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Abstract: The fast-emerging and multidrug-resistant Candida auris is the first fungal pathogen to be
considered a threat to global public health. Thus, there is a high unmet medical need to develop new
therapeutic strategies to control this species. Antimicrobial photodynamic therapy (APDT) is a promis-
ing alternative that simultaneously targets and damages numerous microbial biomolecules. Here, we
investigated the in vitro and in vivo effects of APDT with four phenothiazinium photosensitizers: (i)
methylene blue (MB), (ii) toluidine blue (TBO), and two MB derivatives, (iii) new methylene blue (NMBN)
and (iv) the pentacyclic derivative S137, against C. auris. To measure the in vitro efficacy of each PS,
minimal inhibitory concentrations (MICs) and survival fraction were determined. Also, the efficiency of
APDT was evaluated in vivo with the Galleria mellonella insect model for infection and treatment. Alt-
hough the C. auris strain used in our study was shown to be resistant to the most-commonly used
clinical antifungals, it could not withstand the damages imposed by APDT with any of the four photo-
sensitizers. However, for the in vivo model, only APDT performed with S137 allowed survival of infected
G. mellonella larvae. Our results show that structural and chemical properties of the photosensitizers
play a major role on the outcomes of in vivo APDT and underscore the need to synthesize and develop

novel photosensitizing molecules against multidrug-resistant microorganisms.

Keywords: antimicrobial photodynamic therapy; Candida auris; Galleria mellonella; multidrug-re-

sistance; phenothiazinium photosensitizers.
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1. Introduction

Candida species play a major role in nosocomial fungal infections worldwide, being the fourth most
common causative agent. The most frequent species recovered from human infection is C. albicans,
followed by non-albicans species such as C. parapsilosis, C. tropicalis, C. glabrata, and C. krusei.
Owing to their high resistance to antifungal agents, all species present worrying therapeutic failure rates
[1].

Candida auris, which is a member of the C. haemulonii complex, is a fast emerging multidrug-
resistant fungus. Since 2009, when it was first reported, it has been isolated and present on five conti-
nents [2]. Human skin is considered the primary site of colonization by this fungus which, unlike C.
albicans, is rarely isolated from the genitourinary and gastrointestinal tracts. This new species is capa-
ble of causing invasive infections and is generally hospital-acquired [3]. Candida auris is the first fungal
pathogen to be considered a threat to global public health. This fungus contaminates hospital settings
for a prolonged time, including surfaces, equipment, and fomites. Thus, a contaminated patient room
can easily lead to C. auris transmission to patients and hospital workers alike, causing colonization
and/or infection [4].

C. auris is able to form biofilms on both abiotic and biotic surfaces, e.g., human tissue and im-
planted medical devices, and this ability is associated with its colonization persistence [5]. Enhanced
biofilm growth by C. auris was observed on a skin ex vivo model [6], and this structure was shown to
survive on fomites for up to two weeks [7]. Biofilms play a role not only in persistence in healthcare
settings, but also in drug resistance [8].

The main concern regarding C. auris is its resistance to many classes of clinical antifungal drugs,
which may be one deciding factor for its high mortality rates [9]. Specifically, C. auris is, on many in-
stances, resistant to azoles, polyenes, and echinocandins [2]. Strains of C. auris are frequently resistant
to fluconazole and are commonly resistant to amphotericin B, voriconazole, and caspofungin [10]. The
occurrence of multidrug-resistant strains of C. auris constitutes a significant issue as it virtually elimi-
nates the most widely used therapeutic approaches and represents a major threat to both patients and
healthcare workers.

Given the multidrug resistance of C. auris clinical isolates to commercial antifungals, the develop-
ment of new therapeutic strategies is currently necessary. Antimicrobial photodynamic therapy (APDT)
is an innovative technology that, contrary to conventional antimicrobial drugs, does not have specific
molecular targets and, consequently, simultaneously damages numerous biomolecules. This unspe-
cific mode-of-action makes the development of resistance unlikely and also bypasses known resistance
mechanisms [11]. Therefore, APDT could be a clinically useful therapeutic strategy against many mul-

tidrug resistant pathogens, including C. auris [12].

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69



3 of 22

Mechanistically, APDT achieves extensive cellular damage by combining three factors, namely,
visible light, molecular oxygen, and a photosensitizer (PS). The latter molecule is responsible for ab-
sorbing light and transferring either energy or electrons to molecular oxygen, resulting in the production
of reactive oxygen species (ROS), which, in tumn, oxidize a diversity of biomolecules and kill the path-
ogen [13]. Phenothiazinium PSs, such as methylene blue (MB) and toluidine blue (TBO), are among
the most used PSs in APDT as they present low toxicity and are clinically approved for human use [14-
16]. Photosensitizers with different structures vary in many properties, such as cell attachment
efficiency and localization, both of which greatly influence the efficacy of APDT [17, 18]. As such, PSs
may be chemically modified to produce novel molecules with improved properties. For instance, deriv-
atives such as new methylene blue N (NMBN) and the pentacyclic PS S137 were developed from and
shown to be more effective than MB [18-20]. APDT with phenothiazinium PSs has been used to kill a
diversity of both yeasts and filamentous fungi, including Candida [21-24], Metarhizium, Aspergillus [25],
Fusarium [26, 27], Colletotrichum [28-30], Neoscytalidium [31], Scedosporium and Lomentospora [32],
Exophiala [33], and Rhizopus [34].

The virulence of Candida species is usually evaluated by the gold standard murine model [35].
However, insect models such as those using larvae of Galleria mellonella (greater wax moth) have
been successfully used to study C. albicans infections [36, 37] and treatments [38, 39]. The insect
model reproduces most aspects of mammalian infection, can survive at 37 °C, allows the inexpensive
obtainment of large numbers of larvae, and its use requires no approval by ethics committees [37].

Here we evaluated the in vitro and in vivo effects of APDT with the phenothiazinium PSs MB, TBO,

NMBN, and S137 against C. auris, using the G. mellonella insect infection and treatment model.

2. Material and Methods
2.1. Strains and growth conditions

The CDC B11903 strain of C. auris was obtained from Microbiologics (St. Cloud, MN, USA). Also, C.
albicans strain ATCC 64548 and C. parapsilosis strain ATCC 22019 were obtained from the American
Type Culture Collection (ATCC). Blastoconidia were inoculated on Sabouraud dextrose agar (SDA)
culture media (KASVI, Spain) and incubated in the dark at 35 °C for two days. Freshly grown
blastoconidia were used to inoculate 20 mL of yeast peptone dextrose (YPD) medium, which was then
incubated in an orbital shaker at 35 °C until stationary growth. Cells were harvested and washed in
sterile phosphate-buffered saline (PBS) (10 mM phosphate buffer [J. T. Baker, Mexico], 2.7 mM
potassium chloride [J. T. Baker, Mexico], 137 mM sodium chloride [Fluka®, Germany], pH 7.4).

Blastoconidia concentration was adjusted with PBS by counting in a hematocytometer.

2.2. In vitro antifungal susceptibility testing
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Susceptibility testing was conducted according to the broth dilution method (M27-A3) from the Clinical
and Laboratory Standards Institute (CLSI) [40]. The antifungal drugs amphotericin B (AMB),
voriconazole (VOR), and posaconazole (POS) were purchased from Sigma Aldrich (St. Louis, USA).
Itraconazole (ITR) was purchased from Fragon (India). Concentrations ranged from 0.03 to 16 ug mL"
. The experiments were performed in 96-well, flat-bottomed plates with RPMI 1614 culture medium
(Gibco, Invitrogen) buffered with 0.165 M 3-(N-morpholino)pro-panesulfonic acid (MOPS [J. T. Baker,
Mexico]), pH 7.0, antifungal drugs, and 2.5x10° cells mL™" of C. auris, C. albicans, and C. parapsilosis.
After 48 h of incubation at 35 °C, the MIC was determined spectrophotometrically at 492 nm using a
microplate reader (Epoch — Biotek). The MIC was considered the lowest concentration that inhibits
fungal growth by 100% for AMB and by 280% for ITR, VOR, and POS.

The minimal fungicidal concentration (MFC) was evaluated by the dropout method. An aliquot of
10 uL obtained from each well of the in vitro antifungal susceptibility testing that showed no visible
growth was inoculated on SDA plates (35 ‘C for 48 h). The MFC was considered as the lowest

antifungal concentration killing 100% of the inoculum.
2.3. Aggregates and biofilm

The evaluation of the aggregate-forming phenotype of C. auris blastoconidia was performed by optical
microscopy of a 4x10® cells mL™ suspension at 400x magnification (N120, Coleman). Images were

registered with the HDCE-X5 camera with the Scoplmage 9.0 software.

The conditions for biofilm formation were optimized according to Pierce et al. [41]. Briefly,
blastoconidia were suspended in RPMI 1640 supplemented with L-glutamine, buffered with MOPS (J.
T. Baker, USA) and adjusted to 1.0 x 10° cells mL™" by counting in a hemocytometer. Biofilms were
formed by inoculating 100 L of cell suspensions into wells of 96-well plates and incubating at 35 'C
for 18 h. After biofilm formation, growth medium was removed and nonadherent cells were washed out
with sterile PBS. To measure biofilm biomass and extracellular matrix, the adhered biofilm was fixed
with 200 L of 100% methanol for 15 minutes. Total biofilm biomass was measured according to Li et
al. [42]. Briefly, 200 pl of a 0.5% (w/v) crystal violet solution (SIGMA, USA) was added to the biofilm,
followed by incubation for 20 min. The excess stain was gently removed and any residue was washed
out with PBS. The biofilm was then destained by adding 200 uL of 33% acetic acid for 5 min. Biomass
density was determined spectrophotometrically by measuring the destaining solution at 570 nm on a
microplate reader (Epoch — Biotek). Extracellular matrix was measured according to Seidler et al. [43].
Briefly, 200 pl of 1% (w/v) safranin (SIGMA, USA) was added to the biofilm, followed by incubation for
5 min. The excess stain was gently removed and any residue was washed out with PBS. The biofilm
was then destained by adding 200 uL of 33% acetic acid for 5 min. Extracellular matrix density was

determined spectrophotometrically by measuring the destaining solution at 492 nm on a microplate
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reader (Epoch — Biotek). The biofilm biomass and extracellular matrix absorbance results were used to
create a correlation plot with the GraphPad Prism 5 software (GraphPad Software, San Diego,
California, USA).

2.4. Photosensitizers and light source

The phenothiazinium PS methylene blue (MB), new methylene blue N (NMBN), and toluidine blue O
(TBO) were purchased from Sigma Aldrich (USA). The novel pentacyclic phenothiazinium PS S137
(DO15) was synthesized as previously described [20]. Stock solutions of all PS were prepared with
PBS and stored at -20°C. Light exposure was carried out with an array of 96 light-emitting diodes
(emission peak = 635 nm; irradiance = 15.23 mW cm™2) and APDT experiments were performed with

a light fluence of 15 J cm™ (16.37 min exposure).
2.5. Evaluation of APDT based on PS MIC

The best conditions for APDT against C. auris were determined by conducting MIC-based experiments
[22, 28, 31]. Fifty microliters of a blastoconidia suspension (5x10° cells mL™") and 50 uL of a PS solution
were added to each well of a 96-well plate. Final concentrations of MB were 0.5, 0.9, 1.9, 3.8, 7.5, 15,
and 29.9 ug mL~": NMBN were 0.5, 1, 2.1, 4.2, 8.3, 16.6, and 33.3 Mg mL~": TBO were 0.4, 0.8, 1.5,
3.1,6.1,12.2, and 24.4 ug mL™"; and S137 were 0.6, 1.1, 2.2, 4.5, 9.0, 17.9 and 35.9 ug mL™". Plates
were incubated in the dark for 30 min at room temperature and were either exposed to light or kept in
the dark (dark control). Then, 100 yL of 2x concentrated RPMI 1614 buffered with 0.165 M MOPS
pH7.0 were added to each well and plates were incubated at 35 °C in the dark. Fungal growth in each
well was visually assessed after four days. MICs were defined as the lowest concentration resulting in

total growth inhibition. Two independent experiments in triplicates were performed.
2.6. Effect of APDT on blastoconidia survival

Based on the obtained MIC values and according to Rodrigues et al. [22], the effects of APDT on the
survival of blastoconidia was determined. Fifty microliters of a blastoconidia suspension and 50 pL of
a PS solution (MB, NMBN, TBO, or S137) were added to each well of a 96-well plate. The final
concentration of blastoconidia in the mixture was 1x10” cells mL™, and the final concentration of MB,
NMBN, TBO, and S137 were 7.5, 2.1, 6.1, and 2.2 yg mL™, respectively. Plates were pre-incubated in
the dark for 30 min at room temperature and then either exposed to light or kept in the dark (dark
control). Then, blastoconidia suspensions were collected, serially diluted 10-fold in PBS, and 50 uL of
each dilution was spread onto SDA (KASVI, Spain) supplemented with 0.12 g L' deoxycholic acid
sodium salt (Fluka, Italy). Plates were incubated in the dark at 35 °C for 24 h. Colony-forming units
(CFU) were counted under a stereomicroscope (8x magnification, SZX7, Olympus) for up to 4 days.

Controls with blastoconidia exposed to light (15 J cm™) in the absence of PS and treated with PS but
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not exposed to light were prepared in parallel for all treatments. The effect of different concentrations
of PSs was estimated by the survival fraction, which was calculated by dividing the CFU count of treated
samples by the CFU count of control samples (not exposed to either PS or light). After four days,
blastoconidia that did not form colonies were considered fully inactivated by the treatment. Two

independent experiments in triplicates were performed.
2.7. Virulence of C. auris and C. albicans fowards G. mellonella

The virulence of C. auris and C. albicans were evaluated in G. mellonella according to Paziani et al.
[27] with modifications. Groups of ten G. mellonella larvae at the sixth instar (weighing 225 + 25 mg)
and not presenting cuticle pigmentation were selected and placed in Petri dishes. For inoculum
preparation, blastoconidia from YPD-24 h culture was harvested and washed in PBS. Cell density was
adjusted with PBS by counting in a hemocytometer. Five microliters of blastoconidia were injected in
the last left proleg of each larva with a 10 yL Hamilton syringe (Hamilton, 80330 — 701RN, USA). Final
concentrations of 5 x 10°, 1 x 105, and 2 x 10° cells/larva were assayed to monitor the virulence of C.
auris and C. albicans. In all trials, two uninfected groups were used as controls: (1) untouched (naive)
larvae and (2) larvae injected with 5 pl PBS. The larvae were maintained in the dark at 35 °C. Survival
counts of live and dead larvae were determined by visual inspection of movement and melanization

every 24 h for up to eight days post-infection.
2.8. APDT in vivo assay with G. mellonella infected with C. auris or C. albicans

The effects of APDT on larva survival were evaluated in groups of ten G. mellonella larvae infected with
C. auris or C. albicans. The final blastoconidia concentration injected in each larva was 1x10° cells and
the final concentrations of PSs were 3.7 and 7.5 mg kg™ for MB, 2.1 and 4.2 mg kg™ for NMBN, 3.1
and 6.1 mg kg™ for TBO, and 4.5 and 9.0 mg kg™ for S137. For injection, a 5 ul inoculum was prepared
containing both a blastoconidia suspension and a PS solution. After injection in the last left proleg,
larvae were pre-incubated in the dark for 30 min at room temperature and either exposed to light or
kept in the dark (dark control). Two uninfected groups were used as controls: (1) untouched (naive)
larvae and (2) larvae injected with 5 yl PBS. The larvae were kept in the dark at 35 °C. Survival counts
of live and dead insects were determined by observing movement and melanization every 24 h for up

to eight days post-infection. Three experiments were performed.

2.9. Statistics

All instances of statistical testing were performed with Prism 5 software (GraphPad Software, La Jolla,
CA, USA). The biofilm and APDT data were assessed via one-way analysis of variance (ANOVA) with
Tukey's post-hoc test. Statistical significance was set to 0.05. For the in vivo model, statistical analyses

were carried out with a logrank (or Mantel-Cox) test. Statistical significance was set to 0.05.

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203



7 of 22

3. Results
3.1. Susceptibility to antifungals

To investigate the resistance of C. auris to antifungals, we established the in vitro MIC of AMB, ITR,
VOR, and POS. The antifungal MIC values for C. albicans and C. parapsilosis were used as controls.
In our study, C. auris exhibited high MIC values for AMB, ITR, VOR, and POS (Table 1). A different
pattern was observed for C. albicans and C. parapsilosis, which displayed susceptibility to the

antifungal agents (Table 1).

To further investigate antifungal susceptibility, endpoint plating of a selection of the strains from the
MIC assays was performed to establish minimum fungicidal concentrations (MFCs). The antifungals
tested were fungicidal to C. albicans and C. parapsilosis, whereas none of the antifungals exhibited
fungicidal activity against C. auris (Table 1). Thus, C. albicans and C. parapsilosis were susceptible to

antifungals while C. auris presented a profile consistent with multidrug-resistance.

Table 1. Minimal inhibitory concentration (MIC) and minimal fungicidal concentration (MFC) (ug mi™)

of antifungals against C. auris, C. albicans, and C. parapsilosis.

(ug mL™)
Strains AMB ITR VOR POS
MIC MFC MIC MFC MIC MFC MIC MFC

C. auris (CDC B11903) 2 2 >16 >16 >16 >16 >16 >16
C. albicans (ATCC 64548) 050 050 025 025 0.03 0.03 025 025
C. parapsilosis (ATCC 22019) 1 1 012 050 0.06 0.06 025 0.25

AMB, amphotericin B; ITR, itraconazole; VOR, voriconazole; POS, posaconazole; MIC, minimal inhib-

itory concentratio; MFC, minimal fungicidal concentration.
3.2. Aggregates and biofilm formation

The aggregate-forming ability of C. auris was investigated by microscopic inspection. Aggregates-
forming and non-aggregates-forming features were observed to C. auris and C. albicans, respectively
(Figure 1). Thus, we show that the C. auris strain used in this study always presents the aggregates-

forming phenotype, and it influences the pathogenicity of the fungus [36].
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Figure 1. Microscopy images of (a) C. auris (aggregate-forming) and (b) C. albicans (non-aggregate-
forming) in PBS. Blastoconidia suspensions were subjected to microscopical examination at 400x

magnification.

We investigated the ability of C. auris to form biofilm by measuring biofilm biomass and extracellular
matrix. Biofilms of C. auris had a higher biomass and extracellular matrix content than C. albicans and

C. parapsilosis (Table 2).

Table 2. Biofilm (biomass and extracellular matrix) of C. auris, C. albicans, and C. parapsilosis.

Strains Biomass (570 nm) Matrix (492 nm)
C. auris (CDC B11903) 0.294 0.129
C. albicans (ATCC 64548) 0.073 0.010
C. parapsilosis (ATCC 22019) 0.021 0.000

A correlation plot was designed to show better the relation between biofilm biomass and extracellular
matrix absorbance values. The results indicate that the higher the biomass value, the higher the
extracellular matrix value (Figure 2). It is also shown that C. auris produces more biofilm biomass and
extracellular matrix than C. albicans and C. parapsilosis (one-way ANOVA followed by Tukey's post-
test, P < 0.05).
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Figure 2. Correlation plot of biofilm biomass and extracellular matrix of C. auris, C. albicans, and C.

parapsilosis.
3.3. In vitro APDT based on PS MIC and survival fraction

Given the multidrug resistant profile of C. auris, here we investigated the efficacy of APDT with pheno-
thiazinium PSs. First, the APDT MIC was evaluated to determine the best conditions for the killing
assay. Exposure to red light alone (15 J cm™) did not inhibit the growth of either C. auris or the control
strains C. albicans and C. parapsilosis. In the absence of light exposure, treatment with MB, NMBN,
TBO, and S137 in concentrations up to 29.9, 33.3, 24.4, and 35.9 ug mL™", respectively, did not inhibit
the growth of any strain (Table 3). The MICs of each PS at 15 J cm™ are shown in Table 3. Based on

the values, all PSs were effective against C. auris, C. albicans, and C. parapsilosis.

Table 3. Minimal inhibitory concentration (MIC, ug mL™") of APDT against C. auris, C. albicans, and C.

parapsilosis.

(ug mL")
MB NMBN TBO $137

Strains/Fluence 0Jcm?215Jcm?0Jcecm?15Jecm?20Jecm?15Jecm?20J cm?15J cm™?

C. auris (CDCB11903)  >299 1.9-38 >33.33 0.5-1.0 >244 0831 >359 1.1
C. albicans (ATCC
64548)
C. parasilosis (ATCC
22019)
MB, methylene blue; NMBN, new methylene blue N; TBO, toluidine blue O; S137, novel pentacyclic

>29.9 1.9 >33.33 0.5 >24.4 0.8 >35.9 0.6

>29.9 19-38 >33.33 05-1.0 >244 0.8-3.1 >359 0.6-1.1

phenothiazinium photosensitizer; 0 J cm™, dark; 15 J cm™, red light.
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Then, we used the determined MIC values to investigate the effects of APDT on the survival of C. auris.
APDT (15 J cm™2) with MB (7.5 yg mL"), NMBN (2.1 ug mL™"), TBO (6.1 ug mL™), and S137 (2.2 ug

mL™") resulted in 5-log, 5-log, 5-log, and 2-log reduction, respectively, in the survival of C. auris (Figure

3A); 5-log, 5-log, 5-log, and 5-log reduction, respectively, in the survival of C. albicans (Figure 3B) and

C. parapsilosis (Figure 3 C). Photodynamic inactivation of blastoconidia of C. auris, C. albicans, and C.

parapsilosis was observed for all PS (P < 0.05 for all treatment comparisons). Exposure to red light
alone (15 J cm) and treatment with MB, TBO, NMBN, or S137 in the dark did not kill blastoconidia of
any species (Figures 3).

10 -
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105 A
10 -

Survival fraction
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-L +L
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C. auris

-L +L
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C. parapsilosis
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NMBN TBO
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(b)
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photosensitizer used; MB, methylene blue; NMBN, new methylene blue N; TBO, toluidine blue O; S137,

novel pentacyclic phenothiazinium; -L, dark; +L, light (15 J cm™).

3.4. Virulence of C. auris and C. albicans towards G. mellonella larvae

Inocula of C. auris and C. albicans containing 5 x 10°, 1 x 10°, and 2 x 10° blastoconidia/larva were
assayed to investigate virulence in G. mellonella (Figure 4). Inocula of 5 x 10° cells/larva of C. albicans
did not reduce larval survival until eight days post-infection compared to the uninfected control (naive
and PBS) (Figure 4A). In contrast, inocula of 2 x 10° cells/larva killed all larvae in the second day post-
infection. Therefore, the inoculum of 1 x 10° cells/larva, which kills 100% of the larvae by the 7" (C.
auris) and third (C. albicans) day after microconidia injection was considered optimum for producing
acute infection of C. auris and C. albicans in G. mellonella, respectively (Figure 4). Therefore, in the
concentration used for the APDT experiments (1 x 10° cells/larva), C. auris was less virulent than C.
albicans (P < 0.0001).
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Figure 4. Virulence of (a) C. auris and (b) C. albicans in G. mellonella larvae. The graphs are

representative of three independent experiments.
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3.5. APDT in vivo assay with G. mellonella infected with C. auris or C. albicans

APDT with MB, NMBN, TBO, and S137 was evaluated in G. mellonella larvae infected with 1 x 10°
cells/larva of C. auris and C. albicans (Figure 5; Supplementary Figure 1). The toxicity of the PSs MB,
NMBN, and S137 in the darkness or after exposure to light (15 J cm™) was previously tested in G.
mellonella larvae, and they were found to be non-toxic (Figure 5A-B) [27]. APDT with MB (7.5 mg kg
), NMBN (4.2 mg kg™), and TBO (6.1 mg kg™) did not prevent the killing of most larvae infected with
C. auris and C. albicans (Figure 5C-H). In contrast, the injection of S137 (9 mg kg™) in G. mellonella
infected with C. auris prevented the killing of 60% of the larvae (Figure 5l1). This survival rate was the
same for both light-exposed and non-exposed larvae. For C. albicans, treatment with S137 at 9 mg kg
! resulted in a survival rate of 60% in the absence of light and 100% for light-exposed larvae (Figure
5J). Therefore, S137 displayed antifungal activity in G. mellonella infected with C. auris and C. albicans,

albeit light exposure not increasing the activity for the former.
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Figure 5. The in vivo APDT in G. mellonella larvae infected with C. auris and C. albicans. (a) PBS C.
auris; (b) PBS C. albicans; (¢) MB (7.5 mg kg™') C. auris; (d) MB (7.5 mg kg™") C. albicans; (¢) NMBN
(4.2 mg kg™) C. auris; (f) NMBN (4.2 mg kg™') C. albicans; (g) TBO (6.1 mg kg™") C. auris; (h) TBO (6.1
mg kg™) C. albicans; (i) S137 (9.0 mg kg™") C. auris; and (j) S137 (9.0 mg kg™") C. albicans. The graphs
are Kaplan-Meier plots of G. mellonella survival after injection with 1x10° cells/larva of the indicated

Candida species.

4. Discussion

Candida auris is an emerging and difficult-to-detect pathogen often displaying multidrug-resistance that
has been causing severe illnesses and outbreaks worldwide. Consequently, new treatment options are
required to deal with this global health threat, especially for strains with multidrug-resistant profiles [2].
APDT is a promising therapeutic strategy based on photosensitizing molecules that generate ROS that

kill the target pathogen upon exposure to light of suitable wavelength and fluence [13].

Here, we evaluated the efficiency of APDT with phenothiazinium PSs against C. auris both in vitro
and in vivo. Most, but not all, C. auris isolates are multidrug-resistant [10]. In our in vitro susceptibility
study, AMB, ITR, VOR, and POS presented high MICs against C. auris, whereas the same antifungals
presented low MICs against C. albicans and C. parapsilosis. Thus, the C. auris strain used here pre-

sented a multidrug-resistance profile by simultaneously showing resistance to polyenes and azoles.

The multidrug-resistant phenotype underscores the necessity to test different strategies to treat C.
auris. The use of APDT with the phenothiazinium PSs MB, NMBN, TBO, and S137 showed in vitro
activity against planktonic C. auris, C. albicans, and C. parapsilosis. Similarly, a previous study showed
that C. albicans and C. parapsilosis are susceptible to APDT with the phenothiazinium PSs MB, NMBN,
TBO, and S137 [27]. Additionally, photodynamic treatment with NMBN (400 uM), TBO (400 uM), or MB
(25-100 uM) plus red light exposure was effective against biofilms of both C. auris and C. albicans [12,
23, 24].

Aiming at potential future uses of this technique in humans, in vivo assays were performed. To do
this, effective animal models are needed. In general, invertebrate animal infection models, such as
those employing insects, provide a fast and inexpensive method to study pathogenesis and treatment
options. In this sense, G. mellonella larvae have been used to evaluate C. auris pathogenesis and the
effects of antifungal therapies on treating C. auris infections [8]. First, we evaluated the virulence of C.
auris and C. albicans towards G. mellonella. Although C. auris was more effective at forming biofilms,
it was less virulent than C. albicans. This lower virulence of C. auris was previously observed in murine

and invertebrate infections models [35, 36]. A possible reason for the decreased virulence of C. auris
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relative to C. albicans is that the former is unable to develop hyphae or pseudohyphae inside the host,
an important morphological feature of Candida species that contributes to tissue invasion during infec-
tion [45, 46]. An additional feature that influences the pathogenicity of C. auris is its strain-specific ability
to form (or not form) aggregates [36, 47]. The C. auris strain we used displayed the aggregate-forming

phenotype, which is a potential cause for its low virulence towards G. mellonella.

Given that antimicrobial treatment needs to be given at non-toxic doses to patients, it is essential
that photodynamic treatments are not toxic to G. mellonella [27]. APDT with MB, NMBN, and TBO were
ineffective in treating G. mellonella infected with C. auris or C. albicans. However, APDT with the novel
pentacyclic phenothiazine S137 effectively treated C. auris and C. albicans infections in G. mellonella.
The fact that only S137 managed to control Candida infection led us to hypothesize that its structural
features give it advantages over the other PS. This hypothesis is further supported by the fact that S137
was active even in the absence of light, i.e., its greater effectiveness over the other phenothiazinium
PS appears to be (at least partially) unrelated to its photochemical characteristics. Indeed, S137 is a
much more lipophilic PS with a great affinity towards membrane lipids (Supplementary Figure 2) [48].
This increased affinity allows S137 to interact more strongly with cell membranes, causing disturbances
that increase its permeability [18]. Also, a previous study has reported that S137 is effective against
many species of Candida even in the dark [22]. Thus, the increased activity of S137 in our study is
likely due to membrane disturbances that may, among other things, slow down fungal growth and make

the pathogen more susceptible to the host’'s immune system.

Therefore, the C. auris strain used in this study displays multidrug-resistance to the antifungals
commonly used in the clinic and is, as such, difficult to treat. Although APDT with MB, NMBN, TBO,
and S137 have been effective against C. auris in vitro, only APDT with the new phenothiazinium PS
S137 was effective in treating C. auris- or C. albicans-infected G. mellonella. Our results show that
APDT with S137 is a promising therapy against C. auris infection and reinforce the importance of
searching for new PS structures to improve APDT effectiveness against multidrug-resistant microor-

ganisms.
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Supplementary figures:

Supplemetary figure 01:
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