentration 6fR/ which proved the better toxicity profile of
VOR compared to that of POS.

>

1404 Azoles alone WPOS (BEAS-2B) EPOS (HEK-293) [IPOS (J774A.1)
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Fig. 3. Mammalian cytotoxicity evaluation ofA. POS and VOR aloneB. compound2 alone, C. and D.
representative combinations of azoles (POS or V&R/arious concentrations along with compo2nat 8 ug/mL
(panelC) or 32pg/mL (panelD) supplemented in the media against BEAS-2B, HER;:2thd J774A.1 celldote:



As at 32ug/mL, compound exerted toxicity against J774A.1 (as seen in pBhethis cell line was not tested in
panelD.

Judging from the results from cytotoxicity assé©,S seemed to be toxic to mammalian cells.
Thus, developing combinational antifungal therapgttinvolves less POS and more of the
nontoxic bromperidol4) seemed to be a reasonable approach to allevdate-enduced toxicity
and other related side effects. In addition to gheat potential of synergy between POS and
bromperidol compounds, VOR also has great potemtiabe developed into combinational

antifungal therapies due to its nontoxic nature.

Haloperidol/bromperidol, originally antipsychoticugs, act on dopamine D2 receptors, which is
a G protein-coupled receptor with P-glycoproteiroparties [40, 41]. However, as newly
discovered antifungal candidates, their cellulagetin fungal cells remained elusive. Although
some reports indicated that haloperidol might tatge biosynthesis and metabolism of amino
acids [42] or fungal morphogenesis and hyphal foilona[27, 43] in fungal pathogens, others
pointed out that the multidrug-resistant transpo(DR1), a p-glycoprotein, is more likely to
be the antifungal target of this antipsychotic dri4gl]. Inhibition of MDR1, an active
transporter/efflux pump that contributes to effi@tated azole resistance, can further sensitize
fungal pathogens to azole antifungals and prolbeg tantifungal effect. The bromperidol series
compounds presented in this study, due to structimailarity, are also likely to exert their
antifungal properties in the same way. Althoughedatning the exact mechanism of action of
bromperidol is outside of the scope of the currentdy, we wanted to offer a potential
explanation for the synergy observed herein. Tieety could also explain why the bromperidol
series compounds possessed no antifungal actiyitghbmselves, but could produce great
antifungal synergy in combination with various &=ol A recent study reported synergistic
antifungal effect of FLC and VOR in combination vlialoperidol as an MDR1 inhibitor against
two Malassezia strains [45], which also demonstrated the feasybdind benefits of developing
new antifungal therapies with the combination ofoparidol or its derivatives and azole

antifungals.

CONCLUSIONS



In this study, we evaluated the antifungal effecbmmperidol and four of its derivatives in
combination with five clinically relevant azole #@nhgals against a wide variety of pathogenic
fungi. From our extensive evaluation of the combareal antifungal effect between the two
classes of compounds by checkerboard, time-kill, laiofilm disruption assays, we observed a
wide range of combinational effects ranging froonegistic to weak additive effect. A
considerable portion of the combinations testedthis study displayed synergy or partial
synergy. We also found that POS displayed synemggnore combinations with bromperidol
series compounds than VOR did. However, our cyioityxevaluation suggested combination
therapy with VOR might have superior mammalian wptaity profiles. As mentioned above,
the FICI calculated in this study are likely to bigher than the true FICI values due to the
unbound MIC values. Therefore, the potential sypengd the number of combinations showing
synergistic effects are also likely to be underneated. Even though the exact cellular target by
which the bromperidol series compounds exert amgifil activity when combined with azole
antifungals remains unclear, our results suggeitatiusing these bromperidol derivatives in
combination with clinically relevant azoles can eggistically inhibit fungal growth and
effectively reduced the amount of azoles requiteddhieve an equivalent antifungal effect, and
therefore, alleviate the toxicity and side efferetsulted from administering high concentrations

of azole antifungals.
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Highlights:

» Azole antifungals and bromperidol series derivatives show antifungal synergy.

* Posaconazol e shows synergistic interaction with most bromperidol compounds.

» Combination of azoles and bromperidol compounds show fungistatic effect.

» Azole and bromperidol combinations disrupt fungal biofilm with additive effect.

» Combination of azoles and bromperidol compounds can be a new antifungal strategy.



