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Combining Miconazole and
Domiphen Bromide Results in Excess
of Reactive Oxygen Species and
Killing of Biofilm Cells

Jana Tits', Judith Berman?, Bruno P. A. Cammue’ and Karin Thevissen ™

' Centre of Microbial and Plant Genetics, Katholieke Universiteit Leuven, Leuven, Belgium, 2 Department of Molecular
Microbiology and Biotechnology, George S. Wise Faculty of Life Sciences, School of Molecular Cell Biology and
Biotechnology, Tel Aviv University, Tel Aviv, Israel

Fungal biofilm-related infections are increasingly occurring. We previously identified a
fungicidal antibiofilm combination, consisting of miconazole (MCZ) and the quaternary
ammonium compound domiphen bromide (DB). DB eliminates tolerance rather than
altering the susceptibility to MCZ of various Candida spp. Here we studied the mode
of action of the MCZ-DB combination in more detail. We found that DB’s action
increases the permeability of the plasma membrane as well as that of the vacuolar
membrane of Candida spp. Furthermore, the addition of DB affects the intracellular
azole distribution. MCZ is a fungicidal azole that, apart from its well-known inhibition
of ergosterol biosynthesis, also induces accumulation of reactive oxygen species (ROS).
Interestingly, the MCZ-DB combination induced significantly more ROS in C. albicans
biofilms as compared to single compound treatment. Co-administration of the antioxidant
ascorbic acid resulted in abolishment of the ROS generated by MCZ-DB combination as
well as its fungicidal action. In conclusion, increased intracellular MCZ availability due to
DB'’s action results in excess of ROS and enhanced fungal cell killing.

Keywords: biofilm, Candida, combination treatment, fungicidal, miconazole, domiphen bromide, mode of action
(MOA), reactive oxygen species

INTRODUCTION

Various human body parts, like the oral cavity and reproductive organs, as well as implanted
medical devices are potential substrates for fungal biofilm formation (Harriott et al., 2010;
Rautemaa and Ramage, 2011; Ramage and Williams, 2013; Gokmanoglu et al., 2018). As the biofilm
mode of growth provides protection against the host’s immune defenses and fungal biofilm cells are
phenotypically up to 1,000-fold more resistant to antifungal drugs compared to planktonic cultures,
biofilm-related fungal infections are typically resistant to currently used antifungal treatments
(Lamfon et al., 2004; Al-fattani and Douglas, 2006; Alhede et al., 2014; Johnson et al., 2016). Species
from the genus Candida, of which Candida albicans is the most common, are a frequent cause
of opportunistic biofilm-related infections, which affect an increasing amount of people due to
the rising number of immunocompromised people and patients with implanted medical devices
(Kojic and Darouiche, 2004; Cauda, 2009; Rautemaa and Ramage, 2011; Tumbarello et al., 2012;
Lebeaux et al,, 2014). Although fungal biofilms cause an increasing number of infections, only
few new antifungal drugs with antibiofilm activity have been developed during the last decades
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(Ostrosky-zeichner et al., 2010; Butler and Cooper, 2011; Ramage
and Williams, 2013; Roemer and Krysan, 2014; Kirchhoff
et al, 2020). A valid alternative to the search for new types
of antibiofilm drugs is the combination of a conventional
antimycotic with a potentiator that increases the activity of the
antimycotic against biofilms.

We previously identified the quaternary ammonium
compound domiphen bromide (DB) as a miconazole (MCZ)
potentiator (Tits et al., 2020). MCZ belongs to the azole type
of antifungals, which is the preferred antifungal drug class for
topical treatment of mucosal biofilm-related Candida infections
(Gavarkar et al., 2013). Azoles inhibit the enzyme lanosterol 14-
alpha-demethylase and most are fungistatic (Sud and Feingold,
1981; Hitchcock et al., 1990). However, the fungicidal imidazole
MCZ additionally induces the accumulation of reactive oxygen
species, resulting in killing of Candida cells (Kobayashi et al.,
2002; Francois et al., 2006).

Fungicidal activity of MCZ against Candida biofilm cells
has been observed only at very high MCZ concentrations
(5mM) (Vandenbosch et al., 2010), which are therapeutically
unachievable, but can be used in antifungal lock therapy
(Schinabeck et al, 2004; Buckler et al., 2008). Here, high
antimicrobial drug concentrations are injected into the catheter
lumen, in which microbial biofilms can develop (Schinabeck
et al., 2004). We demonstrated fungicidal activity of the MCZ-
DB combination at MCZ concentrations ranging from 62.5 to
500 wM (Tits et al., 2020). The MCZ-DB combination results in
eradication of biofilms of C. albicans as well as of C. glabrata
(Tits et al., 2020), an intrinsically azole-resistant Candida species
(Ostrosky-Zeichner et al, 2003; Whaley and Rogers, 2016).
Additionally, this combination is fungicidal against planktonic
stationary cultures of C. albicans and C. glabrata (Tits et al,
2020). Moreover, MCZ-DB shows fungicidal activity against
biofilms of fluconazole-resistant C. albicans isolates and of the
emerging pathogen C. auris (Tits et al., 2020), which is inherently
fluconazole-resistant and resistant to most antifungal drug classes
(Lockhart et al., 2017; Ostrowsky et al., 2020). Furthermore,
experimental evolution experiments indicate that resistance does
not develop against this combination, pointing to the potential of
this combination to be further developed as a potent antibiofilm
treatment (Tits et al., 2020). As DB enhances the fungicidal
activity of MCZ and other imidazoles, but not that of triazoles,
against C. albicans, we posit that DB has an imidazole-specific
potentiation activity with regard to fungal cell killing (Tits et al.,
2020).

This study aims to unravel the mode of action of the MCZ-
DB combination in more detail, using the most prevalent
Candida species, C. albicans and C. glabrata, as a model. Here,
DB’s effect on azole uptake, intracellular azole distribution and
accumulation of reactive oxygen species by MCZ was assessed.

MATERIALS AND METHODS

Strains and Chemicals

Candida albicans strain SC5314 (Fonzi and Irwin, 1993) and C.
glabrata strain BG2 (Kaur et al., 2007) were grown at 30°C on
YPD [1% yeast extract, 2% bacteriological peptone (LabM, UK)
and 2% glucose (Sigma-Aldrich, USA)] agar plates. Dimethyl

sulfoxide (DMSO) (VWR International, Belgium) was used as a
solvent to prepare stock solutions of miconazole (MCZ; Sigma-
Aldrich), fluorescently labeled imidazole derivative (Benhamou
et al, 2017), tetraethylammonium bromide (TCI Europe,
Belgium), itraconazole (TCI Europe) and domiphen bromide
(DB; Chemische Fabrik Berg GmbH). RPMI 1640 medium (pH
7.0) with L-glutamine and without sodium bicarbonate was
purchased from Sigma-Aldrich and buffered with MOPS (Sigma-
Aldrich). An ascorbic acid (Sigma-Aldrich) stock was made in
Milli-Q water.

Fungicidal Activity Assay

To determine whether a treatment is fungicidal against (i)
biofilms or (ii) planktonic cultures in stationary phase of C.
albicans SC5314 or C. glabrata BG2, a fungicidal activity assay
was performed as described in Tits et al. (2020). (i) Briefly,
C. albicans or C. glabrata overnight cultures were diluted to
an optical density at 600 nm (ODgponm) of 0.1 in RPMI 1640
medium, followed by biofilm growth in a 100 L volume at 37°C.
Twenty-four hours old biofilms were treated with the appropriate
single compound or combination (e.g., MCZ and DB). After an
incubation period of 24h (C. albicans) or 48h (C. glabrata) at
37°C, the number of CFU was determined. To this end, biofilms
were washed with phosphate-buffered saline (PBS) and scraped
off from the bottom of the plate. Serial dilutions were plated on
YPD agar plates, which were subsequently incubated for 24h
at 37°C. Finally, the number of colonies was determined. (ii)
C. albicans or C. glabrata stationary-phase cultures at ODgoonm
= 1 in RPMI 1640 medium were treated with the appropriate
single compound or combination during 2.5h shaking at 37°C.
To determine the number of CFU, cultures were washed and
resuspended in PBS, followed by plating of serial dilutions on
YPD agar plates, which were subsequently incubated at 37°C.
After an incubation period of 24h, the number of colonies
was determined.

Flow Cytometry

To study the effect of DB on azole internalization in C. glabrata
BG2 planktonic cultures, stationary cultures at ODggopm = 1 in
RPMI were treated with a 2-fold dilution series of a fluorescently
labeled imidazole derivative (FKD) in presence or absence of
25uM DB. 1M SYTOX Green nucleic acid stain (Thermo
Fisher Scientific, USA) was added to the samples as a dead cell
stain. After 2.5 h treatment shaking at 37°C, samples were washed
with PBS and subjected to a flow cytometric analysis on a BD
Influx™ cell sorter. 100,000 cells per samples were analyzed,
measuring fluorescence at 530/40 nm (FL2_ hex = 488 nm) and
670/30 nm (FL12_ hex = 633 nm) to detect killing (SYTOX green
+) and FKD internalization (FKD +), respectively.

Confocal Microscopy

To investigate the subcellular localization of FKD, C. glabrata
BG2 planktonic stationary cultures at ODgponm = 1 in RPMI
were treated with 250 WM FKD in the presence or absence of
25 M DB, followed by an incubation period of 2.5h shaking
at 37°C. Samples were washed and resuspended in PBS and
subsequently imaged with Confocal LSM880 airyscan, using
ZEN black software. A 100x/1.46 oil immersion objective and
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a 2x or 8x computer zoom were used. We used the 633 nm
laser to visualize FKD. Samples treated with FKD alone and
with FKD in the presence of DB were analyzed with the same
microscopy settings.

Vacuolar pH Measurements

To assess the effects of DB on vacuolar pH, 2/,7'-Bis-
(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein, Acetoxymethyl
Ester (BCECEAM; Thermo Fisher Scientific) staining was used
as described previously (Struyfs et al., 2020). Concanamycin A
(Sigma-Aldrich) was used as a positive control for an elevated
vacuolar pH. C. albicans SC5314 and C. glabrata BG2 planktonic
stationary cultures at ODggopm = 1 in RPMI were treated with
a 2-fold dilution series of DB. After 2h treatment at 37°C,
50uwM BCECEAM was added to each sample, followed by
another 30  incubation period at 37°C. Subsequently, cells were
washed and resuspended in PBS. Of 100 pL cell suspension,
optical density at 490 nm (OD490nm) and fluorescence intensity
for excitation at 490 nm (I490nm) and 450 nm (I450nm), both
measured at an emission wavelength of 535 nm, were measured.
[(T490nm/1450nm)/OD490] was calculated and considered as a
relative vacuolar pH value of the treated cells.

Superoxide Detection

Superoxide detection was performed as described previously (De
Cremer et al.,, 2016). Briefly, 24-h-old biofilms of C. albicans
SC5314 or C. glabrata BG2 were treated with 150 or 500 uM
MCZ, respectively, 37.5 .M DB or a combination of both in the
presence or absence of 16 mM ascorbic acid (Sigma-Aldrich).
After an incubation period of 24h (C. albicans) or 48h (C.
glabrata) biofilms were washed and diluted in PBS. Then, biofilms
were scraped off from the bottom of the microplate and 10 wL of
this cell suspension was separated for CFU determination. To the
remaining cells, a final concentration of 20 wM dihydroethidium
(Thermo Fisher Scientific) was added, followed by an incubation
period of 20 min at room temperature in the dark. Finally, cells
were washed with PBS and fluorescence at hex 510 nm and Aem
595nm was measured. Values were corrected for fluorescence
detected in blank wells.

Growth Inhibition Assay

To determine the effects of DB on the growth inhibitory potential
of a triazole (e.g., itraconazole) against C. albicans, we performed
a (i) planktonic growth inhibition assay and a (ii) biofilm
inhibition assay. (i) The planktonic growth inhibition assay was
performed according to the standard Clinical and Laboratory
Standards Institute (CLSI) protocol M27-A3 (CLSI, 2008) as
described in Vriens et al. (2015). (ii) A biofilm inhibition assay
was performed as described in Cools et al. (2017) with some
modifications. C. albicans overnight cultures were diluted to an
ODgponm = 0.1 in RPMI and added to the wells of a microplate,
containing itraconazole, DB or a combination of both. After
a 1-h adhesion phase (37°C), biofilm cells were washed with
PBS and the same treatments were added. After 24 h of biofilm
growth, biofilm formation was quantified with Cell-Titer Blue
(CTB; Promega, USA).

Data Analysis

To analyze the experimental data, GraphPad Prism (version 6)
was used. Significant CFU differences were assessed based on
the mean log values. Furthermore, significant CFU differences
as well as differences in fluorescence units per 1,000 CFU
upon dihydroethidium staining were determined using a
two-way analysis of variance (ANOVA), followed by the
appropriate multiple-comparison test. Significant differences in
(I1490nm/I450nm)/OD490nm were assessed by means of a one-
way ANOVA and the appropriate multiple-comparison test.
FlowJo™ 10 software and FIJI software (Schindelin et al.,
2012) were used to analyze flow cytometry data and Airyscan
images, respectively.

RESULTS

To unravel the mode of action of the MCZ-DB combination, we
first focused on the effects of DB on membrane integrity and
on azole internalization. To this end, we used a fluorescently
labeled imidazole derivative, FKD (Probe 2 in Benhamou et al.,
2017), which has properties reminiscent of ketoconazole and
consists of a Np-Cy5 fluorescent dye attached to the azole core
structure, i.e., a metadihalogenated phenyl ring and an azole
ring (Supplementary Figure 1). FKD and ketoconazole have a
similar antifungal activity profile and both affect cytochrome
P450 and an additional target as shown by docking studies
and susceptibility testing of cytochrome P450-lacking mutants
(Benhamou et al., 2017). Moreover, Benhamou and coworkers
reported FKD as a useful tool to investigate uptake, efflux
and subcellular localization of imidazoles in Candida spp.
(Benhamou et al., 2017). As imidazoles like ketoconazole can
be potentiated by DB (Tits et al., 2020), we used FKD as a tool
to study the mode of action of a DB-azole combination against
Candida spp. However, we found that FKD can be potentiated by
DB against planktonic stationary cultures of C. glabrata BG2, but,
in contrast to miconazole, not against those of C. albicans SC5314
(Supplementary Figure 2). Therefore, we used planktonic C.
glabrata BG2 cultures to further investigate the mode of action
of the FKD-DB combination.

DB Enables Internalization of a
Fluorescently Labeled Imidazole Derivative
in C. glabrata Cells

The effects of DB on azole internalization and cell death in C.
glabrata BG2 planktonic stationary cultures were studied via flow
cytometry using two fluorescent dyes, FKD and SYTOX green,
respectively. SYTOX green enters the cell through compromised
membranes of dead cells, subsequently binds to DNA and
fluoresces (Roth et al, 1997). A tight negative correlation
(correlation coefficient r = —0.74) between the number of CFU
and the number of SYTOX green fluorescent cells was observed
upon FKD treatment in the presence of DB, indicating that
SYTOX green can indeed be used to assess yeast cell death
induced by uptake of FKD (Supplementary Figure 3). Cultures
were treated with a series of FKD concentrations in presence
or absence of a fixed DB concentration, with two conditions
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FIGURE 1 | Effects of DB on internalization of fluorescently labeled imidazole derivative in planktonic stationary phase C. glabrata BG2 cultures. C. glabrata BG2
planktonic cultures were treated for 2.5 h with fluorescently labeled imidazole derivative (FKD) at 0.95 or 250 uM in the absence or presence of 25 pnM DB. DMSO
background concentration was 2%. Via FACS analysis, cell cultures were divided into four fractions according to FKD internalization and killing, as measured by

SYTOX green. Results are a representative of three biological repeats.

shown in Figure 1. At low FKD concentrations, significantly
more cells had internalized FKD in the presence of 25 wM DB as
compared to FKD treatment alone; while a minor fraction (22%)
of the cell population was killed upon treatment with 25 M DB
alone, approximately all cells that internalized FKD were dead
(SYTOX green positive) (Figure 1). This indicates that DB greatly
augmented the cidality of MCZ, e.g., 0.95 uM MCZ and 25 pM
DB (33% killed).

At high concentrations of FKD, it was internalized into all
cells in the population, even in the absence of DB. However,
while only 6% of the cell population was dead in the presence
of FKD alone, 93% of the population was dead (SYTOX green
positive) in the presence of both drugs (Figure 1). Furthermore,
7% of the cell population internalized FKD in the presence of
DB, yet had no compromised membranes and was not dead
(SYTOX green negative). In contrast to treatment with low FKD
concentrations where increased FKD levels were observed inside
the cells upon addition of DB, the FKD levels inside the C.
glabrata cells treated with high FKD concentrations changed
only minimally in the presence of DB compared to single FKD
treatment (Supplementary Figure 4). However, the addition of
DB significantly increased the number of dead cells at high FKD
concentrations. This finding cannot be explained by increased
FKD internalization alone and requires further investigation.
How a small subpopulation (7%) survived the combination of
FKD+DB also remains to be determined.

DB Alters Cytoplasmic Distribution of
Fluorescently Labeled Imidazole Derivative
in C. glabrata Cells

Next we investigated the subcellular localization of FKD
in presence and absence of DB, using confocal microscopy

(Airyscan). Consistent with previous studies (Benhamou
et al., 2017, 2018), FKD when treated alone localized to the
mitochondria. By contrast, the combination of FKD and
DB resulted in cells staining brightly and homogeneously
throughout the cytoplasm (Figure 2), indicating that DB alters
the cytoplasmic distribution of FKD in C. glabrata cells.

As vacuolar sequestration has been seen as an azole tolerance
strategy in both S. cerevisiae and C. albicans (Khandelwal et al.,
2019), we investigated whether DB itself affects vacuolar integrity
using BCECEAM, a fluorescent dye indicator specifically
reporting vacuolar pH and hence, vacuolar function (Plant et al.,
1999). More specifically, the ratio of fluorescence intensity of
BCECEAM from excitation at 490 nm (I1490nm) to fluorescence
intensity from excitation at 450 nm (I450nm), both measured
at an emission wavelength of 535nm, was calculated and
normalized for the cell culture biomass (OD490nm). An increase
in (I1490nm/I450nm)/OD490nm indicates an elevated vacuolar
pH and, accordingly, vacuolar dysfunction. Concanamycin
A, a vacuolar H*-ATPase inhibitor, was used as a positive
control for elevated vacuolar pH (Drose and Altendorf,
1997). Upon treatment of both C. albicans SC5314 and
C. glabrata BG2 cultures with sublethal DB concentrations,
an increased (I490nm/I450nm)/OD490nm value was observed
(Figure 3), suggesting that DB indeed negatively affects vacuolar
function. Interestingly, quaternary ammonium compounds
that cannot potentiate MCZ, such as tetraethylammonium
bromide (Tits et al., 2020), did not affect vacuolar function
(Supplementary Figure 5). These data support the hypothesis
that DB enables release of vacuole-sequestered azoles, probably
via its action on the vacuolar membrane. DB thereby increases
intracellular availability of MCZ, resulting in cell killing as MCZ
is characterized by fungicidal action (Francois et al., 2006).
However, whether FKD in the absence of DB also localizes to the
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FKD FKD + DB

FIGURE 2 | Effects of DB on cytoplasmic distribution of fluorescently labeled
imidazole derivative in C. glabrata BG2 planktonic stationary phase cultures.
Planktonic stationary cultures of C. glabrata BG2 were treated with 250 wM
fluorescently labeled imidazole derivative (FKD) in the absence or presence of
25 M domiphen bromide (DB). DMSO background concentration was 2%.
Airyscan images of C. glabrata BG2 cells, both dividing (lower insets) and
non-dividing (upper insets), treated for 2.5 h are shown. White bar: 2 um.

vacuoles of C. glabrata cells remains to be determined as well as
the possible causal link between DB’s negative effects on vacuolar
function and the altered cytoplasmic FKD distribution.

Although FKD-DB was not characterized by increased
fungicidal activity against stationary cultures of C. albicans
as compared to treatment with FKD or DB alone, we also
investigated FKD internalization and subcellular localization in
this pathogen. In line with the absence of a potentiator action by
DB in this setup, flow cytometry data indicated that FKD was
internalized in approximately all C. albicans cells, irrespective
of whether DB was present or not, but this did not result in
cell killing: <1% of the cells was killed (data not shown). In
addition, confocal microscopy data indicated that the addition
of DB did not result in an altered cytoplasmic distribution of
FKD in C. albicans cells as compared to single FKD treatment
(data not shown). These data point to the inability of DB
to affect FKD’s intracellular distribution in C. albicans, which
is linked to the absence of a potentiator action by DB in
this setup.

MCZ-DB Results in Increased
Accumulation of Reactive Oxygen Species
and Killing of C. albicans Biofilm Cells

In contrast to most azoles, MCZ is characterized by fungicidal
action against planktonic Candida cultures and, at very high
supra-therapeutic concentrations (5mM), against biofilms
(Francois et al., 2006; Vandenbosch et al., 2010). In addition
to its inhibition of ergosterol biosynthesis, MCZ induces the
accumulation of reactive oxygen species (ROS) in planktonic
fungal cultures (Kobayashi et al., 2002; Francois et al., 2006).
Here, we investigated whether MCZ-DB treatment results in
increased ROS, more specifically superoxide, accumulation in C.
albicans biofilms, by staining treated cells with dihydroethidium
(DHE). We previously revealed that MCZ induces the
accumulation of superoxide in C. albicans biofilm cells and
that this accumulation is essential for MCZ’s fungicidal activity

against C. albicans biofilms (De Cremer et al., 2016). Because
of the dependence of DHE conversion on the number of living
cells within a biofilm, fluorescence values were normalized for
the amount of viable cells/biofilm as assessed by CFU plating
(De Brucker et al., 2013; De Cremer et al., 2016; Tits et al., 2020).
Treatment of C. albicans biofilms with MCZ-DB resulted in
significantly increased superoxide accumulation as compared
to both compounds alone and the DMSO control treatment
(Figure 4). This increase in superoxide accumulation, relative
to each compound alone, was also observed when treating
C. glabrata biofilms with the combination (Figure5). CFU
determination of the treated biofilms indicated that the MCZ-DB
combination was fungicidal against biofilms of C. albicans
(Figure 4) as well as against those of C. glabrata (Figure5),
which is according to our previous data (Tits et al., 2020).

To determine whether the fungicidal activity of MCZ-DB
resulted from the observed elevated superoxide levels upon
combination treatment, C. albicans biofilms were treated with
MCZ, DB or a combination in the presence of the antioxidant
ascorbic acid, and stained with DHE. As shown in Figure 4,
the presence of the antioxidant abolished the accumulation
of superoxide upon treatment with the MCZ-DB combination
(Figure 4), as well as its fungicidal activity. Hence, these data
suggest a causal link between the accumulation of ROS in C.
albicans biofilms treated with MCZ-DB and the combination’s
fungicidal activity against C. albicans biofilm cells.

DISCUSSION

Four main classes of antifungal drugs are currently used to treat
fungal infections, specifically azoles (e.g., miconazole), polyenes
(e.g., amphotericin B), echinocandins (e.g., caspofungin), and
allylamines (e.g., terbinafine) (Chen and Sorrell, 2007). However,
fungal biofilm-related infections are often recurrent and difficult
to treat, as biofilms are tolerant to the majority of commonly
used antifungal drugs (Muzny and Schwebke, 2015; Sherry
et al, 2017). So far, liposomal amphotericin B formulations
and echinocandins are the only effective treatment options for
biofilm-related fungal infections (Kuhn et al., 2002; Fiori et al,,
2011; Uppuluri et al., 2011). The azole miconazole (MCZ) is the
preferred topical treatment against mucosal Candida infections,
despite its moderate antibiofilm activity due to the range of
tolerance pathways that protect biofilm cells against MCZ’s
action. For example, we previously observed increased expression
of genes involved in ergosterol biosynthesis and drug efflux
as well as decreased expression of several components of the
electron transport chain upon MCZ treatment of C. albicans
biofilms (De Cremer et al., 2016). Moreover, we observed a
synergistic interaction between MCZ and electron transport
chain inhibitors against biofilms, but not against planktonic
or oxygen-deprived C. albicans cultures. Thus, we tested the
hypothesis that MCZ tolerance is due to a biofilm-specific
oxygen-dependent mechanism and found that electron transport
chain inhibitors could enhance MCZ’s antibiofilm activity in C.
albicans (De Cremer et al., 2016).
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FIGURE 3 | Effects of DB on vacuolar integrity in C. albicans SC5314 and C. glabrata BG2 planktonic cultures in stationary phase. Stationary cultures of C. albicans
SC5314 and C. glabrata BG2 were treated with a 2-fold dilution series of domiphen bromide (DB) from 3.125 uM up to 25 uM for 2.5 h. DMSO background
concentration was 2%. Concanamycin A (CMA) was used as a positive control for an elevated vacuolar pH. The ratio of fluorescence intensity of dye BCECFAM from
excitation at 490 nm (1490nm) to fluorescence intensity from excitation at 450 nm (1450nm), both measured at an emission wavelength of 535 nm, was calculated and
normalized for the cell culture biomass (OD490nm) to obtain a relative vacuolar pH value of the treated cells. Mean values + SEM are shown for three biological
repeats. Statistical analysis was performed to assess a significant increase in (1490nm/I1450nm)/OD490nm upon treatment with DB as compared to DMSO control
treatment. A one-way ANOVA and Dunnett’s multiple comparison test was applied and significant differences (p < 0.05) are shown in orange.
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FIGURE 4 | Superoxide accumulation in C. albicans SC5314 biofilm cells upon treatment with MCZ-DB and corresponding fungicidal activity in the absence and
presence of ascorbic acid. C. albicans SC5314 biofims were treated with 150 uM MCZ, 37.5 wM DB or a combination of both either in absence or presence of
ascorbic acid. DMSO background concentration was 1%. Fluorescence at hex 510NnmM and rem 595 nm was normalized for the number of CFU/biofim. Mean values
+ SEM are shown for three biological repeats. Statistical analysis was performed to assess whether there is a significant increase in fluorescence units/1,000 CFU and
a significant decrease in the number of CFU/biofilm upon treatment with MCZ-DB as compared to DMSO control treatment and both single compound treatments. A
two-way ANOVA and Dunnett’s or Tukey’s multiple comparison test was applied and significant differences (p < 0.05) compared to single compound treatments and
the DMSO control treatment are shown in orange.
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FIGURE 5 | Superoxide accumulation in C. glabrata BG2 biofilm cells upon treatment with MCZ-DB and corresponding fungicidal activity. C. glabrata BG2 biofims
were treated with 500 uM MCZ, 37.5 pM DB or a combination of both. DMSO background concentration was 1%. Fluorescence at hex 510 nm and rem 595 nm was
normalized for the number of CFU/biofim. Mean values + SEM are shown for seven biological repeats. Statistical analysis was performed to assess whether there is a
significant increase in fluorescence units/1,000 CFU and a significant decrease in the number of CFU/biofilm upon treatment with MCZ-DB as compared to DMSO
control treatment and both single compound treatments. A two-way ANOVA and Dunnett’s or Tukey’s multiple comparison test was applied and significant differences
(o < 0.01) compared to single compound treatments and the DMSO control treatment are shown in orange. *p < 0.01; ***p < 0.0001.
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Combining a common antifungal drug with a potentiator,
a compound that enhances the drugs antibiofilm activity, is
a novel strategy to extend the currently limited antibiofilm
armamentarium. This approach may result in a lower risk for
fungal resistance development, an extended antibiofilm activity
spectrum, rapid antifungal action and lower toxic drug dosage
(Bink et al., 2011). Recently, the discovery of novel potentiators
of currently used antifungal drugs as well as deciphering promise
of their mode of action has been the focus of several studies (Yu
et al.,, 2013; Gu et al., 2016; Li et al., 2016; Tits et al., 2020). The
antidepressant fluoxetine, for example, acts synergistically with
azoles against planktonic cultures of azole-resistant C. albicans
isolates and biofilms in early developmental stages by affecting
the activity of secreted phospholipases and downregulating genes
associated with secreted aspartyl proteinases, thereby reducing
C. albicans’ virulence (Gu et al., 2016) to decrease tolerance
more dramatically than resistance (Rosenberg et al, 2018).
Furthermore, a drug combination can be characterized by
multiple modes of action. For instance, Yu and colleagues found
that fluconazole and the antianginal drug verapamil synergized to
inhibit C. albicans biofilm formation and preformed biofilms (Yu
et al., 2013). This combination downregulates the gene encoding
Agglutinin-like protein 3, which is important, e.g., for adherence
to the host. Moreover, this fluconazole-verapamil treatment
inhibits filamentation and biofilm formation as compared to
single compound treatments of C. albicans (Yu et al., 2013).
Hence, this combination affects various aspects contributing to
C. albicans’ virulence.

In this study, we aimed to unravel the precise mode of action
of our recently identified fungicidal antibiofilm combination
treatment, consisting of domiphen bromide (DB) and MCZ,

against several Candida spp. (Tits et al., 2020). DB belongs to
a group of cationic surfactants, called quaternary ammonium
compounds, which are frequently used as surface disinfectants
(Simoes et al,, 2005; Gerba, 2015). Several studies suggest a
negative impact of quaternary ammonium compounds on cell
membranes (Hamilton, 1968; Ioannou et al., 2007; Ferreira et al.,
2011). Indeed, at low doses, DB increases the internalization of a
fluorescently labeled imidazole derivative (FKD). Other examples
of antifungal combination treatments that affect import/efflux
of an antifungal drug include retigeric acid B, which enhances
the import of azoles, and budesonide, which inhibits fluconazole
efflux out of fluconazole-resistant C. albicans cells (Sun et al,,
2009; Li et al, 2016). Additionally, fluconazole-budesonide
affects the activity of extracellular phospholipases and biofilm
formation, thereby impairing C. albicans virulence (Li et al.,
2016).

Vacuolar azole sequestration is a recently reported mechanism
of azole tolerance that is conserved in pathogenic and
non-pathogenic yeasts and results in a reduced effective
azole concentration inside the cells (Luna-Tapia et al., 2015,
2016; Khandelwal et al., 2019). We demonstrated that DB’s
action increases vacuolar membrane permeability in planktonic
stationary C. glabrata cultures, via its surfactant properties.
Furthermore, an altered intracellular azole distribution was
observed upon addition of DB. Whether there is a causal link
between vacuolar permeabilization and the altered intracellular
azole distribution remains to be determined. However, DB’s
effect on vacuolar permeability could potentially release vacuole-
sequestered azoles. As FKD was previously shown to localize in
mitochondria (Benhamou et al., 2017), DB might also release
FKD from these organelles, resulting in a homogeneous FKD
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distribution throughout the cytoplasm. In the future, co-staining
of C. glabrata cells with FKD and a vacuolar or mitochondrial
dye will be required to assess whether FKD localizes to the
mitochondria and/or the vacuoles in the absence of DB. In
addition, such co-staining will shed light on the impact of DB
on a potential release of FKD from these organelles. However,
we can still conclude that, irrespective of the azole’s precise
localization, the addition of DB results in an altered subcellular
azole localization.

MCZ is a fungicidal azole that, apart from inhibiting
ergosterol biosynthesis, induces the accumulation of reactive
oxygen species (ROS) (Francois et al., 2006). Hence, increased
intracellular MCZ availability is expected to result in enhanced
cell killing. Indeed, we discovered that the fungicidal MCZ-DB
combination results in increased ROS accumulation relative to
either drug alone in both C. albicans and C. glabrata biofilms.
The disappearance of the fungicidal effect of MCZ-DB, as well
as the elevated ROS levels, in the presence of the antioxidant
ascorbic acid, points to a causal link between increased ROS
accumulation and the fungicidal activity of MCZ-DB. Figure 6
presents a schematic overview of the mode of action of MCZ
alone, juxtaposed with that of MCZ-DB.

It is very important to note that our data on an imidazole-
specific potentiation activity of DB (Tits et al, 2020) are
based on CFU readouts in a biofilm setup, implying fungicidal
activity of the combination against mature biofilm cells. This
is in line with the reported fungicidal activity of miconazole.
Increasing the intracellular concentration of fungistatic triazoles
via DB however will never result in killing of biofilm cells

(Tits et al., 2020). Nevertheless, we found that DB can increase
the growth inhibitory activity of the triazole itraconazole
against C. albicans in a planktonic and biofilm culture growth
inhibitory setup, resulting in a more than 4-fold decreased
MIC of itraconazole (from 0.78 uM toward 0.17 uM in the
presence of 3.1 M DB) and increased biofilm inhibitory activity
(Supplementary Figure 6). Hence, it is likely that DB also
releases triazoles from organelles like the vacuole, resulting
in increased cytoplasmic azole concentrations in general, and
in increased fungistatic (triazoles) or fungicidal (imidazoles)
activity in particular.

In conclusion, our mode of action data support the hypothesis
that DB increases intracellular MCZ availability by enhancing
azole import and possibly by releasing sequestered MCZ,
resulting in elevated ROS levels and subsequent killing of the
fungal biofilm cell.
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