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Abstract

Scedosporium and Lomentospora species are opportunistic filamentous fungi that cause

localized and disseminated infections in immunocompetent and immunocompromised

patients. These species are considered resistant fungi due to their low susceptibility to most

current antifungal agents used in healthcare settings. The search for new compounds that

could work as promising candidate antifungal drugs is an increasing field of interest. In this

context, in the present study we screened the Pandemic Response Box® library (Medicines

for Malaria Venture [MMV], Switzerland) to identify compounds with antifungal activity

against Scedosporium and Lomentospora species. An initial screening of the drugs from

this collection at 5 μM was performed using a clinical Scedosporium aurantiacum isolate

according to the EUCAST protocol. Compounds with activity against this fungus were also

tested against four other species (S. boydii¸ S. dehoogii, S. apiospermum and L. prolificans)

at concentrations ranging from 0.078 to 10 μM. Seven compounds inhibited more than 80%

of S. aurantiacum growth, three of them (alexidine, amorolfine and olorofim) were selected

due to their differences in mechanism of action, especially when compared to drugs from

the azole class. These compounds were more active against biofilm formation than against

preformed biofilm in Scedosporium and Lomentospora species, except alexidine, which

was able to decrease preformed biofilm about 50%. Analysis of the potential synergism of

these compounds with voriconazole and caspofungin was performed by the checkerboard

method for S. aurantiacum. The analysis by Bliss methodology revealed synergistic effects

among selected drugs with caspofungin. When these drugs were combined with voricona-

zole, only alexidine and amorolfine showed a synergistic effect, whereas olorofim showed

an antagonistic effect. Scanning electron microscopy revealed that alexidine induces mor-

phology alterations in S. aurantiacum biofilm grown on a catheter surface. Reactive oxygen

species production, mitochondrial activity and surface components were analyzed by fluo-

rescent probes when S. aurantiacum was treated with selected drugs and revealed that
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some cell parameters are altered by these compounds. In conclusion, alexidine, amorolfine

and olorofim were identified as promising compounds to be studied against scedosporiosis

and lomentosporiosis.

Introduction

Scedosporium and Lomentospora species comprise filamentous fungi responsible for clinical

manifestations ranging from superficial to invasive infections and are considered emergent

pathogens due to the increase of their incidences over the last decades, especially in Europe,

Oceania, America and Asia [1, 2]. Superficial infection cases are related to localized infections

found in immunocompetent patients and consist of the formation of mycetoma, which is a

cutaneous and subcutaneous malignancy that can result in the amputation of the affected

member in cases of inappropriate or absent treatment [1]. In the context of invasive infections,

risk factors usually associated with scedosporiosis and lomentosporiosis are organ transplanta-

tion, immunocompromising diseases including HIV/AIDS and near-drowning events [3]. In

addition, both fungi are the second most frequent cause of pulmonary fungal infections in cys-

tic fibrosis (CF) patients [4].

The treatment of fungal infections is a concerning challenge because only few antifungal

drugs are available in clinical settings [5, 6]. Moreover, these drugs display significant levels of

toxicity and side effects, which limit their use, especially in patients presenting underlying dis-

eases. Scedosporium and Lomentospora species are considered resistant fungi due to their low

susceptibility to most current antifungal agents used in healthcare settings, such as fluconazole

and itraconazole [1, 7–11]. Amphotericin B is discouraged due to the high resistance of these

pathogens [12]. Echinocandins, such as anidulafungin and caspofungin, are only recom-

mended as salvage treatment, because both fungi are only weakly susceptible [7, 10, 13]. Vori-

conazole is suggested by the European Confederation of Medical Mycology (ECMM) as the

first line of treatment of scedosporiosis and lomentosporiosis, since it presents the best suscep-

tibility profile compared to other antifungal drugs [7].

Pathogenic fungi display a variety of resistance mechanisms to antifungal drugs, but little

information is available for Scedosporium and Lomentospora species. Both fungi form biofilm

structures, which are more resistant to antifungals when compared to planktonic cells [14].

Resistance of Scedosporium biofilms to some azoles, such as fluconazole, itraconazole and vori-

conazole, are more than 10-fold higher when compared to planktonic cells [14], suggesting

that it could be an essential mechanism to protect these fungi against antifungal agents. There-

fore, alternative treatments to improve the clinical management of scedosporiosis and lomen-

tosporiosis are urgently needed.

The search for new compounds that are promising candidates as antifungal drugs is of

increasing interest. A useful approach is the screening of libraries containing a variety of mole-

cules, because this strategy optimizes the evaluation of a large number of compounds. One

source for these libraries is the Medicines for Malaria Venture (MMV) organization, which

provided two sets of compounds called Pathogen Box1 and Pandemic Response Box1, con-

taining 400 compounds each [15]. The Pathogen Box1 has already been tested against some

relevant pathogenic fungi, such as Cryptococcus, Candida, Sporothrix species, and chromoblas-

tomycosis agents [16–20]. The Pandemic Response Box1 has also been tested against Crypto-
coccus species, Candida auris and some common eumycetoma causative agents [21, 22]. More

recently, our group screened the library for Scedosporium aurantiacum, and identified two
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known compounds, iodoquinol and auranofin, as well as two non-commercial molecules

which were also active against other Scedosporium and Lomentospora species [23]. These data

show that the screening of libraries is a useful and promising approach to find alternatives for

the treatment of infections caused by Scedosporium and Lomentospora species.

Considering the relevance of both species as emerging fungal pathogens, and the results

reported in previous studies with the Pathogen Box1, the present study aimed to screen a total

of 400 compounds from the Pandemic Response Box1, the second library from MMV, in

order to identify additional candidates that present anti-Scedosporium and anti-Lomentospora
activity.

Materials and methods

Strains and growth conditions

The following strains were kindly provided by Sybren De Hoog, from the Westerdijk Fungal

Biodiversity Institute, Utrecht, the Netherlands: Scedosporium aurantiacum CBS 136046, Sce-
dosporium boydii CBS 120157, Scedosporium apiospermum CBS 117407, and Scedosporium
dehoogii CBS 117406. Lomentospora prolificans FMR 3569 was kindly provided by Dr J.

Guarro, Unitat de Microbiologia, Facultat de Medicina e Institut d‘Estudis Avançats, Réus,

Spain. Fungal stocks were kept in modified Sabouraud medium (0.5% yeast extract, 1% pep-

tone, and 2% glucose monohydrate). To obtain conidia for the experiments, cells were grown

on modified Sabouraud agar plates for seven days at room temperature. Cell growth on the

surface of the medium was scraped and suspended in sterile phosphate-buffered saline (PBS,

pH 7.2). The suspension was filtered, centrifuged and cells were counted in Neubauer’s cham-

ber, to be used in the experiments.

Compounds. The Pandemic Response Box1 library was provided by the Medicines for

Malaria Venture organization and is composed of 400 compounds at 10 mM in dimethyl sulf-

oxide (DMSO). A stock solution of each compound was kept at 1 mM in DMSO and stored at

−20˚C. Voriconazole was used as a standard antifungal drug and was obtained from Sigma-

Aldrich (Sigma Chemical Co., St. Louis, MO, USA).

Screening of the Pandemic Response Box library. Scedosporium aurantiacum CBS

136046 was used as reference strain to screen the Pandemic Response Box library due to its rel-

evance as virulent and resistant isolate from the Scedosporium and Lomentospora species.

Screening was performed at 5 μM of each compound diluted in RPMI 1640 medium

(Sigma Chemical Co., St. Louis, MO, USA) supplemented with 2% glucose and buffered with

3-(N-morpholino) propanesulfonic acid (MOPS) (0.165 mol/L, pH 7.2, from here on referred

to as ‘supplemented RPMI’) in 96-well microtiter plates. Voriconazole (5 μM) and supple-

mented RPMI with DMSO 0.5% were used as controls. Conidia (2 x 105/mL) were added and

incubated for 72 h at 37˚C in a 5% CO2 atmosphere. Fungal growth was quantified by optical

density readings using a spectrophotometer (Bio-Rad, Hercules, CA, USA) at 600 nm. An inhi-

bition of at least 80% was defined as a cut-off to select the promising drugs with antifungal

activity against Scedosporium and Lomentospora species.

Antifungal susceptibility testing

The susceptibility of Scedosporium and Lomentospora species to alexidine, amorolfine and

olorofim was determined using the broth microdilution method, according to EUCAST proto-

cols, with modifications [24]. Voriconazole was also used as a reference antifungal because it is

the drug of choice for the treatment of scedosporiosis. Briefly, a serial dilution (10–0.078 μM)

of each compound was prepared in supplemented RPMI 1640 medium in 96-well microplates.

A standardized suspension of conidia (2 x 105/mL) was added to each well and incubated for
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72 h at 37˚C, in a 5% CO2 atmosphere. Fungal growth was analyzed by spectrophotometry

readings (Bio-Rad, Hercules, CA, USA) at 600 nm and cell viability was assessed using the

XTT-reduction assay [25]. The minimum inhibitory concentration (MIC) of each compound

was defined as the lowest concentration that inhibits 80% of fungal growth.

Biofilm formation and preformed biofilm assay

Biofilm formation was analyzed according to Rollin-Pinheiro and colleagues [14]. Firstly, an

adhesion step was performed by adding 200 μL from a standardized suspension of Scedospor-
ium and Lomentospora conidia (1 x 107/mL) to each well of a polystyrene microplate and incu-

bated for 1.5 h at 37˚C. Then, the supernatant containing non-adherent cells was removed and

RPMI 1640 medium supplemented with MOPS, 2% glucose, and 20% fetal bovine serum (FBS,

Gibco, Waltham, MA, USA) was added in the absence (positive control) or presence of

selected compounds (8 - ¼ × MIC). Adherent cells were then incubated for 24 h at 37˚C.

For the preformed biofilm assay, cells were cultured as described above in the absence of

the compounds. After 24 h of biofilm formation, the supernatant was removed and supple-

mented RPMI was added in the absence (positive control) or presence of the selected com-

pounds (8 - ¼ x MIC). An additional incubation of 24 h at 37˚C was performed to evaluate the

anti-biofilm activity. Evaluation of both biofilm formation and preformed biofilms was carried

out using three chromogenic assays as previously described [25–27]: crystal violet, safranin,

and XTT assays were used to analyze the overall biomass, extracellular matrix, and metabolic

activity, respectively.

Analysis of fungal cell alterations

Alterations of S. aurantiacum cells caused by alexidine, amorolfine and olorofim were analyzed

using fluorescent staining. Oxidative stress, mitochondrial membrane potential, and the pres-

ence of nucleic acid, mannose residues and chitin were evaluated using 2’,7’–dichlorofluores-

cein diacetate (DCFH-DA) (Sigma-Aldrich, MO, USA), JC-1 probe (ThermoFisher, Waltham,

MA, USA), Sytox Blue (ThermoFisher, Waltham, MA, USA), concanavalin A (Sigma-Aldrich,

MO, USA), calcofluor white (Sigma-Aldrich, MO, USA) and Nile Red (Sigma-Aldrich, MO,

USA), respectively. Cells were grown in the absence (positive control) or in the presence of 0.5

x MIC of alexidine, amorolfine or olorofim for 48 h at 37˚C. Then, cells were stained for 1 h at

37˚C under protection from light with 50 μg/mL of DCFH-DA, 10 μg/mL of JC-1, 20 μM of

Sytox Blue, 25 μg/mL of concanavalin A or 25 μg/mL of calcofluor white, and 2 mg/mL of Nile

Red [28, 29]. Samples were washed three times to remove residual dye and suspended in PBS.

Fluorescence intensity was measured using the SpectraMax 340 microplate reader (Molecular

Devices, CA, USA) at the following conditions: DCFH-DA at 492 nm (excitation) and 517 nm

(emission); JC-1 at 475 nm (excitation) and 529 nm (green fluorescence) or 590 nm (red fluo-

rescence) for the calculation of the red/green fluorescence intensity; Sytox Blue at 444 nm

(excitation) and 480 nm (emission); concanavalin A at 495 nm (excitation) and 520 nm (emis-

sion); calcofluor white at 350 nm (excitation) and 432 nm (emission); Nile Red at 550 nm

(excitation) and 635 nm (emission).

Scanning electron microscopy (SEM)

Scedosporium aurantiacum was grown as planktonic cells, as described above for the previous

experiments, or as biofilm in the presence of a sterile fragment of catheter on the bottom of

each well. For biofilm formation, after 24 h the supernatant was removed and RPMI 1640

medium supplemented with MOPS, 2% glucose, and 20% fetal bovine serum (FBS, Gibco,

Waltham, MA, USA) was added in the absence (positive control) or in the presence of 4x MIC
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of alexidine, amorolfine or olorofim. After additional 24 h incubation, fragments of the cathe-

ter containing adherent biofilm were collected, washed in sterile PBS, and processed for scan-

ning electron microscopy according to Rollin-Pinheiro and colleagues (2017) [14].

Briefly, both planktonic and biofilm samples were processed for microscopy as follows: i.

fixation in 2.5% glutaraldehyde and 4% formaldehyde, in 0.1 M cacodylate buffer, for 30 min

at room temperature; ii. post-fixation in 1% osmium tetroxide in 0.1 M cacodylate buffer con-

taining 1.25% potassium ferrocyanide for 30 min; iii. dehydration in a graded ethanol series

(30–100%); iv. critical point drying in CO2 (EM CPD300, Leica, German); v. adhesion to alu-

minum stubs with carbon tape; and vi. coating with gold.

Images were obtained with FEI Quanta 250 scanning electron microscope (FEI Company,

Hillsboro, OR, USA) and processed using Photoshop software (Adobe, San José, CA, USA).

Antifungal drug synergy assay

Synergistic interactions were evaluated by the checkerboard method according to EUCAST

guidelines [30]. S. aurantiacum conidia (1 x 105/mL) were grown in 96-well plates containing

supplemented RPMI in the presence of selected compounds (0.156–10 μM) combined with

voriconazole (0.47–30 μM) or caspofungin (0.625–40 μM). After incubation for 72 h at 37˚C,

MIC was evaluated at 600 nm and cell viability was assessed by the XTT-reduction assay at 490

nm using a spectrophotometer (Bio-Rad, Hercules, CA, USA). An inhibition of at least 80%

was defined as a cut-off for minimum inhibitory concentration (MIC). Interactions were

determined by the fractional inhibitory concentration index (FICI), which was calculated

using the following formula: (MIC combined/MIC drug A alone) + (MIC combined/MIC

drug B alone). The results were classified as: synergistic effect, FICI of�0.5; no effect, FICI of

>0.5–4.0; antagonistic effect, FICI of>4.0 [31]. Bliss independence model was performed

according to Meletiadis and colleagues and Zhao and colleagues [32, 33]. The following for-

mula was used to assess the drug interaction: Eexp = Ea + Eb − Ea × Eb, in which Eexp is the

expected efficacy of drug combination, Ea is the efficacy of drug A (Alexidine, amorolfine or

olorofim), and Eb is the efficacy of drug B (voriconazole or caspofungin). The results were

classified as: synergistic effect, Eobs > Eexp; indifference, Eobs = Eexp; antagonistic effect,

Eobs < Eexp.

Cytotoxicity assay

Cytotoxicity assay of alexidine, amorolfine and olorofim was performed using three cell line-

ages: RAW 264.7, a murine macrophage culture; A549, a human adenocarcinoma cell line of

alveolar basal epithelial cells, and HaCaT, a spontaneously transformed aneuploid immortal

keratinocyte cell line from adult human skin. Cells were grown in DMEM (Dulbecco’s Modi-

fied Eagle’s Medium, Sigma-Aldrich, MO, USA) supplemented with 10% fetal bovine serum

and transferred to 96-well plates to form cell monolayers during an incubation of 24 h at 37˚C

in 5% CO2 atmosphere. Afterwards, cell monolayers were incubated for 48 h at 37˚C in 5%

CO2 in the presence of serially diluted concentrations (0.3–50 μM) of each compound. Then,

cell viability was measured using the neutral red (NR) assay and quantified in a spectropho-

tometer at 595 nm (SpectraMax1 i3x, Molecular Devices1, San José, CA, EUA) [29, 34].

Statistical analyses

All experiments were performed in triplicate, in three independent experimental sets. Statisti-

cal analyses were performed using GraphPad Prism v5.00 for Windows (GraphPad Software,

San Diego, CA, USA). The nonparametric Kruskal–Wallis one-way analysis of variance was

used to compare the observed differences among the groups, and individual comparisons of
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the groups were performed using a Bonferroni post-test. The 90% or 95% confidence interval

was determined in all experiments.

Results

Screening of pandemic response box library

Due to its relevance as a highly virulent and resistant species of Scedosporium group [2, 35], S.

aurantiacum was used as reference strain to screen all 400 compounds from the Pandemic

Response Box1 library (S1 Table). In addition to voriconazole, which was used as control of

fungal inhibition, seven compounds inhibited at least 80% of S. aurantiacum growth and thus

were found to display antifungal activity at 5 μM (Fig 1). Among them, eberconazole, ketoco-

nazole, luliconazole and miconazole were identified as members of azole compounds, a known

class of antifungal drugs (Table 1). The other three molecules were: alexidine, an antimicrobial

drug from the class of bis-biguanide; amorolfine, an antifungal molecule from the class of the

morpholine; and olorofim, a molecule from the class of orotomide that shows antifungal prop-

erties (Table 1). Several other compounds also inhibited fungal growth at 50–80%, which were

identified at antifungal, antibacterial and antiviral molecules (Table 1). However, we decided

to focus on compounds that inhibited at least 80% of S. aurantiacum growth.

Considering that the class of azoles is known to be active against Scedosporium and Lomen-
tospora species and that one azole drug (voriconazole) is the first choice for the treatment of

scedosporiosis and lomentosporiosis, we proceed the investigation with alexidine, amorolfine

and olorofim, which belong to different classes of molecules.

Minimum inhibitory concentration (MIC) of alexidine, amorolfine and

olorofim against different Scedosporium and Lomentospora species

Since alexidine, amorolfine and olorofim are not the usual drugs for treatment of Scedospor-
ium and Lomentospora infections, they were selected to further investigate their effects on

these fungal cells (Fig 2). Considering that the screening of the library was performed using

only one concentration of each compound (5 μM), the MIC of alexidine, amorolfine and olor-

ofim was evaluated using the antifungal susceptibility test, and voriconazole as a reference

drug. The assay was performed not only against S. aurantiacum, but also against other clini-

cally relevant species, such as S. boydii, S. apiospermum, S. dehoogii, and L. prolificans.
Alexidine displayed MIC values varying from 1.25 to 2.5 μM, whereas fungal viability inhi-

bition (measured by the XTT-reduction method that evaluates the metabolic activity) was

observed at 1.25, 2.5 and 5 μM of this compound (Table 2). For amorolfine, MIC values were

2.5 μM for S. aurantiacum and 5 μM for all the other species, whereas inhibition of fungal via-

bility was observed at 5 μM for S. aurantiacum, 10 μM for L. prolificans and> 10 μM for all

the other species (Table 2). Olorofim MIC values varied from 0.15 μM for S. boydii to 1.25 μM

for S. aurantiacum and L. prolificans. Viability inhibition ranged from 0.15–1.25 μM (Table 2).

Voriconazole was used as reference drug and, interestingly, olorofim presented MIC values

lower than voriconazole for all species. Alexidine and amorolfine also displayed lower MIC

compared to voriconazole for L. prolificans (Table 2).

Effect of alexidine, amorolfine and olorofim on fungal biofilms

The activity of alexidine, amorolfine and olorofim against Scedosporium and Lomentospora
biofilms was evaluated. Biofilm formation and preformed biofilms were assessed by determin-

ing three parameters: fungal biomass, extracellular matrix and cell viability (Tables 1–3 in S2

Table and Tables 1–3 in S3 Table). Regarding biofilm formation, alexidine reduced at least
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70% of fungal biomass, extracellular matrix and biofilm viability in all fungal species when

MIC or higher concentrations were used (Fig 3A–3C). Amorolfine led to a decrease of approx-

imately 50% of fungal biomass for S. aurantiacum, S. boydii and L. prolificans, especially at 4x

MIC. However, no effect was observed for S. apiospermum and S. dehoogii (Fig 3D). The extra-

cellular matrix was also reduced by 50% at MIC and higher concentrations, except for S. apios-
permum (Fig 3E). Biofilm viability was decreased by more than 50% for all five species,

especially at 2x and 4x MIC of amorolfine (Fig 3F). For olorofim, a decrease of less than 50%

of fungal biomass was observed in the presence of 2x, 4x and 8x MIC for all fungi, with the

Fig 1. Screening of the Pandemic Response Box1 library. A total of 400 compounds were tested against S. aurantiacum CBS 136046. Fungal growth was

quantified after incubation for 72 h by optical density and those presenting at least 80% of inhibition (dotted line) were selected. Voriconazole was used as

positive control of inhibition. Experiments were performed in quadruplicate, in three independent experimental sets.

https://doi.org/10.1371/journal.pone.0280964.g001

Table 1. Identification of the selected compounds from the screening of the Pandemic Response Box1 library.

Compound code % of inhibition Name Activity/Use

MMV1782224 85.6 Luliconazole Azole antifungal

MMV396785 85.0 Alexidine Biguanide antimicrobial

MMV1634358 84.7 Amorolfine Morpholine antifungal

MMV637533 83.2 Ketoconazole Azole antifungal

MMV1782354 81.8 Olorofim Orotomide antifungal

MMV002722 80.6 Miconazole Azole antifungal

MMV1634492 80.2 Eberconazole Azole antifungal

MMV1634493 68.0 Abafungin Echinocandin antifungal

MMV687273 61.4 SQ109 New anti-tuberculosis drug

MMV1634362 60.6 Ravuconazole Azole antifungal

MMV1634494 59.5 Isavuconazole Azole antifungal

MMV637528 57.2 Itraconazole Azole antifungal

MMV1634399 54.5 Non-commercial drug Antibacterial properties

MMV1580482 54.5 URMC-099-C Antiviral drug

https://doi.org/10.1371/journal.pone.0280964.t001
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exception of S. aurantiacum, which in the presence of 8x MIC reached around 50% of the bio-

mass (Fig 3G). At least half of the extracellular matrix was reduced in all species when 1x MIC

or higher concentrations were used (Fig 3H). Biofilm viability decreased about 50% in for all

five fungi at 1x MIC, except for S. aurantiacum, where viability decreased 50% at 4x MIC (Fig

3I).

Fig 2. Molecular structures of the compounds with activity against Scedosporium and Lomentospora species. The compounds present in MMV

Pandemic Response Box1 library are MMV396785 (Alexidine), MMV1634358 (Amorolfine) and MMV1782354 (Olorofim).

https://doi.org/10.1371/journal.pone.0280964.g002

Table 2. Minimum inhibitory concentration of alexidine, amorolfine, olorofim and voriconazole against several Scedosporium and Lomentospora species.

Alexidine (μM) Amorolfine (μM) Olorofim (μM) Voriconazole (μM)

Growth

inhibition

Viability

inhibition

Growth

inhibition

Viability

inhibition

Growth

inhibition

Viability

inhibition

Growth

inhibition

Viability

inhibition

S.

aurantiacum
2.5 5 2.5 5 1.25 1.25 1.78 1.78

S. boydii 2.5 5 5 > 10 0.15 0.15 0.89 1.78

S.

apiospermum
2.5 2.5 5 > 10 0.31 0.62 3.57 3.57

S. dehoogii 1.25 1.25 5 > 10 0.31 0.31 3.57 3.57

L. prolificans 1.25 1.25 5 10 1.25 1.25 60 60

Experiments were performed in triplicate, in three independent experimental sets.

https://doi.org/10.1371/journal.pone.0280964.t002
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The evaluation of preformed biofilm revealed that alexidine affected biomass, extracellular

matrix and viability when 4x and 8x MIC were used, except for S. dehoogii and L. prolificans,
in which only biofilm viability was reduced (Fig 4A–4C). Amorolfine did not show activity

against preformed biofilm for any of the five species, although a reduction of around 50% of

fungal viability was observed for S. aurantiacum and L. prolificans when 4x and 8x MIC were

used (Fig 4D–4F). Olorofim was not active against preformed biomass and extracellular

matrix, but a 50% decrease of viability was observed at 4x and 8x MIC for all five fungi (Fig

4G–4I).

Alterations on S. aurantiacum cells caused by alexidine, amorolfine and

olorofim

For the evaluation of cell alterations induced by alexidine, amorolfine and olorofim, we per-

formed scanning electron microscopy to analyze fungal morphology of S. aurantiacum (used

Fig 3. Effect of alexidine, amorolfine and olorofim on biofilm formation of Scedosporium and Lomentospora species. Fungal cells were adhered on the

polystyrene surface for 1.5 h and then different concentrations of alexidine, amorolfine or olorofim were added. Fungal biomass (A, D and G), extracellular

matrix (B, E and H) and viability (C, F and I) were measured using crystal violet, safranin and XTT-reduction assay, respectively. � p< 0.01, compared to

zero (absence of drug) for each species. Experiments were performed in quadruplicate, in three independent experimental sets.

https://doi.org/10.1371/journal.pone.0280964.g003
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as a reference strain) in the presence of the three compounds (S4 Table). Fluorescent probes

were used to investigate the alterations of certain cell parameters: DCFDA was used to measure

ROS production, JC-1 to assess mitochondrial membrane polarization, Sytox Blue to stain

DNA, concanavalin A to detect mannose residues, calcofluor white to analyze chitin content

and Nile Red to quantify neutral lipids. Untreated cells were used as a control.

Alexidine and olorofim increased ROS production 2-fold compared to the control, whereas

amorolfine led to a slight induction of DCFDA staining (Fig 5A), suggesting that the treatment

with all three compounds results in oxidative stress on S. aurantiacum cells. Alexidine and

amorolfine led to mitochondrial membrane depolarization, indicating that these drugs damage

fungal mitochondria (Fig 5B). DNA synthesis was not affected by alexidine and amorolfine,

but it was 50% reduced when cells were treated with olorofim, suggesting that this compound

interferes in the duplication of fungal genetic material (Fig 5C).

Fig 4. Effect of alexidine, amorolfine and olorofim on preformed biofilms of Scedosporium and Lomentospora species. Fungal biofilm was obtained in

RPMI 1640 medium for 24 h and then treated with different concentrations of alexidine, amorolfine or olorofim for an additional 24 h incubation. Fungal

biomass (A, D and G), extracellular matrix (B, E and H) and viability (C, F and I) were measured using crystal violet and safranin stains, and XTT-

reduction assay, respectively. � p< 0.01, compared to zero (absence of drug) for each species. Experiments were performed in triplicate, in three

independent experimental sets.

https://doi.org/10.1371/journal.pone.0280964.g004
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Alexidine did not affect concanavalin A staining, but the chitin content was increased as

calcofluor white staining was higher compared to the control (Fig 5D and 5E). It might be a

compensatory effect, because Nile Red staining revealed that alexidine decreased neutral lipid

content (Fig 5F). Corroborating with these observations, SEM analysis showed that S. auran-
tiacum surface seems to be rougher compared to the control (Fig 5G), possibly as result of

changes in fungal cell wall and plasma membrane, although more experiments are needed for

confirmation. Cells treated with amorolfine presented a decrease of mannose residues (Fig

5D) and neutral lipid content (Fig 5F), suggesting that this drug also led to a deregulation of

the fungal surface components. However, SEM did not demonstrate relevant alterations on the

Fig 5. The effect of alexidine, amorolfine and olorofim on S. aurantiacum morphology and cell parameters. Cells were grown in the presence of ½ x

MIC of alexidine, amorolfine or olorofim for 48 h at 37˚C. Oxidative stress was measured by DCFH-DA (A). Mitochondrial membrane polarization was

measured by JC-1 (B). Intracellular DNA quantification was analyzed by Sytox blue staining (C). Concanavalin A was used to evaluate mannose residues

(D). Chitin content was analyzed by calcofluor white (E). Neutral lipids were quantified using Nile Red stain (F). Scanning electron microscopy was

performed following the same treatment conditions (G). Ctl (-), a negative control that represents cells in the absence of fluorescent stain. Ctl (+) a positive

control that represents cells stained with fluorescent stain, but without drug treatment. Results of treated cells are represented as a relative expression

compared to Ctl (+), in other words how many times the fluorescence intensity is observed compared to Ctl (+). � p< 0.05; �� p< 0.01; ��� p<0.001;

ns = not significant. Experiments were performed in quadruplicate, in three independent experimental sets.

https://doi.org/10.1371/journal.pone.0280964.g005
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fungal surface when cells were treated with amorolfine (Fig 5G). Treatment with olorofim led

to a decrease of mannose residues and chitin content, indicating an alteration in the composi-

tion of fungal cell wall (Fig 5D and 5E). In addition, SEM images revealed modifications of the

surface and morphology of S. aurantiacum (Fig 5G).

Scanning electron microscopy to evaluate morphological alterations caused

by alexidine, amorolfine and olorofim on S. aurantiacum biofilm

Considering that alexidine, amorolfine and olorofim displayed antifungal activity against

planktonic cells and biofilms, the morphology of S. aurantiacum biofilm grown on a catheter

surface was evaluated using scanning electron microscopy (SEM). S. aurantiacum was used as

a reference strain because it was the species used for the screening of the Pandemic Response

Box1 library. The concentration of the drugs used on S. aurantiacum preformed biofilm was

equivalent to 4x MIC.

Treatment with alexidine, the most effective drug against preformed biofilms, revealed

bleb-like structures along the entire hyphal surfaces (Fig 6C and 6D), when compared to

untreated S. aurantiacum biofilm that did not show such alterations (Fig 6A and 6B). Amorol-

fine and olorofim showed no morphological alterations as they were not highly effective

against preformed biofilms (Fig 6E–6H).

Drug Interactions for alexidine, amorolfine and olorofim with

voriconazole and caspofungin

Since none of these compounds are antifungal drugs usually employed in clinical settings, we

decided to investigate the interaction properties of alexidine, amorolfine and olorofim with

some known antifungal drugs. A checkerboard analysis was performed and, once again, S. aur-
antiacum was used as a representative species. Drug interactions were analyzed between alexi-

dine, amorolfine or olorofim with voriconazole or caspofungin.

The analyses performed using the checkerboard method and the calculation of FIC index

revealed that none of the drug combinations resulted in synergistic interaction, although the

MIC of caspofungin reduced when in combination with amorolfine and olorofim (Table 3).

However, using the Bliss independence method, alexidine and amorolfine presented a syner-

gistic effect when combined either with voriconazole or caspofungin (Table 4). Olorofim dis-

played a synergistic interaction with caspofungin, but an antagonistic interaction with

voriconazole (Table 4).

Cytotoxicity of alexidine, amorolfine and olorofim

Cytotoxicity of the three selected compounds was evaluated using a mouse cell lineage, RAW

264.7, and two human cell lineages, A549 and HaCaT (S5 Table). Alexidine at 6.2 μM reduced

more than 30% of RAW 264.7 viability, but a reduction of more than 50% of viability was not

observed, even at higher concentrations (Fig 7A). In A549 and HaCaT cell lineages, alexidine

did not display any toxic effect even at the highest concentration tested (50 μM) (Fig 7B and

7C). For amorolfine, a 40% reduction of viability was observed for RAW 264.7 cells when

50 μM was used (Fig 7A), but no effect was observed on A549 and HaCaT at any of the con-

centrations used (Fig 7B and 7C). Olorofim did not display any toxic effect in RAW 264.7 cells

even at higher concentrations (Fig 7A) and only 30% of viability reduction was observed for

A549 and HaCaT when the highest (50 μM) concentration was used (Fig 7B and 7C).
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Fig 6. Morphological alterations on S. aurantiacum biofilm by scanning electron microscopy. S. aurantiacum CBS

136046 preformed biofilm was incubated in the presence of alexidine, amorolfine or olorofim for 24 h at 37˚C.

Untreated cells were used as a control. Bars: 10 μm (A, C, E and G) e 4 μm (B, D, F and H).

https://doi.org/10.1371/journal.pone.0280964.g006
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Discussion

The present study tested the library of compounds called Pandemic Response Box1 against

fungal species belonging to Scedosporium and Lomentospora genera. Due to the emergence of

highly virulent isolates that are resistant to antifungal agents, this approach is considered an

urgent need [1, 7]. The screening of the Pandemic Response Box1 revealed three promising

compounds with antifungal activity: alexidine, amorolfine and olorofim.

Alexidine, a member of the bis-biguanide class, is not a conventional antifungal drug, but is

used as an antimicrobial agent in solutions for contact lenses and mouthwashes [36]. In our

study, alexidine inhibited the growth of all tested species. Mamouei and colleagues screened

the New Prestwick Chemical Library and demonstrated that alexidine inhibits at least 50% of

the growth of several Candida species (including C. albicans and C. auris), Cryptococcus neo-
formans, Aspergillus fumigatus, several species from the Mucorales order, and S. apiospermum
[37]. Yousfi and colleagues reported the activity of alexidine against other species of filamen-

tous fungi including A. calidoustus, Fusarium solani, F. oxysporum as well as L. prolificans [38].

Together with these previous studies our results provide further indication for a broad-spec-

trum antifungal activity of alexidine, also acting against other Scedosporium species.

Alexidine also reduced biofilm formation. Mamouei and colleagues reported the anti-bio-

film potential of alexidine in A. fumigatus, C. neoformans and Candida species. Alexidine was

also effective against preformed biofilms from C. albicans in in vitro an in vivo catheter model

[37]. However, the effect of alexidine on Scedosporium and Lomentospora biofilms has never

been evaluated and our data demonstrated that alexidine was the most effective drug against

biofilms of these species when compared to the other selected drugs.

The mechanism of action of alexidine in fungi is unknown and our study is the first to dem-

onstrate alterations in fungal cell wall caused by this compound. In bacteria, positively charged

alexidine is attracted to the negatively charged bacterial cell wall and induces lipid-phase sepa-

ration and lipid raft formation in bacterial membranes [36]. The fungal cell wall is also nega-

tively charged, which might hint on a similar action for alexidine. Similarly to what we

observed in Scedosporium and Lomentospora species, previous reports showed that in some

cancer cell lines alexidine affects membrane permeability and induces mitochondrial damage

by targeting mitochondrial phosphatase PTPMT1 which might correlate with its effect in

other eukaryotic cells like fungi [39, 40].

The combinations of alexidine with voriconazole and caspofungin were considered syner-

gistic using the Bliss method. In C. albicans, alexidine also enhanced the effect of an azole

agent, fluconazole [37]. However, little is known about the interaction between alexidine and

Table 3. Antifungal activity of alexidine, amorolfine, olorofim, voriconazole and caspofungin—alone and in com-

binations according to fractional inhibitory concentration index (FICI)—against S. aurantiacum CBS 136046.

MIC80 alone (μM) MIC80 combined (μM) FICI

Alexidine 2.5 Alex/Vorico 2.5/1.78 2.0 (no effect)

Amorolfine 2.5 Alex/Caspo 2.5/20 2.0 (no effect)

Olorofim 1.25 Amo/Vorico 1.25/1.78 1.5 (no effect)

Voriconazole 1.78 Amo/Caspo 1.25/10 1.0 (no effect)

Caspofungin 20 Olo/Vorico 1.25/1.78 2.0 (no effect)

Olo/Caspo 1.25/10 1.5 (no effect)

MIC: Minimal inhibitory concentration. FICI: Fractional Inhibitory Concentration Index. Alex: Alexidine. Amo:

Amorolfine. Olo: Olorofim. Vorico: Voriconazole. Caspo: Caspofungin. Experiments were performed in triplicate, in

three independent experimental sets.

https://doi.org/10.1371/journal.pone.0280964.t003
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antifungal drugs, and our study is the first to report it in filamentous fungi. Thus, more studies

are needed to clarify the effect of these combinations.

Alexidine cytotoxicity has already been described in the literature. Mamouei and colleagues

observed that alexidine damaged HUVEC, an endothelial cell line, and A549 cells at 14.7 μg/

ml (28.89 μM) [37], but a comparison with our results is difficult due to differences in the

methodologies, such as the reading technique used to measure cytotoxicity. Nevertheless, only

concentrations higher than the MICs for fungi might damage host cells. Although our study

shows cytotoxic data using three different cell lineages, more studies are needed to evaluate the

safety of alexidine, especially in vivo.

Amorolfine, from the morpholine class, is a known antifungal drug used for the treatment

of onychomycosis and acts by inhibiting two enzymes from the ergosterol synthesis pathway,

delta-14-reductase and delta-7,8-isomerase. Amorolfine is approved for onychomycosis treat-

ment and its effectiveness against other fungal pathogens including yeasts and dimorphic

fungi has been demonstrated [41]. It also acts against some filamentous fungi like Scopulariop-
sis, Alternaria and Fusarium, but A. fumigatus showed low susceptibility [41]. Although amor-

olfine is already used in clinical settings for the treatment of dermatophytic infections, this

drug is still not recommended for the treatment of invasive fungal infections since it is rapidly

metabolized by the human body [41]. Therefore, it does not seem adequate for invasive scedos-

poriosis or lomentosporiosis but could be effective in localized infections, although in vivo

Table 4. Antifungal activity of alexidine, amorolfine, olorofim, voriconazole and caspofungin—alone and in combinations according to the Bliss independence

model.

Efficacy of drugs alone (% of

inhibition)

Efficacy of combined drugs

Voriconazole Caspofungin

MIC80 ½ MIC80 Eobs Eexp ΔE, % (interaction) Eobs Eexp ΔE, % (interaction)

Alexidine 89.8 7.8 44.4 42.5 1.9 (S) 31.8 12.4 19.4 (S)

Amorolfine 91.6 49.7 90.2 66.7 23.5 (S) 90.8 74.2 16.6 (S)

Olorofim 79.4 41.8 31.0 48.1 -17.1 (A) 80.2 48.5 31.7 (S)

Voriconazole 89.1 33.7 NP NP NP NP NP NP

Caspofungin 82.4 11.5 NP NP NP NP NP NP

MIC: Minimal inhibitory concentration. Eobs, observed efficacy in the analysis. Eexp, expected efficacy according to Bliss calculation. ΔE, difference between Eobs and

Eexp. NP, not performed. S, synergistic interaction. A, antagonistic interaction. Experiments were performed in triplicate, in three independent experimental sets.

https://doi.org/10.1371/journal.pone.0280964.t004

Fig 7. Cytotoxicity assay. Monolayers of RAW 264.7, A549 and HaCaT cells were incubated for 24 h in the presence of 0.3–50 μM of alexidine, amorolfine

or olorofim, and cell viability was measured by neutral red method. � p< 0.05. Experiments were performed in triplicate, in three independent

experimental sets.

https://doi.org/10.1371/journal.pone.0280964.g007
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studies are needed to investigate its efficacy in this model [42]. In our study, this compound

inhibited the growth of all tested species, but failed to reduce metabolic activity against S. boy-
dii, S. apiospermum and S. dehoogii at the tested concentrations. Regarding its effect on bio-

films, there are no reports that show its activity against Scedosporium and Lomentospora
biofilms, but our data demonstrated that amorolfine decrease its formation although pre-

formed biofilms were more resistant.

Amorolfine acts in fungi as inhibitor of two steps of the ergosterol biosynthesis pathway.

Thus, the alteration of the ergosterol content in fungal cells might explain the reduction in

Nile Red staining observed in the present study. Disruption in ergosterol synthesis impairs sev-

eral cellular processes since ergosterol is also present in the membranes of organelles including

mitochondria [43].

Liu and colleagues reported the synergistic effect of amorolfine and voriconazole against

several strains of F. solani and F. oxysporum both in vitro as well as in a Galleria mellonella
model [44], similarly to what we observed in Scedosporium and Lomentospora species when

amorolfine were combined with voriconazole or caspofungin.

Olorofim is the first member of a new class of antifungals called orotomides and it inhibits

dihydroorotate dehydrogenase (DHODH), disrupting de novo pyrimidine synthesis [45]. It

showed potent in vitro activity against different species of filamentous and dimorphic fungi.

However, it is not effective against clinically important yeasts (such as Candida and Cryptococ-
cus) and fungi from the order Mucorales due to structural differences in the targeted enzyme

[45–47]. Our results are in agreement with other studies that demonstrated that olorofim is

highly active in vitro against Scedosporium and Lomentospora [48]. On the other hand,

although it also reduced biofilm formation, low activity was observed against preformed

biofilms.

Olorofim mechanism of action affects uridine-50-monophosphate (UMP) and uridine-

50-triphosphate (UTP) production and consequently impairing RNA/DNA synthesis [45, 49].

UTP is also necessary for the formation of UDP-glucose and UDP-N-acetyl-glucosamine that

are building blocks for several glycoconjugates of the fungal cell wall [50]. It was already

observed in A. fumigatus that olorofim significantly influences cell dynamics by reducing

mitosis and β-1,3-glucan content in hyphal tips [51]. These consequences could explain the

cell alterations we observed in the present study. Additionally, unlike our observation for Sce-
dosporium and Lomentospora species, olorofim treatment of A. fumigatus increased cell wall

chitin content which was hypothesized as being a stress response to prevent cell lysis [51].

Interactions between olorofim and antifungal drugs revealed antagonist effect with vorico-

nazol. Antagonism between olorofim and azoles, specifically itraconazole and voriconazole,

has also been previously reported for A. fumigatus [52]. However, the mechanism that leads to

antagonism between olorofim and azoles remains unclear and further studies are needed for

its elucidation. In addition, these observations are important since voriconazole is the first

choice to treat scedosporiosis. Therefore, an understanding of the interaction between oloro-

fim and voriconazole in clinical settings is an urgent need.

In vivo tests already showed that olorofim is a promising drug for the treatment of aspergil-

losis, scedosporiosis and lomentosporiosis [53, 54]. The U.S. Food and Drug Administration

(FDA) granted olorofim the designation of breakthrough therapy in 2019 and the status of

orphan drug in 2020. The European Medicines Agency Committee for Orphan Medicinal

Products also granted the orphan drug status to olorofim for treatment of invasive aspergillosis

and scedosporiosis. Currently, a phase 2 clinical trial of olorofim is being conducted for treat-

ment of invasive fungal diseases including aspergillosis, scedosporiosis and lomentosporiosis

[55].
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Scedosporium and Lomentospora species are considered rare and neglected fungi, so little is

known in the literature about the mechanism of action of promising compounds. Conse-

quently, the identification and the description of new compounds with anti-Scedosporium and

anti-Lomentospora activity is an urgent need. In our study, three drugs were selected by

screening the Pandemic Response Box1, which represents a contribution in the literature to

point out some potent candidates for the treatment of Scedosporium and Lomentospora
infections.
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49. Garavito MF, Narváez-Ortiz HY, Zimmermann BH. Pyrimidine Metabolism: Dynamic and Versatile

Pathways in Pathogens and Cellular Development. J Genet Genomics. 2015; 42(5):195–205. Epub

20150508. https://doi.org/10.1016/j.jgg.2015.04.004 PMID: 26059768.

50. Gow NAR, Latge JP, Munro CA. The Fungal Cell Wall: Structure, Biosynthesis, and Function. Microbiol

Spectr. 2017; 5(3). https://doi.org/10.1128/microbiolspec.FUNK-0035-2016 PMID: 28513415.
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