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Abstract

Activity of antimicrobial peptides against medically relevant yeasts and moulds:

temporin [K3]SHa a potential antifungal compound.

Introduction

Fungi are an emerging cause of infections that can represent a significant health
problem in immunocompromised patients. Unfortunately, few antifungal agents are available
to fight these diseases. Antimicrobial peptides which are natural molecules and belong to
immune system of many species represent a promising way of research. However, previous
studies have mainly focused on their antibacterial activity. The aim of this study was to test
the activity of warnericin RK, armadillidin H, magainin Il and temporin [K3]SHa against
some species of yeasts and moulds, and to explore temporin [K3]SHa activity against

Candida albicans.

Materials and methods

In order to assess the antifungal activity of these peptides, MIC determinations were
performed according to the EUCAST guidelines. Following that, activity of temporin
[K3]SHa against C. albicans was explored by time kill curve experiment, membrane
permeabilization assay and electron microscopy. Finally, activity of temporin [K3]SHa

against C. albicans biofilm was investigated using XTT assay.



Results

No antifungal activity against tested fungi was observed for warnericin RK,
armadillidin H and magainin Il. Temporin [K3]SHa was found to be active against yeasts
(most of the tested Candida species and Cryptococcus neoformans). However, C. glabrata
seemed poorly sensitive to this antimicrobial peptide and its efficacy against moulds was very
moderate. Temporin [K3]SHa was shown to have a rapid fungicidal activity against C.
albicans. Mechanism could be due to membrane permeabilization and fungal structure

alterations. However, only slight anti-biofilm activity of this molecule was found.

Conclusion

Temporin [K3]SHa could represent a potential new antifungal compound against non-
glabrata Candida species and C. neoformans. However, further studies are needed to specify

its mode of action, and to explore a potential synergy with conventional antifungal agents.



Introduction

Invasive fungal infections have increased this last decade mainly due to the use of
immunosuppressive drugs and critical care therapies even though, few systemic antifungal
drugs are available. Responsible for these invasive fungal infections, yeasts and filamentous
fungi represent a major public health problem (1, 2). Candida species are involved in many
invasive infections in the hospital, especially in critical care units. Amongst them, Candida
albicans is a leading cause of nosocomial infections (2). Cryptococcus neoformans, another
yeast, also represents a major source of systemic infections worldwide, causing 200 000
infections per year (3). While this yeast essentially affects patients with HIV, organ
transplantation, chemotherapy and immunosuppressive regimens are other risk factors for this
disease (4). As for fungal infections due to filamentous fungi, they cause major problems of
morbidity and mortality in hematology departments (5). Concerning therapy, there exist only
four families of usable systemic antifungal agents: polyenes, echinocandins, triazoles and
pyrimidine analogs. In addition to the low number of available systemic antifungals, many
cases of natural or acquired resistance to antifungals have been described (6). In this context,
antimicrobial peptides (AMPSs) could be an interesting alternative to conventional antifungal
treatments (7, 8). For cryptococcosis, amphotericin B (AmB), fluconazole and 5-
fluorocytosine are the only active drugs. That is why the discovery of new active molecules,

such as AMPs, would be a major therapeutic advance (9).

Fungal agents can also cause local infections such as vulvovaginitis, onychomycosis,
skin infections, ocular infections and oral or periodontal infections (10-15). Moreover, some
fungi could cause chronic infections such as chronic aspergillosis, especially in cystic fibrosis
patients (16, 17). AMPs could be used in these indications and some are presently being

studied in clinical trials against local infections (12).
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AMPs are natural molecules involved in the innate immune response of many living
organisms. They are found in bacteria, archaea, protists, fungi, plants and animals. These
peptides have antimicrobial properties on bacteria, viruses and fungi (7, 18). Moreover, their
physicochemical mode of action is less susceptible to resistance, making them very interesting
antimicrobial agents (19). Some also present immunomodulatory or antitumor properties (20-
22). They are composed of a small number of amino acids, most of which are cationic and
amphipathic, and they are grouped according to their secondary structures in o-helices, -
sheet or both (7, 18). While their mechanism of action mainly involves membrane
permeabilization, some of them exert other modes of action: interactions with intracellular
targets, cell wall binding, mediated internalization by receptor or induction of a signaling
cascade (7). Their antibacterial effect has been well-studied but little is known about their

antifungal activity.

The aim of our study was to test four AMPs: warnericin RK, armadillidin H, magainin
Il and temporin [K3]SHa for their potential antifungal activity. Warnericin RK is a cationic
AMP extracted from Staphylococcus warneri RK with activity against some gram-positive
and gram-negative bacteria, especially Legionella sp (23). Armadillidin is a glycine-rich
cationic AMP isolated from Armadillidium vulgare, a crustacean isopod with activity against
some gram-positive and gram-negative bacteria and some filamentous fungi (24, 25).
Magainin Il is also a cationic AMP extracted from frog skin (26). Temporins are an AMPs
family extracted from amphibian skin which have a narrow spectrum activity predominantly
against gram-positive bacteria (27). A member of this family, temporin-SHa was extracted
from the skin of the Sahara frog Pelophylax (Rana) saharica originating in Tunisia, and it
presents a broader spectrum of activity toward gram-positive and gram-negative bacteria,

yeasts and Leishmania parasites (28). Temporin [K3]SHa was designed and synthesized from

11



the temporin-SHa. Some authors have demonstrated an improved activity of this modified

peptide against yeasts compared to the temporin SHa (27).

In this study, the activity of warnericin RK, armadillidin H, magainin Il and temporin
[K3]SHa against some species of yeasts and moulds was first evaluated, following which

temporin [K3]SHa activity against C. albicans was explored.
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Materials and methods

Strains and culture conditions

The strains of yeasts used in this study were Candida albicans (ATCC 14053 and
ATCC 90028), Candida glabrata (ATCC MYA 2950 and a clinical strain), Candida
parapsilosis (ATCC 22019), Candida krusei (ATCC 6258 and a clinical strain), Cryptococcus
neoformans var. grubii (clinical strain), Candida lusitaniae (ATCC 34449), Candida utilis
(ATCC 9950), Candida kefyr (clinical strain), Candida tropicalis (clinical strain), Candida
dublinensis (clinical strain). Studied strains of moulds were Aspergillus fumigatus (ATCC
16424), Lichtheimia corymbifera (CNRMA 2011.1047, Paris, France), Fusarium oxysporum

(clinical strain) and Scedosporium apiospermum (clinical strain).

Identification of clinical strains was performed by mass spectrometry for yeasts and by

ITS1-1TS4 sequencing for moulds.

Yeasts and moulds were stored at -20°C and cultured at 37°C on Sabouraud agar

(BioMerieux) before use.

Antimicrobial peptides and antifungal agents

The antimicrobial peptides studied were warnericin RK, armadillidin H, magainin II
and temporin [K3]SHa. Armadillidin H was purchased from ProteoGenix Corporation
(Schitilgheim, France). Magainin Il and temporin [K3]SHa were kindly provided by Pr. Ali
Ladram (Sorbonne Universités, UPMC Univ Paris 06, CNRS, Institut de Biologie Paris-
Seine, Biogenese des Signaux Peptidiques, Paris, France). Warnericin RK was obtained from

GenScript (Piscataway, USA).

13



Antifungal agents used as controls were fluconazole (Sigma-Aldrich, Saint-Louis,
USA) and amphotericin B (Sigma-Aldrich). Stock solutions were performed in

dimethylsulfoxide (final concentration <1%).

MIC determination

Minimum inhibitory concentrations (MICs) for yeasts were determined according to
the EUCAST (European Committee on Antimicrobial Susceptibility Testing) guidelines
(E.DEF 7.3.1) (29). Briefly, yeasts were grown for 24 h on Sabouraud agar. An inoculum of
five representative colonies was performed in 3 mL of sterile water (Fresenius, Sevres,
France). Suspension was homogenized for 15 seconds using a vortex and density was adjusted
to 0.5 Mc Farland. The suspension was then diluted in sterile water to 1:10 to obtain a
concentration of 1-5 x 10° colony-forming units (CFU)/mL. AMPs were diluted in RPMI [2%
dextrose; buffered with MOPS at PH7], to obtain concentrations ranging from 128 to 0.25
pg/mL. MICs were determined by spectrophotometry (500 nm) after 24 h of incubation at
37°C for Candida species or 48 h for C. neoformans by concentration inhibiting > 90% of

growth.

MICs for moulds were determined according to the EUCAST guidelines (E.DEF 9.3)
(29). Briefly, moulds were grown for 96 h on Sabouraud agar. Conidia were recovered with
sterile water supplemented with 0.1% Tween 20 (Sigma-Aldrich). Suspension was filtered
(70um) (Falcon, Corning, USA) to remove hyphae and clumps. Suspension was then counted
with a haemocytometer chamber (Kova, Hycor, Garden Grove, USA) and adjusted to 1-2.5 x
10° CFU/mL. AMPs were diluted in RPMI [2% dextrose; buffered with MOPS at PH7], to

obtain concentrations ranging from 128 to 0.25 pg/mL. MICs were determined by the last
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well, with no visible growth after 24 h of incubation at 37°C for Lichtheimia corymbifera and

48 h for other moulds.

Concentrations are expressed as the means of three independent experiments

performed in triplicate.

After MIC determination, each fungal suspension present in the well corresponding to
the MIC was collected. These suspensions were washed twice with distilled sterile water and
10 pL were plated on Sabouraud agar. Fungal colonies were counted after 24 h, 48 h and 72 h

of incubation at 37°C.

Time killing assay

Time killing assay was assessed on C. albicans. A yeast suspension at 10° CFU/mL
was performed in distilled sterile water and was incubated with 64, 32 or 16 pg/mL of
temporin [K3]SHa diluted in RPMI [2% dextrose; buffered with MOPS at PH7]. After 30
min, 1, 2, 3, 4,5, 6 and 7 h, 10uL of pure and diluted treated suspension (1:10 and 1:100)
were plated on Sabouraud. After 24 h at 37°C, CFU were counted. Three independent

experiments were performed in triplicate.

Membrane permeabilization assay

C. albicans was grown for 24 h on Sabouraud agar and diluted in distilled water to
obtain a concentration of 1-5 x 10° CFU/mL, which was incubated at 37°C with temporin
[K3]SHa at 128 pg/mL, 64 pg/mL, 32 pg/mL and 16 pg/mL. After 30 min, 1 h and 3 h of
incubation, 100 pL of fungal suspension was collected and 0.5 pL of propidium iodide (IP)
(Img/mL) was added. P1 is able to enter into permeabilized cells and to bind to DNA leading

15



to fluorescence, which was assessed by flow cytometry (Cytoflex, Beckman Coulter, Brea,

USA) (excitation wavelength 448 nm, emission wavelength 610/20 nm).

Scanning (SEM) and transmission (TEM) electron microscopy

C. albicans was grown for 24 h on Sabouraud agar and diluted in sterile distilled water
to obtain a concentration of 1-5 x 10° CFU/mL. Then suspension was treated for 3 h with
temporin [K3]SHa diluted in RPMI [2% dextrose; buffered with MOPS at PH7] at 32 pg/mL.
Suspension was centrifuged, supernatant was removed and yeasts were fixed for 1 h with
2.5% glutaraldehyde in 1 M phosphate buffer, pH 7.1. After phosphate buffered saline (PBS)
washes, yeasts were post-fixed for 45 min in 1% osmium tetraoxyde in phosphate buffer.
Dehydration was carried out using successive incubations of increasing ethanol
concentrations (from 70 to 100%). Yeasts were then suspended in 100% ethanol and
separated for SEM or TEM. Each part was centrifuged at 10,000 rpm for 10 min. For SEM,
yeasts were deposited on a 12 mm cover glass and dried by hexamethyldisilazane treatment.
The surface of the cover glass was sputter-coated in a vacuum with an electrically conductive
25 nm thick layer of gold—palladium alloy coating system (BALTEC SCD 005). SEM images
were recorded with a scanning electron microscope (JEOL 840) at 15 kV. For TEM, pellet
was included in epon epoxy resin and after 24 h of polymerization, 70 nm sections were
performed using an ultramicrotome UC6 (Leica). Uranyl acetate (2% in 70% ethanol) and
lead citrate were used as contrasting agents for electron microscopy (JEOL 1010 at 80 KV).

TEM was recorded using Quemesa camera with iTem software (Olympus).
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Activity against C. albicans biofilm

C. albicans suspension (10* CFU/mL) was incubated during 1 h in Yeast Nitrogen
Base - glucose medium (YNB — glucose) in 96 well plates. Following that, the wells were
washed to remove fungal planktonic forms. C. albicans biofilm was grown 12 h at 37°C in
YNB - glucose, then treated during 24 h at 37°C with temporin [K3]SHa, fluconazole or
AmB or not treated (negative control). Another C. albicans biofilm (10° CFU/mL) was grown
during 24 h at 37°C in the same medium, and also treated in the same conditions with
temporin [K3]SHa, fluconazole or AmB or not treated (negative control). Concentrations of
temporin [K3]SHa and antifungal agents ranged from 0.25 to 128 pug/mL. After incubation,
metabolic activities of the treated biofilms were measured using 2,3-bis(2-Methoxy-4-Nitro-
5-Sulfo-phenyl)-2H-Tetrazolium-5-Carboxanilide (XTT) reduction assay. Briefly, wells were
washed twice with PBS. 50 puL of XTT-menadione were added in each well and incubated 3 h
at 37°C. Following that, optic density (OD) was evaluated at 450 nm. Inhibition percentage of
metabolic activity was calculated by: (OD negative control — OD temporin [K3]SHa)/(OD
negative control). Two independent experiments were performed in triplicate. Results were

expressed as the means + SD of metabolic activity compared to negative control.
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Results

Temporin [K3]SHa exerts antifungal activity against some yeasts and filamentous fungi.

Antifungal activity of the four AMPs against yeasts and moulds was first evaluated by
MICs determination. Armadillidin H, warnericin RK and magainin Il presented no antifungal
activity with MICs greater than 128 pg/mL for all studied strains of yeasts and moulds (Table

1).

Temporin [K3]SHa presented antifungal activity against some yeast species with the
following MICs (Table 1): C. albicans (32 pg/mL; 23uM), C. parapsilosis (16 pg/mL;
11uM), C. krusei (32 pg/mL; 23uM), C. lusitaniae (16 pg/mL; 11uM), C. utilis (8 pg/mL,;
6uM), C. kefyr (16 pg/mL; 11uM), C. tropicalis (16 pg/mL; 11uM), C. dublinensis (32
pg/mL; 23uM). MIC obtained on C. neoformans was 32 pg/mL (23uM). However, no or

weak activity was found against C. glabrata (> 128 pg/mL; > 90uM) (Table 2)

For moulds, temporin [K3]SHa MICs were higher than for yeasts: 128 pg/mL (90uM)
for A. fumigatus, 64 pg/mL (45uM) for L. corymbifera, and > 128 pug/mL (> 90uM) for F.

oxysporum and S. apiospermum (Table 2).

Temporin [K3]SHa presents fungicidal activity.

The fungicidal or fungistatic nature of temporin [K3]SHa activity was then
determined. After MICs determination, well suspensions corresponding to MIC were plated.
No growth was displayed for any fungal strain after 24 h, 48 h and 72 h of incubation at 37°C,
which meant that temporin [K3]SHa presented fungicidal activity against moulds and yeasts

at MIC.
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Temporin [K3]SHa is fungicidal within 30 min against C. albicans.

During the next step, temporin [K3]SHa activity against C. albicans was explored. C.
albicans suspension (10° CFU/mL) was incubated with temporin [K3]SHa at 0.5 x MIC

(16pg/mL), MIC (32pug/mL) and twofold MIC (64ug/mL) to assess kill curve (Figure 1).

At MIC, a rapid decrease appeared within 30 min. After 5 hours, no more CFUs were
detected in culture. This curve showed rapid fungicidal activity. Kill curves were then
assessed for 0.5 x MIC and 2 x MIC. Action seemed dose-dependent, indeed, for twofold
MIC, decrease was faster and no more CFUs were detected after 3 hours. For 0.5 x MIC, a
CFU fungal decrease of 1Log;o was highlighted at 5 hours but fungal regrowth was recovered

after this time (Figure 1).

Temporin [K3]SHa alters permeability of C. albicans membrane.

Further, we assessed a test of membrane permeabilization to understand the
mechanism of action of temporin [K3]SHa (Figure 2). Rapid membrane permeabilization was
displayed by IP intercalation. Permeabilization of 45% of C. albicans cells was highlighted
within 30 min at 4 x MIC. After 1 h, the percentage of permeabilized cells reached 80% at 4 x
MIC, 33% at 2 x MIC and 7% at MIC. After 3 hours, about 95 % of cells were permeabilized
for 4 x MIC and 2 x MIC and 80% for MIC. Permeabilization did not reach 10% at 0.5 x

MIC.
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Temporin [K3]SHa alters integrity of C. albicans structure.

In order to specify the mechanism of action of temporin [K3]SHa, we performed
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). C.
albicans (10° CFU/mL) was incubated 3 h at 37°C in RPMI medium without peptide or with
temporin [K3]SHa at 32 pg/mL. SEM showed appreciable modifications of fungal structures
when temporin [K3]SHa was added. No hyphae were detectable and fungal surfaces seemed
altered. Fungal wall appeared perforated and destructed (Figure 3). TEM highlighted thinned

and distorted wall and a modification of cytoplasmic density and content (Figure 4).

Temporin [K3]SHa presents weak activity on C. albicans biofilm.

To assess temporin [K3]SHa antibiofilm activity, two C. albicans biofilms were
performed. For a C. albicans biofilm with low yeast density (10* CFU/mL) incubated 12 h at
37°C, metabolic activity significantly decreased after 24 h of contact up to 128 pg/mL of
temporin [K3]SHa and up to 1pg/mL of amphotericin B but no reduction was shown for
fluconazole. Reduction of C. albicans biofilm metabolic activity was 31.14 % for temporin

[K3]SHa at 128 pg/mL compared to control (p<0.01). (Figure 5).

Concerning C. albicans biofilm with higher density (10° CFU/mL) incubated 24h at

37°C, no metabolic activity reduction appeared for temporin [K3]SHa after 24h .
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Discussion

Invasive fungal infections are an important and increasing cause of morbidity and
mortality (30). In addition, resistant species are emerging while few systemic antifungals are
available to control these diseases. AMPs are interesting molecules that could enrich the
therapeutic arsenal, moreover, due to their simple structure and their physical mode of action,

they would be less subject to resistance emergence (19).

The first step of our study was to evaluate the antifungal activity of warnericin RK,
armadillidin H, magainin Il and temporin [K3]SHa. We evaluated MICs of these four AMPs

against five yeast and four mould species.

Warnericin RK is an AMP extracted from S. warneri with activity almost limited to
Legionella sp (23). This amphipatic alpha-helical structure AMP presents a detergent-like
mode of action to which Legionella sp are very sensitive (31). To our knowledge, warnericin
had never been tested against yeasts or moulds. Our study showed no antifungal activity,
which is consistent with the limited spectrum of this peptide described, and is perhaps
explained by differences in membrane composition between Legionella sp and other bacteria
or fungi. Indeed, some authors have shown that fatty acid composition of membranes

modulates sensitivity to warnericin RK (32).

Armadillidin H is a linear glycine-rich cationic peptide extracted from Armadillidium
vulgare, a crustacean isopod (25). In a previous study, this peptide presented activity against
gram-positive and gram-negative bacteria by membrane damage, but no activity against C.
albicans, C. glabrata and C. parapsilosis was detected (24). Our results confirmed these
findings and showed that C. krusei was not sensitive. Lack of activity against Candida species
was surprising, indeed most glycine-rich peptides are active against yeasts (24). For moulds,

some authors have shown that armadillidin H possessed no activity against Aspergillus
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fumigatus, Aspergillus terreus, Botrytis cinerea and Scedosporium apiospermum (24). Our
study confirms a lack of activity of this AMP against A. fumigatus and S. apiospermum. We
have added that armadillidin H has no activity against Lichtheimia corymbifera and Fusarium

oxysporum.

Magainin 11, isolated in 1973 from frog skin, is a linear amphipathic cationic alpha-
helical AMP which presents activity against gram-positive and gram-negative bacteria and
moderate activity against C. albicans (MIC = 80 ug/mL) (33). Some authors have shown
modest antifungal activity against Penicillium digitatum (MIC = 60 pg/mL), Alternaria solani
(MIC > 100 pg/mL) and Phytophthora infestans (MIC > 100 pg/mL). These results can be
explained by the difference between fungal and bacterial membrane composition, with fungi
lacking acidic phospholipids and possessing sterols which reduce their sensitivity to lytic
peptides (34, 35). Our study showed no activity of this AMP against the yeasts and moulds

tested.

Temporin SHa was isolated from the Pelophylax saharicus frog and found to be a
potentially strong antimicrobial peptide. Temporin SHa is active against gram-positive and
gram-negative bacteria, yeasts and Leishmania (36). Some authors have modified the positive
charge of this molecule by replacing a serine with a lysine in order to increase its
antimicrobial activity. This modified peptide was named temporin [K3]SHa (27). A previous
study demonstrated that temporin [K3]SHa was active against yeasts with MICs of 6 uM for
C. albicans, 25 uM for S. cerevisiae and 25 uM for C. parapsilosis (27). In our study, activity
against C. albicans and C. parapsilosis was confirmed. C. lusitaniae, C. utilis, C. kefyr, C.
tropicalis, C. dublinensis and C. krusei were also sensitive to this AMP. However, we showed

lower activity of temporin [K3]SHa on moulds than on yeasts.
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Interestingly, temporin [K3]SHa presented activity against every Candida species
except C. glabrata for which MICs were higher. Other authors have reported similar results
with cationic AMPs such as histatin 5 or p-defensin 2 and 3 (37, 38). This phenomenon is
poorly explained but could be due to the ability of C. glabrata to increase its efflux pumps

encoded by CR1 and PDH1 and different expressions of cell transporters (37, 39).

The temporin family is known to be active essentially against gram-positive bacteria
(40-42). However, some AMPs of this family have shown antifungal activity. Amino-acid
composition and especially proline may explain antimicrobial different activities among
AMPs of the temporin family (42). For example, temporin TL has shown antifungal activity
against yeasts with reported MICs from 2.7 to 6 puM against C. albicans (40, 41). Another
study explored the activity of 6 temporins (temporin CPa, temporin CPb, temporin-1Ga,
temporin-10la, temporin-1Spa, temporin-10c) against yeasts. Temporin-1Ga and temporin-
10la presented activity against C. albicans with a MIC of 12.5uM (42). According to our

results, temporin [K3]SHa seems to be another active AMP against some yeast species.

Interestingly, temporin [K3]SHa presented antifungal activity against some species of
yeasts with antifungal resistant phenotype. For example, we found C. krusei and C. lusitaniae,
which present resistance to fluconazole and amphotericin B respectively (43, 44), sensitive to
this temporin [K3]SHa. This molecule could be used in association with antifungal drugs to
restore sensitivity or to avoid resistance emergence. In vulvovaginal candidiasis due to C.
krusei, fluconazole use is not possible and development of new drugs like AMPs could be

very useful (45).

Although several AMPs have shown interesting activity against C. neoformans (46),
this is the first time to our knowledge that a peptide of the temporin family has been tested

against this yeast. We showed anti-cryptococcal activity of temporin [K3]SHa with MIC of 32
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pg/mL (23uM). Other peptides of temporin family could be tested and could represent an

additional class of molecules helping to fight against this fungal infection.

We also explored activity of temporin [K3]SHa against C. albicans which is the main
Candida species involved in human infections. This peptide induced rapid permeabilization of
yeast, and electron microscopy showed alterations and perforations of fungal structures. This
mechanism is known with cationic AMPs that are able to interact with membranes and to
disturb cytoplasmic membrane permeability leading to cell death (27). Moreover, it has been
shown that molecules of the temporin family present a detergent-like mode of action on
bacteria with a rapid action (27, 47-49). However, other supplementary mechanisms of action
cannot be excluded, such as intracellular targeting, DNA or mitochondrial interactions.
Temporin [K3]SHa was fungicidal against C. albicans and this activity seemed to be dose-
dependent. Its time of action was longer than those described for bacteria (5 min for S. aureus
or 15 min for E. coli) (27); difference in membrane composition and presence of fungal wall

could explain this delay compared to bacteria.

Finally, we showed only modest activity of temporin [K3]SHa against C. albicans
biofilm. Thirty percent of metabolic inhibition was shown for 128ug/mL (90uM) against
young biofilms with the lowest inoculum. The same experiment with a higher inoculum and
twofold old biofilms highlighted no activity. Even if little is known about anti-Candida
biofilm activity of AMPs, some of them have been found to be active against this fungal

biofilm such as cathelicidins and their derivatives (50, 51).

In conclusion, temporin [K3]SHa showed interesting fungicidal activity against some
yeasts and presented a rapid action against C. albicans by membrane permeabilization and
structure alterations. Moreover, given the fact than temporin [K3]SHa presented low toxicity

against human cells (27), it could be a promising drug against Candida non-glabrata and
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Cryptococcus. Further investigations are needed to explore structure-activity relationships in
view of improving its activity. Moreover, synergistic tests with conventional antifungal agents
still need to be performed. Indeed, AMPs could represent good candidates for association
because membrane permeabilization may facilitate drug penetration inside cells, including
azoles that interact with intracellular targets (52). This association could be useful to decrease

antifungal drug doses and drug resistance emergence (53).
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Figures and tables

Table 1: MICs of armadillidin H, warnericin RK and magainin Il against yeasts and

filamentous fungi according to EUCAST guidelines.

Results are expressed in pg/mL (UM).

Armadillidin H Warnericin RK  Magainin Il
Yeasts
Candida albicans (ATCC 14053) >128 (>90) >128 (>90) >128 (>90)
Candida glabrata (ATCC MYA 2950) >128 (>90) >128 (>90) >128 (>90)
Candida parapsilosis (ATCC 22019) >128 (>90) >128 (>90) >128 (>90)
Candida krusei (ATCC 6258) >128 (>90) >128 (>90) >128 (>90)
Cryptococcus neoformans (CS) ND >128 (>90) >128 (>90)
Moulds
Aspergillus fumigatus (ATCC 16424) >128 (>90) >128 (>90) >128 (>90)
ot pmia corymbifera (CNRMA >128(>90)  >128(>90)  >128 (>90)
Fusarium oxysporum (CS) >128 (>90) >128 (>90) >128 (>90)
Scedosporium apiospermum (CS) >128 (>90) >128 (>90) >128 (>90)

ND: not determined
CS: clinical strain
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Table 2: MICs of temporin [K3]SHa against yeasts and filamentous fungi according to

EUCAST guidelines.

Results are expressed in pg/mL (UM).

Temporin [K3]SHa

Yeasts

Candida albicans (ATCC 14053) 32 (23)
Candida albicans (ATCC 90028) 32 (23)
Candida glabrata (ATCC MYA 2950) >128 (>90)
Candida glabrata (Cs) 128 (90)
Candida krusei (ATCC 6258) 32 (23)
Candida krusei (CS) 64 (45)
Candida parapsilosis (ATCC 22019) 16 (11)
Candida kefyr (cs) 16 (11)
Candida lusitaniae (ATCC 34449) 16 (11)
Candida dublinensis (CS) 32 (23)
Candida tropicalis (CS) 16 (11)
Candida utilis (ATCC 9950) 8 (6)
Cryptococcus neoformans (CS) 32 (23)
Moulds

Aspergillus fumigatus (ATCC 16424) 128 (90)
Lichtheimia corymbifera (CNRMA 2011.1047, Paris, 64 (45)
France)

Fusarium oxysporum (CS) >128 (>90)
Scedosporium apiospermum (CS) >128 (>90)

CS: clinical strain
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Figure 1: Time-killing curve of temporin [K3]SHa against C. albicans. C. albicans (10°
CFU/mL) was incubated with temporin [K3]SHa at 2 x MIC (64 pg/mL), MIC (32 pg/mL)

and 0.5 x MIC (16 pg/mL). Data are shown as the means £+ SD of three independent

experiments performed in triplicate.

—— 0.5 MIC
= MIC
—— 2 MIC
6 -
5 -
s 4
™
=]
I 34
E
E 2 999 % of
(3] decrease
1 Limit of
\ \ detection
0 T T T T L L L L
3

1

Time (hours)

36



Figure 2: Fungal membrane permeabilization induced by temporin [K3]SHa against C.

albicans. C. albicans (105 CFU/mL) was incubated with temporin [K3]SHa at 4 x MIC (128

pg/mL), 2 x MIC (64 pg/mL), MIC (32 pg/ml), 0.5 x MIC (16 pg/mL). Propidium iodide was

added at 30 min, 1h and 3h and fluorescence was assessed by flow cytometry. Light grey

curve represents non-permeabilized cells and dark grey curve (IP+) permeabilized cells.

Percentage of permeabilized cells was expressed above dark grey curve.
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Figure 3: Scanning electron microscopy of C. albicans treated by temporin [K3]SHa. C.
albicans (10° CFU/mL) was incubated 3h at 37°C in RPMI medium without peptide (A) or
with temporin [K3]SHa at 32 pg/mL (B, C and D). No more hyphae were visible and fungal

structures were altered and perforated when C. albicans was treated with temporin [K3]SHa.
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Figure 4: Transmission electron microscopy of C. albicans treated by temporin
[K3]SHa. C. albicans (10° CFU/mL) was incubated 3h at 37°C in RPMI medium without
peptide (A) or with temporin [K3]SHa at 32 pg/mL (B, C and D). Fungal wall was thinned
and distorted (arrows) when C. albicans was treated with temporin [K3]SHa. Moreover, a

modification of cytoplasmic density and content was shown.
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Figure 5: Metabolic activity of C. albicans biofilm incubated with temporin [K3]SHa. C.
albicans 12h biofilm (10* CFU/mL) was incubated 24h with temporin [K3]SHa, amphotericin
B, fluconazole or without drug (negative control). Metabolic activity was evaluated by XTT-
assay. Data are shown as the means + SD of metabolic activity compared to negative control.

Three independent experiments were performed in triplicate. (*p < 0.01; **p < 0.001).
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Résumeé

Les levures et champignons filamenteux sont une cause émergente d’infections et
représentent un probleme important de santé publique chez les patients immunodéprimés.
Cependant, le nombre d’antifongiques disponibles pour lutter contre ces maladies graves reste
tres faible. Les peptides antimicrobiens, qui sont des molécules faisant partie du systéme
immunitaire de nombreuses especes, représentent une voie de recherche prometteuse mais
c’est surtout leur effet antibactérien qui a été jusque-la étudié. Le but de notre étude a été de
tester 1’activité de la warnericine RK, de I’armadillidine H, de la magainine Il et de la
temporine [K3]SHa contre certaines levures et moisissures puis d’explorer 1’activité de la

temporine [K3]SHa sur C. albicans.

Afin d'évaluer I'activité antifongique de ces peptides, leurs CMI ont été déterminées
selon les recommandations de ’EUCAST. Puis, ’activité de la temporine [K3]SHa contre C.
albicans a été évaluée par une courbe de mortalité, un test de perméabilisation membranaire et
une observation en microscopie ¢électronique. Enfin, I’action de la temporine [K3]SHa contre

les biofilms de C. albicans a été étudiée.

La warnericine RK, l'armadillidine H et la magainine Il n'ont présenté aucune
efficacité antifongique contre les champignons testés. En revanche, la temporine [K3]SHa a
exercé une activité contre Cryptococcus neoformans et la plupart des souches de Candida
testées, excepté C. glabrata. L'efficacité contre les moisissures s’est révélée quant a elle trés
modérée. La temporine [K3]SHa a été rapidement fongicide contre C. albicans avec un
mécanisme d’action qui semble dii a une perméabilisation membranaire et a des altérations
des structures fongiques. En revanche, seule une légére activité anti-biofilm a pu étre

observée.

La temporine [K3] SHa pourrait représenter un nouveau composé antifongique
potentiel contre les levures du genre Candida non glabrata et C. neoformans. D'autres études
sont cependant nécessaires pour préciser son mode d’action et pour explorer une synergie

potentielle avec les agents antifongiques conventionnels.

Mots clés : peptides antimicrobiens, temporine [K3]SHa, levures, champignons filamenteux,

Candida albicans
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Je jure, en présence des maitres de la faculté et de mes condisciples :

D’honorer ceux qui m’ont instruit dans les préceptes de mon art et de
leur témoigner ma reconnaissance en restant fidele a leur enseignement.

D’exercer, dans l'intérét de la santé publique, ma profession avec
conscience et de respecter non seulement la législation en vigueur, mais
aussi les regles de I'honneur, de la probité et du désintéressement.

De ne jamais oublier ma responsabilité, mes devoirs envers le malade et
sa dignité humaine, de respecter le secret professionnel.

En aucun cas, je ne consentirai a utiliser mes connaissances et mon état
pour corrompre les moeurs et favoriser des actes criminels.

Que les hommes m’accordent leur estime si je suis fidéle a mes
promesses.

Que je sois couvert d’opprobre et méprisé de mes confreres sij'y
mangque.
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