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Abstract

Candidalysin, a peptide toxin produced specifically from hyphae of Candida albicans, plays

a crucial role in C. albicans pathogenesis in the oral cavity and vagina. Synthetic peptides

have been widely used in previous studies to investigate the bioactivity of candidalysin.

Although the solubility of the peptide, which is expected to have a hydrophobic property, has

not been well characterized, candidalysin solutions are usually prepared in water. In this

study, we prepared the synthetic peptide candidalysin in water (CLw) or in dimethyl sulfoxide

(CLd) and compared their cytotoxicity and interleukin (IL)-1β-producing activity to determine

whether the activity of the peptide would be affected. In addition, we evaluated whether the

NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome pathway or

other pathways were involved in their activities. Unexpectedly, we found that CLw was not

completely solubilized and contained abundant insoluble microparticles. CLw was active at

comparably high concentrations (� 10 μM). In contrast, CLd is completely solubilized and

sufficiently active at low concentrations, that is, 1 μM or less. CLw showed weak cytotoxicity

and NLRP3-dependent and cathepsin B-dependent IL-1β-producing activity, whereas CLd

showed strong cytotoxicity and cathepsin B-dependent IL-1β-producing activity. Fraction-

ation of CLw revealed that NLRP3-dependent activity was caused by insoluble microparti-

cles. Furthermore, nanoparticle tracking of CLd revealed that the peptide was present as

nanoparticles with a size of 96 nm. CLw contained a small amount of such nanoparticles.

Thus, the bioactivities of the synthetic peptide candidalysin, especially the IL-1β-producing

activity, are affected by the solubility of the peptide depending on the solvent employed. The

NLRP3-dependent activity of the synthetic peptide is caused by insoluble microparticles and

may not be the intrinsic activity of candidalysin.

Introduction

A fungous peptide toxin called candidalysin is produced specifically from the hyphae of Can-
dida albicans, an opportunistic pathogen in humans, which can assist the invasion of C. albi-
cans in the tissue of the oral cavity and vagina [1]. This peptide is also called Ece1-III because it

is produced as a third of the eight cleaved fragments of cell elongation 1 (Ece1) protein that is
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specifically expressed in the hypha [2]. The candidate peptide is supposedly amphipathic and

consists of 31 amino acids containing hydrophobic amino acid assemblies on two α-helical

structures [2, 3]. To date, the bioactivity of candidalysin has been investigated from a variety of

aspects, especially using an Ece1-deficient strain of C. albicans and the synthetic peptide.

The amphipathic property of candidalysin likely facilitates the pore-forming activity of this

toxin that causes cell membrane damage and necrotic cell lysis in macrophages and epithelial

cells [2, 4, 5]. Candidalysin-induced cell death occurs through rapid production of reactive

oxygen species (ROS), disruption of mitochondrial membrane potential, ATP depletion, and

release of cytochrome c, but not through the apoptotic machinery such as activation of cas-

pase-8 and caspase-3 [6]. Nonetheless, candidalysin-induced cell death should be further

elucidated.

In addition to its cytotoxic properties, candidalysin can induce the production of interleu-

kin (IL)-1β through sensor protein NOD-like receptor family pyrin domain-containing 3

(NLRP3)-dependent inflammasome activation [7]. Generally, NLRP3 inflammasome-medi-

ated IL-1β production requires two independent intracellular signaling events [8, 9]. First, a

priming signal is activated through the recognition of a microbial component, such as fungal

β-glucan and bacterial lipopolysaccharide (LPS), by an innate immune receptor, which drives

nuclear factor (NF)-κB-dependent transcription of pro-IL-1β and NLRP3. Subsequently, a

triggering signal can be activated after NLRP3 recognition of a variety of exogenous and

endogenous molecules, such as extracellular ATP, pore-forming toxins, viruses, bacterial cells,

and the bacterial toxin nigericin. NLRP3 activation also involves cellular damage responses,

including mitochondrial dysfunction, ROS generation, ion flux (Ca2+ influx and K+/Cl−

efflux), and lysosomal damage [9]. These events lead to NLRP3 oligomerization and assembly

of an inflammasome protein complex consisting of the apoptosis associated speck-like (ASC)

adaptor protein and the precursor of the cysteine protease caspase-1. The inflammasome com-

plex serves as a platform for the activation of caspase-1, which in turn promotes the processing

of pro-IL-1β for extracellular release of a mature form of IL-1β. The NLRP3-dependent trig-

gering signal is also activated through cellular damage by particulate or crystalline matter, such

as monosodium urate crystals, alum, and asbestos [10]. The mechanism by which candidalysin

can stimulate NLRP3 has not been sufficiently investigated.

Although the solubility of the synthetic candidalysin, which is expected to have hydropho-

bic properties, has not been adequately investigated, solutions have been usually prepared in

water. In this study, we investigated the solubility of the peptide in water and in an amphiphilic

organic solvent, dimethyl sulfoxide (DMSO). Additionally, we compared their biological activ-

ities, particularly the cytotoxicity and IL-1β-producing activity, to determine whether their

activity would be affected. In addition, we evaluated whether the NLRP3 inflammasome path-

way or other pathways were involved in the activity of the peptide in different solvents. Thus,

this work provides novel insights that can help to properly assess the bioactivity of the syn-

thetic candidalysin peptide.

Materials and methods

Preparation of peptide solutions

The synthetic candidalysin (SIIGIIMGILGNIPQVIQIIMSIVKAFKGNK) was obtained from

Peptide Institute. The peptide was dissolved in deionized water or cell culture grade DMSO

(Sigma-Aldrich). The amount of water or DMSO needed to dissolve 1 mg of candidalysin to

make a 1 mM solution is 302 μl. The Ece1-II peptide (DVAPAAPAAPADQAPTVPAPQEFN-

TAITK), a second fragment of the Ece1 protein, was synthesized by Hokkaido System Science

and used as a control peptide. Ece1-II was dissolved in deionized water. The amount of water
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needed to dissolve 1 mg of Ece1-II to make a 1 mM solution is 350 μl. Fractionation of 100 μl

of the peptide stock solutions was performed by centrifugation at 100 × g for 5 min at room

temperature. The upper fraction (80 μl) and the residual lower fraction (20 μl) were separated

by discreet pipetting. The upper fraction was undiluted, and the lower fraction was diluted

five-fold to restore it to the original volume and used equally with the uncentrifuged peptide

solution.

Predicted tertiary structures and hydropathy

The predicted tertiary structure of the peptide was determined using PEP-FOLD3 (https://

bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/). The grand average of hydropathi-

city (GRAVY) index value and hydropathy score were calculated using Expasy ProtParam

(https://web.expasy.org/protparam/) and ProtScale (https://web.expasy.org/protscale/),

respectively, with a window size of three amino acids.

Detection of particles in peptide solutions

To observe microparticles in the peptide solutions, a BX41 microscope equipped with a DP21

camera (Olympus) was used. Images were obtained at 200 × magnification. The particle num-

ber/area (mm2) was determined using the particle analyzer tool in the ImageJ software (ver-

sion 1.51, http://rsb.info.nih.gov/ij/index). The microparticles in the peptide solutions were

also investigated by forward and side scatter analyses using an EC800 cell analyzer (Sony Bio-

technology). A liquid-borne microparticle counter KL-05 (Rion; measurable particle size: 1.3–

100 μm) was used to count the number and measure the diameter of the microparticles in the

peptide solution. To analyze the nanoparticles in the peptide solution, a NanoSight NS300

nanoparticle characterizer (Malvern Panalytical; measurable particle size: 10–1,000 nm) was

used according to the manufacturer’s instructions.

Reagents

LPS from Escherichia coli O111:B4 was purchased from Sigma–Aldrich. The cathepsin B inhib-

itor Ca074Me was obtained from the Peptide Institute. Nigericin, ionomycin, and the NLRP3

inhibitor, MCC950, were obtained from AdipoGen Life Sciences. The caspase-1 inhibitor

Z-YVAD-fmk and pan-caspase inhibitor Z-VAD-fmk were purchased from Abcam. The actin

polymerization inhibitor cytochalasin D was obtained from Cayman Chemical and was used

as a phagocytosis inhibitor. All inhibitors were dissolved in DMSO.

Cells

The human monocytic cell line THP-1, obtained from RIKEN BioResource Research Center,

was cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, penicillin G

(100 units/ml) and streptomycin (100 μg/ml) in a humidified atmosphere containing 5% CO2

at 37˚C, as described previously [11]. The cells were differentiated into macrophage-like

attached cells by incubation with 20 nM phorbol 12-myristate 13-acetate (Sigma) for 24 h.

After a medium change, the cells were further incubated for 24 h and used for treatment with

the peptide solution in a serum-free medium. For experiments using inhibitors, cells were

incubated with each compound for 1 h prior to treatment with the peptide solution.

Cytotoxicity assay

Cytotoxicity was assessed colorimetrically using lactate dehydrogenase (LDH) release assays.

Differentiated THP-1 cells were seeded in 96-well plates (2×104 cells/well) and treated with
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peptide solution in serum-free RPMI medium. After incubation, the culture supernatants were

collected to quantify LDH release by measuring the absorbance at 490 nm using the Cytotoxic-

ity LDH Assay Kit-WST (Dojindo). The absorbance at maximum LDH release was obtained

using a complete cell lysate. The absorbance of the control LDH release was obtained from the

cells incubated with the vehicle (1 or 2% DMSO). Blank absorbance was determined from

serum-free RPMI medium without cells. After subtracting the blank absorbance, the percent-

age of cytotoxicity was calculated as 100 × (experimental LDH release–control LDH release) /

(maximum LDH release–control LDH release).

Cell membrane damage was assessed by fluorescent dye imaging. Cells were seeded in

24-well plates (1×105 cells/well) and treated with the peptide solution. Calcein-AM and propi-

dium iodide (PI; Dojindo) were added to the culture to stain viable and damaged cells, respec-

tively. Hoechst33342 (Molecular Probes) was also added to stain all cells. Fluorescent images

were obtained as described previously [12]. The number of PI-positive cells/area (mm2) was

determined using the ImageJ software.

Measurement of IL-1β
Differentiated THP-1 cells seeded in 96-well plates (2×104 cells/well) were primed with 100

ng/mL LPS for 4 h before the medium was changed to serum-free RPMI 1640 medium. After

treatment of cells with the peptide solution or nigericin, the culture supernatants were col-

lected to measure IL-1β concentrations using an IL-1β Human Uncoated enzyme-linked

immunosorbent assay (ELISA) Kit (Thermo Fisher Scientific).

Western blotting

Differentiated THP-1 cells seeded in 12-well plates (1.0 × 106 cells/well) were primed with 100

ng/mL LPS for 4 h, followed by treatment with the peptide solution or nigericin for 3 h. Cul-

ture supernatants were collected and concentrated using AMICON Ultra-10 filters (Millipore).

After removal of the supernatant, the cells were lysed with radioimmunoprecipitation assay

(RIPA) buffer (Sigma-Aldrich). The specimens were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes. Immu-

noblotting was essentially performed as described previously [13]. The membranes were incu-

bated with primary antibodies specific for IL-1β (D3U3E, Cell Signaling Technology), cleaved

IL-1β (D3A3Z, Cell Signaling Technology), or α/β-tubulin (Cell Signaling Technology). After

washing, membranes were incubated with horseradish peroxidase-conjugated secondary anti-

bodies. Immunoreactive bands were visualized using the ECL Advance western blotting sub-

strate (Thermo Fisher Scientific) and a Light-Capture II imaging analyzer (ATTO).

Statistical analysis

Data are expressed as means ± standard deviation (SD) and were analyzed using one-way anal-

ysis of variance (ANOVA) followed by Dunnett’s multiple comparison test.

Results

Solubility of the synthetic candidalysin peptide

In most previous studies, the synthetic candidalysin was dissolved in water and used in a vari-

ety of experiments at a concentration of 10 μM or higher [2, 7, 14, 15]. Candidalysin is an

amphipathic peptide with two highly hydrophobic α-helices [2]. Our analyses revealed the

hydrophobic property of candidalysin with a high GRAVY index and hydropathy scores, in

contrast to the hydrophilic property of the control peptide Ece1-II (Fig 1A).
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To test the solubility of the synthetic candidalysin, we prepared stock solutions of the pep-

tide dissolved in water (CLw) and others dissolved in DMSO (CLd) at concentrations of

200 μM ~ 1 mM and diluted it with water. Visually, CLw seemed substantially cloudy and con-

tained abundant suspended particulate matter, even when diluted to a concentration of 10 μM

or less. The particulate matter was difficult to dissolve despite vigorous mixing or heating. In

contrast, CLd appeared transparent and completely solubilized at concentrations�200 μM,

even when diluted with water. The control peptide, Ece1-II, was soluble in water. Microscopi-

cally, a large amount of particulate matter was observed in 10 μM CLw, whereas CLd and

Ece1-II at the same concentrations did not have any particles (Fig 1B). The particles of CLw

could be found at a concentration of at least 0.1 μM, and they were insoluble even when

DMSO was added at concentrations of�10%. Additionally, flow cytometric forward and side

scatter analyses revealed that CLw particles have various sizes and shapes (Fig 1C). Further-

more, microparticles with sizes ranging from to 2–10 μm were detected in 10 μM CLw using a

microparticle counter. For example, 29,583 particles/mL of 5 μm particles, and 192,333 parti-

cles/mL of 3 μm particles were detected (Fig 1D). Thus, a considerably large amount of insolu-

ble microparticles was present in CLw, suggesting the possibility that such a property affects

the known bioactivity of candidalysin.

Cytotoxicity of CLd and CLw

We compared the bioactivities of CLd and CLw. As candidalysin has cytotoxic properties [2,

7], we examined the cytotoxicity using an LDH release assay in differentiated THP-1 macro-

phage-like cells. CLd and CLw showed dose-dependent cytotoxicity, but Ece1-II did not

exhibit cytotoxicity (Fig 2A). The activity of 10 μM CLd was stronger than that of 10 μM CLw,

which showed similar activity to 1 μM CLd. The cytotoxicity of CLd and CLw increased gradu-

ally after stimulation and peaked at approximately 6 h (Fig 2B). Monitoring of intracellular cal-

cium for a 600 s period revealed that gradual calcium influx can be induced by 10 μM CLd, but

not by 1 μM CLd and 10 μM CLw (S1 Fig), suggesting that the cytotoxic activities of CLd and

CLw were somewhat slow. PI staining revealed that CLd and CLw exerted cell membrane

damage, but their activities were clearly observed approximately 3-h after stimulation (Fig 2C).

Thus, CLd and CLw share similar cytotoxic properties, but the activity of CLd is approximately

10-times stronger than that of CLw.

To further determine the different cell-death-inducing properties of CLd and CLw, several

types of inhibitors were used. Inhibition of caspases by the pan-caspase inhibitor Z-VAD-fmk,

which can suppress apoptotic and necroptotic cell death, did not affect the cytotoxicity of CLd

and CLw (Fig 3A). Furthermore, cytotoxicity was not influenced by the caspase-1 inhibitor

Z-YVAD-fmk (Fig 3B), the NLRP3 inhibitor MCC950 (Fig 3C), inhibition of potassium efflux

by 25 mM potassium chloride treatment (Fig 3D), and the cathepsin B inhibitor Ca074Me (Fig

3E), all of which are related to the NLRP3 inflammasome pathway. Meanwhile, the inhibition

of phagocytosis by cytochalasin D reduced the cytotoxicity of CLd and CLw (Fig 3F). This is

partly consistent with a previous result showing that cytochalasin D suppresses the cytotoxicity

Fig 1. Solubility of the synthetic candidalysin peptide. A: Amino acid sequence, putative tertiary structure, GRAVY

index score, and hydropathy plot with Kyte-Doolittle scale of candidalysin (left) and Ece1-II (right). A positive hydropathy

score reflects an enrichment of hydrophobic amino acids. B: Microscopic images of 10 μM CLd, CLw, and the Ece1-II

control peptide dissolved in water. Images were taken at 200× magnification. Scale bar, 100 μm. The quantified data of

particle number/mm2 in the peptide solutions is shown in the chart. Data are presented as the mean ± SD (n = 5) and are

representative of three independent experiments. �P< 0.05 compared with 10 μM Ece1-II by one-way ANOVA followed

by Dunnett’s test (μc< μi). C: Plots of the particles detected in 10 μM CLd, CLw, and Ece1-II by the flowcytometric

forward scatter (FS) and side scatter (SS) analyses. D: The number and size of microparticles in 10 μM CLd, CLw, and

Ece1-II quantified using a microparticle counter. Data are representative of three independent experiments.

https://doi.org/10.1371/journal.pone.0273663.g001
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of the candidalysin peptide dissolved in water [7]. These results indicated that there was no

obvious difference in the cell death-inducing properties of CLd and CLw in THP-1 cells.

IL-1β-producing activity of CLd and CLw

Candidalysin is able to stimulate the NLRP3 inflammasome to activate caspase-1, facilitating

the extracellular release of IL-1β by cleaving pro-IL-1β into the mature 17-kDa form [16, 17].

Next, we investigated the activities of CLd and CLw in inducing extracellular IL-1β produc-

tion. Although the cells were primed with LPS to stimulate intracellular pro-IL-1β induction,

this process did not affect the cytotoxicity of CLd and CLw (S2 Fig). Extracellular IL-1β pro-

duction was strongly induced by 1 μM CLd, the level of which was similar to that induced by

the positive control nigericin (Fig 4A). The level of IL-1β production was lowered by 10 μM

CLd (Fig 4A), probably due to its potent cytotoxicity (Fig 2A). CLw induced dose-dependent

Fig 2. Cytotoxicity of CLd and CLw in differentiated THP-1 cells. A: Cells were treated with varied concentrations

of CLd, CLw, or Ece1-II for 3 h. The vehicle controls for CLd and CLw are a medium containing 1% DMSO and a

water-added medium (H2O), respectively. Cytotoxicity was quantified by a LDH release assay. Data are presented as

the mean ± SD (n = 3) and are representative of three independent experiments. �P< 0.05 compared with the vehicle

(1% DMSO; μc< μi); †P< 0.05 compared with the vehicle (H2O; μc< μi) by one-way ANOVA followed by Dunnett’s

test. B: Cells were treated with 1 μM CLd, 10 μM CLw, or 10 μM Ece1-II for the indicated period (0−6 h). Cytotoxicity

was quantified by an LDH release assay. Data are presented as the mean ± SD (n = 3) and are representative of three

independent experiments. �P< 0.05 compared with 0 h by one-way ANOVA followed by Dunnett’s test (μc< μi). C:

Cells were treated with 1 μM CLd, 10 μM CLw, or 10 μM Ece1-II for 3 h, followed by staining with PI (red, indicative

of damaged cells), Calcein-AM (green, indicative of live cells), and Hoechst 33342 (blue, all cells). The vehicle control is

a medium containing 1% DMSO. Fluorescence images were taken with a fluorescence microscope at 100×
magnification. Scale bars, 100 μm. Quantified data (the number/mm2 of PI-positive cells) are presented as the

mean ± SD (n = 4) and are representative of three independent experiments. �P< 0.05 compared with the vehicle by

one-way ANOVA followed by Dunnett’s test (μc< μi).

https://doi.org/10.1371/journal.pone.0273663.g002
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IL-1β production, but its activity was weaker than that of 1 μM CLd. IL-1β induction by 1 μM

CLd and 10 μM CLw gradually increased over 6 h (Fig 4B). Immunoblot analyses revealed that

CLd and CLw were able to induce cleavage of intracellular pro-IL-1β into the mature 17-kDa

form, and the activity of 1 μM CLd was stronger than that of 10 μM CLw (Fig 4C).

To identify the different mechanisms of IL-1β production by CLd and CLw, we used an

inhibitor study. Inhibition of caspase-1 by Z-YVAD-fmk suppressed IL-1β production by

CLw, but did not affect IL-1β production by CLd (Fig 5A). Similar results were obtained for

the NLRP3 inhibitor MCC950 (Fig 5B) and potassium efflux inhibition by 25 mM KCl (Fig

5C). In contrast, inhibition of cathepsin B by Ca074Me reduced IL-1β production by CLd and

CLw (Fig 5D). The inhibition of phagocytosis by cytochalasin D also reduced the production

by CLd and CLw (Fig 5E). Furthermore, simultaneous inhibition of caspase-1 and cathepsin B

revealed that IL-1β production by CLd was not significantly affected by caspase-1 inhibition

(Fig 6A), while that by CLw was additively decreased (Fig 6B). Similar results were obtained

for the simultaneous inhibition of NLRP3 and cathepsin B (Fig 6C and 6D). Simultaneous

inhibition of caspase-1 and NLRP3 did not additively decrease IL-1β production by CLw

Fig 3. Influence of the inhibitors on the cytotoxicity of CLd and CLw. The differentiated THP-1 cells were pretreated with the

following inhibitors: 20 μM of the pan-caspase inhibitor Z-VAD-fmk (A); 20 μM of the caspase-1 inhibitor Z-YVAD-fmk (B); 2 μM of

the NLRP3 inhibitor MCC950 (C); 25 mM KCl for inhibition of K+ efflux (D); 20 μM of the cathepsin B inhibitor Ca074Me (E); and

20 μM of the phagocytosis inhibitor cytochalasin D (F) or with vehicle for 1 h. The vehicle control is a medium containing 2% DMSO.

Cells were then treated with 1 μM CLd or 10 μM CLw for 3 h. Cytotoxicity was quantified by LDH release assay. Data are presented as

the mean ± SD (n = 3) and are representative of three independent experiments. �P< 0.05 compared with the vehicle (μc< μi); †P<
0.05 compared with the none (μc> μi) by one-way ANOVA followed by Dunnett’s test.

https://doi.org/10.1371/journal.pone.0273663.g003
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Fig 4. The IL-1β-producing activity of CLd and CLw in LPS-primed THP-1 macrophage-like cells. A: Cells were

treated with varied concentrations of CLd, CLw, Ece1-II, or 1 μM nigericin for 3 h. The vehicle controls for CLd and

CLw are a medium containing 1% DMSO and a water-added medium (H2O), respectively. The IL-1β levels in the

culture supernatants were assessed by ELISA. Data are presented as the mean ± SD (n = 3) and are representative of

three independent experiments. �P< 0.05 compared with the vehicle (1% DMSO; μc< μi); †P< 0.05 compared with

the vehicle (H2O; μc< μi) by one-way ANOVA followed by Dunnett’s test. B: Cells were treated with 1 μM CLd,

10 μM CLw, 10 μM Ece1-II, or 1 μM nigericin for the indicated period (0−6 h). The IL-1β levels in the culture

supernatants were assessed by ELISA. Data are presented as the mean ± SD (n = 3) and are representative of three

independent experiments. �P< 0.05 compared with 0 h by one-way ANOVA followed by Dunnett’s test (μc< μi). C:

Cells were treated with 1 μM CLd, 10 μM CLw, 10 μM Ece1-II, or 1 μM nigericin for 3 h. The vehicle control is a

medium containing 1% DMSO. Cells that were not primed with LPS were also prepared. Culture supernatants were

collected for the detection of the mature form of 17-kDa IL-1β (cleaved IL-1β; p17), and cell lysates were used for the

detection of pro-IL-1β and tubulin by immunoblot analyses. Representative results of at least three independent

experiments are shown. The uncropped images are shown in S1 Raw images.

https://doi.org/10.1371/journal.pone.0273663.g004

Fig 5. Influence of the inhibitors on the IL-1β-producing activity of CLd and CLw. LPS-primed THP-1 cells were pretreated with following inhibitors:

20 μM of the caspase-1 inhibitor Z-YVAD-fmk (A); 2 μM of the NLRP3 inhibitor MCC950 (B); 25 mM KCl for inhibition of K+ efflux (C); 20 μM of the

cathepsin B inhibitor Ca074Me (D); and 20 μM of the phagocytosis inhibitor cytochalasin D (E) or with vehicle for 1 h. The vehicle control is a medium

containing 2% DMSO. Cells were then treated with 1 μM CLd or 10 μM CLw for 3 h. The IL-1β levels in the culture supernatants were assessed by ELISA. Data

are presented as the mean ± SD (n = 3) and are representative of three independent experiments. �P< 0.05 compared with the vehicle (μc< μi); †P< 0.05

compared with the none (μc> μi) by one-way ANOVA followed by Dunnett’s test.

https://doi.org/10.1371/journal.pone.0273663.g005
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(Fig 6F), which was different from the simultaneous inhibition of cathepsin B and caspase-1 or

cathepsin B and NLRP3. Simultaneous inhibition of caspase-1 and NLRP3 did not affect CLd-

induced IL-1β production (Fig 6E). These simultaneous inhibitions did not affect the cytotoxic

activities of CLd and CLw (S3 Fig).

Thus, stimulation of IL-1β production by CLd was not associated with the NLRP3 inflam-

masome pathway, whereas CLd and CLw share a common IL-1β-inducing mechanism involv-

ing the lysosomal enzyme cathepsin B and the process of endocytosis. Furthermore, based on

the results of the simultaneous inhibition study, the NLRP3 inflammasome pathway and the

pathway regulated by cathepsin B may independently contribute to the induction of IL-1β pro-

duction by CLw.

Identification of the bioactive sources of CLd and CLw

Our results suggested that the bioactivities of CLd and CLw differ with respect to IL-1β pro-

duction. As CLw contained many insoluble particles (Fig 1), we investigated whether the parti-

cles exerted the bioactivity of CLw. The stock solution of CLw was fractionated by

centrifugation to separate it into an upper fraction and a lower fraction enriched in particles

(S4 Fig). CLd was fractioned in the same manner, although CLd did not contain any visible

particles. The upper fractions were undiluted, and the lower fractions were diluted five times

to restore their original volume and used equally with uncentrifuged peptide solutions. For

CLd, the cytotoxicity and IL-1β-producing activity of the upper fraction were similar to those

of the uncentrifuged solution (1 μM CLd), and the activities were not increased in the lower

fraction (Fig 7A and 7B). For CLw, the cytotoxicity and IL-1β-producing activity of the upper

fraction were considerably reduced, and the activities were increased in the lower fraction (Fig

7C and 7D). The IL-1β-producing activities of the upper and lower fractions of CLd were

reduced by cathepsin B inhibition, but not by NLRP3 inhibition (Fig 7E). This result was

equivalent to that of the uncentrifuged CLd, shown in Fig 6C. The IL-1β-producing activity of

the lower fraction of CLw was additively reduced by the NLRP3 and cathepsin B inhibitors

(Fig 7F), consistent with the result observed with uncentrifuged CLw (Fig 6D). The cytotoxic-

ity of the upper and lower fractions of CLd and CLw was not affected by the inhibitors (S5

Fig). These results indicate that the particle-enriched fraction of CLw is responsible for the bio-

activity of CLw, and that the active component of CLw is different from that of CLd.

Finally, we introduced nanoparticle tracking analysis to investigate the solubility of the syn-

thetic candidalysin peptide in CLd. The results indicated that the peptide in CLd was present

as nanoparticles with a size of 96 nm (Fig 8). Importantly, CLw had a much smaller amount of

nanoparticles than CLd. This result suggests that solubilized candidalysin can be present as

nanoparticles, probably owing to the bioactivity of candidalysin. In water, the synthetic candi-

dalysin mostly aggregated to form microparticles and was only partly solubilized to form

nanoparticles.

Fig 6. Influence of the simultaneous inhibition of the NLPR3 pathway and cathepsin B on the IL-1β-producing

activity of CLd and CLw. LPS-primed THP-1 cells were pretreated with following inhibitors: 20 μM of the caspase-1

inhibitor Z-YVAD-fmk and/or 20 μM of the cathepsin B inhibitor Ca074Me (A and B); 2 μM of the NLRP3 inhibitor

MCC950 and/or 20 μM Ca074Me (C and D); and 20 μM Z-YVAD-fmk and/or 2 μM MCC950 (E and F) or with

vehicle for 1 h. Cells were then treated with 1 μM CLd (A, C, and E) or 10 μM CLw (B, D, and F) for 3 h. The vehicle

controls for CLd and CLw are a medium containing 1% DMSO (A, C, and E) and a water-added medium (B, D, and

F), respectively. TheIL-1β levels in the culture supernatants were assessed by ELISA. Data are presented as the

mean ± SD (n = 3) and are representative of three independent experiments. �P< 0.05 compared with the vehicle (μc

< μi); †P< 0.05 compared with the no inhibitor control (μc> μi); ‡P< 0.05 compared with the single use of the first

inhibitor (μc> μi); §P< 0.05 compared with the single use of the second inhibitor (μc< μi) by one-way ANOVA

followed by Dunnett’s test.

https://doi.org/10.1371/journal.pone.0273663.g006
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Discussion

Candidalysin is a peptide toxin with hydrophobic properties. The synthetic candidalysin has

been widely used in various experiments to investigate its bioactivity, although its solubility

has not been well characterized. In most previous studies, the peptide was dissolved in water

and used it at concentrations�10 μM [2, 5, 7, 18–20]. In this study, we showed that the water-

dissolved peptide was not completely solubilized at a concentration of 10 μM, and the solution

(CLw) contained abundant insoluble microparticles (�1×105/ml) and smaller amounts of sol-

uble nanoparticles (�8×107/ml) than CLd (Figs 1 and 8). In contrast, the peptide was

completely soluble in DMSO and exclusively present as nanoparticles (�6×108/ml), and the

DMSO solution (CLd) exerted bioactivity even at concentrations�1 μM. Therefore, it is possi-

ble that certain results in previous studies using the water-dissolved synthetic peptide at con-

centrations�10 μM were produced by insoluble microparticles.

Although our results suggest that candidalysin tends to aggregate in water, this may be very

different from C. albicans-produced candidalysin. In the case of the synthetic candidalysin, a

Fig 7. Identification of bioactive fractions of CLd and CLw. A-D: Fractionation of CLd and CLw was performed by

centrifugation at 100 × g for 5 min at room temperature. The upper fractions were undiluted, and the lower fractions

were diluted five times to restore to their original volume, being used equally with the uncentrifuged peptide solutions.

The LPS-primed THP-1 macrophage-like cells were treated with the upper and lower fractions of CLd and CLw for 3

h. The vehicle controls for CLd and CLw are a medium containing 1% DMSO (A and B) and a water-added medium

(C and D), respectively. Cytotoxicity was quantified by LDH release assay (A and C), and IL-1β levels in the culture

supernatants were assessed by ELISA (B and D). Data are presented as the mean ± SD (n = 3) and are representative of

three independent experiments. �P< 0.05 compared with the vehicle by one-way ANOVA followed by Dunnett’s test

(μc< μi). E and F: For simultaneous inhibition assay, the LPS-primed THP-1 macrophage-like cells were pretreated

with 2 μM of the NLRP3 inhibitor MCC950 and/or 20 μM Ca074Me or with vehicle for 1 h. Cells were then treated

with the upper and lower fractions of CLd (E) and CLw (F) for 3 h. The vehicle controls for CLd and CLw are a

medium containing 2% DMSO (E) and a medium containing 1% DMSO (F), respectively. The IL-1β levels in the

culture supernatants were assessed by ELISA. Data are presented as the mean ± SD (n = 3) and are representative of

three independent experiments. �P< 0.05 compared with the vehicle (μc< μi); †P< 0.05 compared with the no

inhibitor control (μc> μi); ‡P< 0.05 compared with the single use of the first inhibitor (μc> μi); §P< 0.05 compared

with the single use of the second inhibitor (μc< μi) by one-way ANOVA followed by Dunnett’s test.

https://doi.org/10.1371/journal.pone.0273663.g007
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large amount of the peptide (with a high hydrophobic property) may be present in a limited

volume of water within a certain container that has a limited volume. Under such a condition,

the peptide is highly clustered together and naturally becomes prone to aggregation. On the

other hand, in the case of C. albicans-produced candidalysin, the amount of peptide produced

from a hypha is considerably small; therefore, the amount of peptides present in a certain vol-

ume of water will not be so large. Additionally, since candidalysin is produced through the

processing of Ece1 protein along with other peptides with various hydrophilicities, such an

environment is unlikely to be one in which only a single hydrophobic peptide is clustered

together. Therefore, C. albicans-produced candidalysin is unlikely to aggregate in water.

We demonstrated that CLd had stronger cytotoxicity and IL-1β-producing activity than

CLw (Figs 2 and 4). This is consistent with a previous report preferred to use the DMSO solu-

tion because of the strength of its bioactivity in human oral epithelial cells [21]. Our data indi-

cates that the water insolubility of the candidalysin peptide affects the strength of the activities.

As shown above, CLw contains both insoluble microparticles and soluble nanoparticles,

whereas CLd only contains nanoparticles, particularly those with a size of 96 nm (Figs 1 and

8). The insoluble microparticles exerted weak cytotoxic and NLRP3-dependent IL-1β-produc-

ing activity (Fig 7 and S5 Fig). In contrast, soluble nanoparticles exert considerably strong

cytotoxic and cathepsin B-dependent IL-1β-producing activity. Thus, the intrinsic IL-1β-pro-

ducing activity of candidalysin is presumably exerted under solubilized conditions as nanopar-

ticles, whereas cytotoxic activity is exerted regardless of particle size.

The cytotoxicity of CLd and CLw is commonly exhibited through cell membrane damage

and phagocytosis (actin polymerization), but not through activation of apoptotic caspases, the

NLRP3 inflammasome pathway, or cathepsin B (Fig 3). Conversely, the IL-1β-producing activ-

ities of CLd and CLw are commonly mediated by phagocytosis as well as cathepsin B (Figs 5

and 6). The NLRP3 inflammasome pathway was involved in the IL-1β-producing activity of

CLw, and fractionation of CLw revealed that this activity depends on insoluble microparticles

(Fig 7). The cytotoxicity of CLw is induced through phagocytosis but not through the NLRP3

inflammasome pathway, while the IL-1β-producing activity of CLd (or nanoparticles) depends

on cathepsin B but not on NLRP3 (Fig 5). These observations collectively suggest that

NLRP3-dependent activity of the synthetic candidalysin peptide is caused by insoluble micro-

particles and is not an intrinsic activity of candidalysin.

When the clearance of phagocytosed components is inadequate, destabilization of phagoly-

sosomes occasionally results in lysosomal rupture and release of cathepsin B, causing activation

Fig 8. Detection of nanoparticles in CLd and CLw. Analyses of the number and size of nanoparticles in 10 μM CLd, CLw, and Ece1-II control peptide were

performed using a NanoSight NS300 nanoparticle characterizer. Data are presented as the mean of five independent experiments.

https://doi.org/10.1371/journal.pone.0273663.g008
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of NLRP3 [22, 23]. This NLRP3-dependent pathway can be activated by crystalline particles such

as monosodium urate crystals, silica, and asbestos [24–26]. Therefore, it is possible that the induc-

tion of IL-1β production by insoluble microparticles in CLw is mediated by such a process,

because its activity was reduced by inhibition of phagocytosis and cathepsin B, as well as inhibi-

tion of the NLRP3 inflammasome pathway (Figs 5E, 6B and 6D). Consistently, the activity of the

water-dissolved candidalysin peptide can be inhibited by cytochalasin D and is mediated through

the NLRP3 pathway [7]. Interestingly, the IL-1β-producing activity of CLd, which is independent

from the NLRP3 pathway, was also reduced by the inhibition of phagocytosis and cathepsin B

(Figs 5E, 6A and 6C). Although the reason is unclear, it is possible that CLd activates an alternative

IL-1β processing machinery in a cathepsin B-dependent manner [27].

In summary, this study demonstrated that the bioactivity of synthetic candidalysin, espe-

cially the IL-1β-producing activity, is affected by solubility and by the solvent employed. The

peptide dissolved in water is present mainly as insoluble microparticles with cytotoxic and

NLRP3-dependent IL-1β-producing activity. Additionally, low amounts of soluble nanoparti-

cles are present in the water solution, and these exhibit cytotoxicity and cathepsin B-dependent

IL-1β-inducing activity. The peptide dissolved in DMSO was present mainly as nanoparticles,

exhibiting strong cytotoxicity and cathepsin B-dependent IL-1β-producing activity. Thus, our

findings may not be useful in understanding the function of candidalysin in actual settings of

Candida infection but may help to better understand the properties and intrinsic biological

activities of candidalysin, to reexamine how to use the synthetic candidalysin peptide, and to

lead to the discovery of novel biological activities of candidalysin. Future research using the

synthetic candidalysin peptide should consider these properties. The mechanism of candidaly-

sin activation by the cathepsin B-dependent IL-1β processing machinery should be addressed

in a future study.
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