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One sentence summary
Th17 cells differentiated with mycelial membranes of Candida albicans prevent oral
candidiasis.

1

1

ABSTRACT

2

Candida albicans is a human commensal and causes opportunistic infections.

3

cells provide resistance against mucosal infection with C. albicans; however, the

4

determination of T cell antigens remains little known. Our final goal is to find out the

5

effective T cell antigens of C. albicans responsible for immunotherapy against

6

candidiasis.

7

wall from each yeast and mycelial form-cell.

8

fraction of mycelial cells effectively induced differentiation of CD4+ T cells to IL-17A

9

producing Th17 cells.

Th17

Here, we prepared some fractions including cytosol, membrane, and cell
Proteins derived from a membrane

To confirm immunological response in vivo of the proteins from

10

mycelial membrane, we performed adoptive transfer experiments using ex vivo

11

stimulated

12

membrane-differentiated CD4+ Th17 cells adoptive transferred intravenously prevented

13

oral candidiasis by oral infection of C. albicans, compared with control

14

anti-CD3-stimulated CD4+ T cells. They were confirmed in the clinical score and the

15

number of neutrophils on the infected tissues.

16

antigens against candidiasis could be contained in the membrane proteins fraction of

17

mycelial cells, as the design of novel vaccination strategies against candidiasis at our

18

next stage.

CD4+

T

cells

from

IL-17A-GFP

reporter

mice.

Mycelial

These data suggest that effective T cell

19
20

21
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22

INTRODUCTION

23

Candida albicans is a commensal of the oral cavity and the gastrointestinal and

24

genitourinary tracts of healthy individuals and causes an opportunistic fungal infection

25

in immunocompromised individuals.

26

oropharyngeal candidiasis (OPC) as an opportunistic fungal infection (Fidel 2006).

27

On the other hand, Conti et al. (2009) reported that Th17-deficient and interleukin (IL)

28

-17R-deficient mice experiences severe thrush.

29

immunity in humans also develops into OPC (Puel et al. 2011).

30

CD4+ T cells which produce cytokines including IL-17 were loss early in HIV-infected

31

people (Hu et al. 2013, Goupil et al. 2014).

32

provide resistance against mucosal infection with C. albicans.

33

HIV-infected people frequently develop

Moreover, deficiency of IL-17
C. albicans specific

Thus, it is well known that the Th17 cells

Studies of the pathogenicity of C. albicans have been focused on the interaction

34

between the organism and host cells.

35

depending on environmental factors (Gow et al. 2011, Kashem et al. 2015).

36

albicans hyphae adhered to epithelial cells induce clathrin or E-cadherin endocytosis,

37

then penetrate into the epithelial cells (Phan et al. 2007, Moreno-Ruiz et al. 2009, Zhu

38

et al. 2012).

39

dectin-1 and -2 of the host cells and killed by phagocytes including neutrophils and

40

macrophages.

Phagolysosomes in phagocytes function by killing pathogens with

41

many stresses.

However, C. albicans cells in patients survive under some mechanisms

42

and evade being killed by phagocytes (Erwig and Gow 2016).

43

pathways that respond to host stresses (Enjalbert et al. 2006, Patterson et al. 2013,

44

Danhof and Lorenz 2015).

45

family that encodes putative acetate and ammonia transporters associates with

46

phagosome neutralization (Okai et al. 2015).

47

could induce filamentation of C. albicans yeast cells in macrophages, then damage the

48

host cells.

49

maturation is dysregulated by the hyphal formation of C. albicans in macrophage (Okai

50

et al. 2015).

51

important for pathogenicity.

52

Candida-derived helper T cell antigens that focus on Th17 differentiation.

53

isolated as MHC class II-bound ligands which were naturally processed in dendritic

54

cells infected with C. albicans was an Als1/Als3 (proteins encoded by the

The growth of C. albicans is dimorphic
C.

C. albicans cells are recognized by the C-type lectin receptors including

C. albicans has many

For example, the ATO (ammonia transport outward) gene
Neutralization of acid in phagolysosome

The function of RAB proteins as central regulators involved in phagosome
These results suggest that the yeast-to-hyphal transition in C. albicans is
On the other hand, there is only little information about

3

An epitope

55

agglutinine-like sequence gene family)-derived peptide (Bär et al. 2012).

56

peptide of ADH1 protein (alcohol dehydrogenase as one of mannoproteins) stimulated

57

IL-17A production from the C. albicans-specific T cell hybridoma (Trautwein-Weidner

58

et al. 2015).

59

wall-associated proteins including Eno1(enolase), Fba (fructose-bisphosphate aldolase),

60

Gap1 (glyceraldehyde-3-phosphate dehydrogenase), Hwp1 (hyphal wall protein-1),

61

Met6 (methyltetrahydropteroyltriglutamate), and Pgk1 (phosphoglycerate kinase) were

62

tested as vaccines combining β-mannan and peptide epitopes against candidiasis (Xin et

A 15-mer

Some antigens were reported from a view of vaccine.

Cell

63

al. 2008).

64

virulence factor was also tested as a mucosal anticandidal vaccine (Sandini et al. 2011).

65

These tested proteins are mainly included in cell surface proteins or members of

66

glycolytic pathway.

The recombinant N terminus of Sap2 (secreted aspartyl proteinase 2) as a

67

We focus on finding the novel T cell antigens of C. albicans recognized by the T cell

68

receptor of CD4+ T cell based on Th17 differentiation. Here, we prepared some

69

fractions from each yeast and mycelial form-cell lysates by glass bead disruption to

70

determine candidate for effective T cell antigens in proteins extracted from whole cells

71

of C. albicans.

72

effectively induced differentiation of CD4+ T cells to Th17 cells.

73

candidiasis in a murine model was prevented by adoptive transferred Th17 cells which

74

were ex vivo stimulated with the mycelial membrane proteins.

76

MATERIALS AND METHODS

77

Fungal strain and growth conditions

Proteins that involved a membrane fraction from mycelial cells
Moreover, oral

75

78

Candida albicans SC5314 (Gillum et al. 1984) was grown on YPD agar plates (1%

79

yeast extract, 2% Bacto-peptone, 2% glucose and 1.5% agar) for 18 h at 37°C.

80

cells were harvested from colonies using sterilized scrapers, and washed with phosphate

81

buffered saline (PBS) using sterilized cellulose nitrate filters (1.2 μm pore size,

82

Sartorius-stedim, Gottingen, Germany).

83

albicans were inoculated in 50 mL of 20% fetal bovine serum (FBS) medium in a

84

disposable plate, then incubated for 24 h at 37°C. Mycelia were harvested and washed

85

with PBS using sterilized cellulose nitrate filters (8 μm pore size, Sartorius-stedim,

86

Gottingen, Germany).

87

C. albicans GFP was constructed using plasmid pGFP-ACT1 (Umeyama et al. 2005)

Yeast

To obtain mycelia, 5 × 106 yeast cells of C.

Both form cells were pooled at -80°C to be crushed physically.

4

88

linearized with StuI which was introduced into the CaRP10 locus of C. albicans ura-

89

strain CAI4.

90

Umeyama et al. (2005).

91

possible to confirm inoculum cells easily.

Yeast cells were transformed by the modified lithium acetate method of
The strain was used for experiments in vivo because it is

92
93

Preparation of cell fractions

94

The procedure of C. albicans cell fractions is outlined in Fig. 1B.

95

yeast cell and mycelium was frozen at -80°C, then crushed immediately with a cold

96

mortar and pestle.

97

solution (nacalai tesque, Kyoto, Japan) and glass beads, and then disrupted using a

98

Multi-Beads Shocker (YASUI KIKAI, Osaka, Japan) based on the method of Munro et

99

al. (2007).

Each harvested

The frozen crushed powders were mixed with protease inhibitor

The homogenates except glass beads were centrifuged for 20 min at 6,000g.

100

The supernatant was used to obtain a cytosolic fraction and a membrane fraction.

101

pellet was used to obtain a cell wall fraction. The supernatant was centrifuged for 60

102

min at 105,000g based on the method of Mora-Montes et al. (2008).

103

supernatant was used as a cytosolic fraction.

104

membrane fraction.

105

fractions were treated with 1.5 % final concentration of octylglucoside at 4°C for 1 h

106

and then the detergent was removed from the fractions using Pierce detergent removal

107

spin columns (Pierce Biotechnology, IL, USA).

108

washing the homogenate 5 times with 1 M NaCl to remove non-covalently linked

109

proteins and intracellular contaminants based on the method of Munro et al. (2007).

110

The cell wall fraction was boiled for 5 min twice, then freeze-dried.

111

wall protein were isolated from a freeze-dried cell wall fraction based on the method of

112

de Groot et al. (2004) and Sorgo et al. (2013).

113

glycosylphosphatidylinositol-dependent proteins (GPI-proteins) from a cell wall

114

fraction by incubating with undiluted HF-pyridine (Tokyo Chemical Industry, Tokyo,

115

Japan) at 0°C for 17 h.

116

proteins by incubating with 30 mM NaOH at 4°C for 17 h.

117

whole cells was performed to boil for 5 min twice.

118

freeze-dried, and used at 10μg dry weight ml-1 for immunological response experiments.

119

Regarding heat-killed mycelial samples, they were frozen and crushed roughly with a

120

cold mortar and pestle, then collected with PBS prior to freeze-drying.

The

The high-speed

The high speed-pellet was used as a

To obtain membrane proteins from membrane fractions, the

A cell wall fraction was obtained by

Two types of cell

One of them was obtained to release

The other one was obtained to release mild alkali-sensitive

5

A heat-kill treatment of

Heat-killed samples were

121
122

123

Protein determination
Protein was measured by the method of Bradford (1976) using BSA as a standard.

124
125

Electrophoresis

126

SDS-PAGE was carried out following standard protocols (Laemmli 1970), and proteins

127

were stained by silver stain standard protocols (Switzer RC 3rd et al. 1979).

128
129

Mice

130

C57BL/6N mice (Kyudo, Saga, Japan) and C57BL/6-Il17atm1Bcgen/J mice (The Jackson

131

Laboratory, Bar Harbor, ME) were purchased and bred under specific pathogen-free

132

conditions at Fukuoka Dental College.

133

used for experiments.

134

of the committee of Ethics of Animal Experiments of Fukuoka Dental College.

Six- to 8-week old male and female mice were

All animal experiments were done according to the guidelines

135
136

Isolation and culture of dendritic cells (DCs)

137

Bone marrow (BM) cells were harvested from femurs and tibias of B6 mice. BM cells (1

138

x 106 cells well-1) were cultured at 37°C in a 12-well plate in a total volume of 2 mL in the

139

presence of 10 ng mL-1 of GM-CSF (PeproTech). On day 3 and day 5, each culture was

140

split into two 1 mL wells, and added 1 mL fresh medium containing 10 ng mL-1 of

141

GM-CSF to the original and new wells. On day 7, the cells were harvested and used as

142

BM-derived dendritic cells (BMDCs).

143
144

Isolation of CD4+T cells and stimulation with C. albicans cell fractions

145

CD4+ T cells were magnetically isolated from lymph nodes and/or spleen cells by a

146

previously described method (Hashimoto et al. 2017).

147

performed using Dynabeads Mouse CD4 (Invitrogen, Thermo Fisher Scientific, MA,

148

USA) followed by treatment with DETACHaBEAD Mouse CD4 (Invitrogen).

149

cells (1 × 106 well-1) were co-cultured in a 24-well plate with mitomycin C-treated

150

BMDCs (0.5 × 106 well-1) in a total volume of 2 mL in the presence of C. albicans cell

151

fractions for 6 days. The differentiated T cells were washed and restimulated with 50 ng

152

mL-1 phobol myristate acetate (PMA; Sigma) and 500 ng mL-1 ionomycin (Sigma) in

153

the presence of 10 μg mL-1 Brefeldin A (Sigma) at 37°C for 4 h. The cells were stained
6

Magnetic sorting was
CD4+ T

154

with anti-CD4 antibody (Ab) (APC, clone RM4-5, BD Bioscience) and permeabilized

155

with 0.1% saponin (Nacalai Tesque). Intracellular cytokines were stained with

156

anti-IL-17A Ab (PE, clone TC11-18H10, BD Bioscience) and anti-IFNγAb (FITC,

157

clone XMG1.2, BD Bioscience). All data were obtained using FACSCalibur (BD

158

Bioscience).

159
160

Murine oral candidiasis model and adoptive transfer of ex vivo stimulated CD4+ T

161

cells

162

The murine oral candidiasis model was used in some modified methods described

163

previously (Takakura et al. 2003, Ishijima et al. 2012, Nagao et al. 2017).

164

immunosuppressed condition and antibiotics administration were avoided in this

165

experiment.

166

before every mouse experiment and cultured using BD CHROMagar Candida plates

167

(BD, NJ, USA).

168

intramuscular injection into the femur with 14.4 mg kg-1 of chlorpromazine chloride.

169

The whole surface of a mouse tongue was smeared 20 times with 2.0 × 109 cells mL-1 of

170

C. albicans cell suspension using cotton swabs.

171

feed, a clinical score was given using the assessment of the degree of oral infection by

172

Hise et al. (2009).

173

the mice were aseptically collected after euthanasia, weighed, and homogenized with 1

174

mL PBS for 1 min using Power Masher II (Nippi, Tokyo, Japan), then diluted 10- to

175

1000-fold in PBS.

176

Candida plates.

177

orally inoculated with alive C. albicans cells (2 × 108 cells mouse-1) or PBS using sonde

178

syringe.

179

cultured with BMDCs and mycelial membrane proteins on day 10 after 1° infection.

180

In anti-CD3 Ab stimulated experiments, CD4+ T cells were isolated from the donor mice

181

given PBS instead of C. albicans, and followed by co-culturing with BMDCs and

182

anti-CD3 Ab (clone 145-2C11, BD Bioscience).

183

culture were removed using Lympholyte-M (Cedarlane, NC, USA).

184

cells (1- 2 × 106 cells mouse-1) were adoptive transferred to recipient mice (C57BL/6N

185

mice) intravenously 1 day before oral candidiasis experiments.

However,

To verify the absence of commensal fungi in mice, stools were obtained
On the day of oral infection, mice were anesthetized by

After a 3-day infection period without

To measure viable Candida cells on mouse tongues, the tongues of

Each dilution was cultured in triplicate using BD CHROMagar
For adoptive-transfer experiments, IL-17A-GFP donor mice were

CD4+ T cells from lymph nodes and spleen cells of the donor mice were

186
7

On day 6, dead CD4+ T cells in the
Donor CD4+ T

187

Histology

188

Periodic Acid-Schiff (PAS) staining for oral fungal infection was performed 3 days after

189

infection with C. albicans on formaldehyde-fixed frozen sections with commercial PAS

190

staining kit (Muto Pure Chemicals, Tokyo, Japan).

191

microscope (KEYENCE BZ-9000, Osaka, Japan).

192

and 400× magnification.

193

pathologically evaluated in microscopic fields, and expressed as the number per mm2.

194

Images of unstained yeast cells and mycelial cells in Fig. 1A were captured with the

195

same microscope at ×1000 magnification.

Images were captured with a
Sections were analyzed at 100×

The number of polymorphonuclear leukocytes (PMNs) were

196
197
198

Statistical analysis
Statistical significance was determined by a two-tailed Student’s t-test.

199
200

RESULTS

201

Cell fractions from yeast cells and mycelial cells of C. albicans

202

Unstained yeast cells and mycelia of C. albicans were used in this study as shown in

203

Fig. 1A.

204

cultured for 18 h at 37°C.

205

collected from 20% FBS medium following a 24 h culture at 37°C.

206

were fractionated as described in Materials and Methods resulting in supernatant

207

(Sup-CL), cytosolic fraction, membrane proteins (MP), cell wall proteins treated with

208

NaOH (CWP-NaOH) and cell wall proteins treated with HF-pyridine (CWP-HFp) (Fig.

209

1B).

210

There was no distinctive difference between proteins from yeast and mycelial fractions.

Yeast cells were harvested from colonies on YPD agar plates after being
Many budding yeast cells were observed.

Mycelia were
Both form cells

Proteins involved in each fraction were analyzed by SDS-PAGE (Fig. 1C).

211
212

Differentiation of CD4+ T cells to Th17 cells by cell fractions from C. albicans

213

To determine the effective cell fractions that preferentially differentiated into Th17 cells,

214

we examined whether proteins involved in these fractions induce C57BL/6 naive CD4+

215

T cells isolated from peripheral lymphoid organs toward Th17 cells.

216

fractions, none of the fractions differentiated toward Th17 cells, compared to heat-killed

217

whole cells as a control (Fig. 2A and B). However, as shown in Fig. 2C, a considerable

218

population of CD4+ T cells (9.0%) produced IL-17A but not IFN-γ with mycelial

219

In yeast cell

membrane proteins (mycelial MP) fraction, compared to heat-killed cells (4.2%) and
8

220

other fractions (0.7–4.4%; Fig. 2C).

221

production significantly more than heat-killed cells (P < 0.05; Fig. 2D).

222

indicate that IL-17A producing CD4+ T cells could be efficiently differentiated by MP

223

fraction in mycelial form of C. albicans, but not in yeast form. Therefore, we focused

224

on the mycelial MP, as the effective T cell antigens of C. albicans responsible for

225

immunotherapy against candidiasis.

Furthermore, mycelial MP induced IL-17A
These results

226
227

Th17 cells differentiated with mycelial MP prevented murine oral candidiasis

228

Mycelial MP induced the IL-17A production in vitro in Fig. 2.

229

mycelial MP could be the effective T cell antigens in order to prevent murine oral

230

candidiasis, we used mice adoptive transferred Th17 cells which were ex vivo

231

stimulated with mycelial MP (Fig. 3A). To readily identify the IL-17A producing

232

CD4+ T cells, we used fluorescent IL-17A-GFP reporter mice for this experiment.

233

previously reported (Bär et al. 2012), CD4+ T cells only show weak response in

234

producing IL-17A when stimulated by C. albicans antigen in uninfected mice, whereas

235

cells from infected mice show significant response.

236

Th17 cells which were adoptive transferred, IL-17A-GFP donor mice were infected

237

orally with 2 × 108 yeast cells mouse-1 using a feeding needle for mice.

238

were taken 200 μL of PBS mouse-1.

239

IL-17A-GFP mice were cultured with dendritic cells and mycelial MP (MP-stim).

240

CD4+ T cells from uninfected IL-17A-GFP mice were cultured with dendritic cells and

241

anti-CD3 Ab (Anti-CD3-stim).

242

albicans based on the data of fungus culture in a stool taken before the oral infection

243

(data not shown).

244

culture were adoptive transferred to C57BL/6 recipient mice intravenously.

245

any influence on adoptive transferred cells, the recipient mice were not treated with

246

immunosuppressive and antibacterial agents.

247

mice were anesthetized by intramuscular injection.

248

at 2 × 109 cells mL-1 were swabbed on the whole tongue.

249

IL-17A-GFP+ expression of adoptive transferred T cells were shown in Fig. 3B.

250

cells stimulated with mycelial MP contained ~50% IL-17A producing T cells, whereas

251

anti-CD3-stimulated T cells only contained ~1% IL-17A producing T cells.

252

activity of an antigen involved in mycelial MP was dependent on its presentation by

To test whether

As

To increase the proportion of
Control mice

Ten days later, CD4+ T cells from 1° infected

None of the mice exhibited detectable carriage of C.

Then 6 days later, the CD4+ T cells that depleted dead cells in

9

To avoid

On the day of oral infection, recipient
Then C. albicans cell suspension
Assessments of
T
The

253

MHC class II because IL-17A production in response to mycelial MP was blocked when

254

an anti-MHC class II Ab was added to the cultures (data not shown).

255

3C, the severity of the oral infection was assessed in accordance with clinical scores by

256

Hise et al. (2009) 3 days after the oral infection.

257

lower in recipient mice stimulated by mycelial MP compared with positive control mice

258

(candidiasis) and anti-CD3-stimulated recipient mice.

259

tongues of each group were shown in Fig. 3D.

260

from each group of oral candidiasis model mice to quantify fungal burden of the tongue

261

(Fig. 3E).

262

among three groups.

263

similar weight loss for 3 days (Fig. 3F).

264

adoptive-transferred CD4+ T cells isolated from the cervical lymph nodes (CLN) and

265

the lymph nodes except CLN of recipient mice was shown in Fig. 3G.

266

cells from mycelial MP-stimulated mice were adoptive-transferred to recipient mice and

267

followed by an infection with C. albicans, the CD4+ T cells that involved Th17 cells

268

gathered more in CLN compared with other lymph nodes of recipient mice.

269

results indicate that Th17 cells differentiated with mycelial membranes of C. albicans

270

prevent oral candidiasis.

As shown in Fig.

Clinical severity was significantly
Surface conditions of the

Tongues were removed aseptically

Recovered fungal burden of the tongue was not significantly different
Three groups of oral candidiasis model mice were showed
Assessment of IL-17A expression in
When CD4+ T

These

271
272

Histological evaluation of C. albicans infection

273

To histologically visualize the oral candidiasis, sections of the mouse tongue in four

274

groups, including an uninfected control group, were stained with PAS to detect C.

275

albicans.

276

sections of anti-CD3-stimulated group as well as the candidiasis group (Fig. 4A).

277

Importantly, mycelial invasions into the intraepithelial layer were rarely detected in

278

sections of MP-stimulated group (Fig. 4A).

279

infiltrated into the intraepithelial layer in a section of MP-stimulated group showed a

280

significant reduction compared with candidiasis (P < 0.01) and anti-CD3-stimulated (P

281

< 0.01) groups (Fig. 4B).

282

number of neutrophils in anti-CD3-stimulated group (P < 0.05) compared with the

283

candidiasis group, despite of the lack of significance in the difference between them in

284

the clinical score (Fig. 3C).

285

mycelial MP prevent oral candidiasis with infiltration of neutrophils.

Robust mycelial invasions into the intraepithelial layer were observed in

Furthermore, the number of neutrophils

On the other hand, there was also a little reduction in the

These results indicate that Th17 cells differentiated with

10

286
287

DISCUSSION

288

It is well known that Th17 cells producing the cytokines IL-17 and IL-22 function as

289

anti-fungal T cells (Medzhitov 2007, Hernández-Santos and Gaffen 2012, Becattini et al.

290

2015).

291

antigens (Bär et al. 2012, Trautwein-Weidner et al. 2015).

292

the fungal cell wall.

293

albicans to T cell receptor of CD4+ T cells which indicates more effective antigens for

294

Th17 differentiation compared to whole cells of C. albicans.

295

we fractionated cell wall, cytosol, and membrane from yeast cells and mycelial cells of C.

296

albicans.

297

mycelia, and biofilm of C. albicans by Martínez-Gomariz et al. (2009) showed that the

298

differential abundance of proteins was found between biofilm and planktonic cells and

299

between yeast cells and mycelia. Moreover, the analysis showed that the differential

300

abundant cytoplasmic proteins affected on several processes and functions. Therefore,

301

the differential abundance of proteins would be included among cell fractions in Fig. 1.

302

However, it has been remained unclear what kind of protein effectively respond to CD4+

303

T cells. Here we recognized that there are different responses to naive helper T cells

304

among cell fractions.

305

MP) induced more IL-17A production than heat-killed whole cells in vitro (Fig. 2C and

306

D).

307

existing in larger amount in mycelia than in yeast cells.

308

Als1/Als3- or ADH1-derived peptides were reported as C. albicans T cell
These proteins localize to

We focus on finding a novel responsible T cell antigen of C.
From this perspective,

Proteomic analysis of cytoplasmic and surface proteins from yeast cells,

Membrane proteins fraction of mycelial C. albicans (mycelial

An active protein in mycelial MP would be a mycelial unique protein or a protein

To confirm the effectiveness of mycelial MP in vivo, we have provided a murine model

309

of oral candidiasis.

310

reported.

311

vivo were performed, mice were treated with immunosuppression and antibacterial

312

drugs (Kamai et al. 2001, Takakura et al. 2003, Ishijima et al. 2012, Nagao et al. 2017).

313

In investigations on C. albicans cell functions and cell products, mice treated with

314

immunosuppression and without antibacterial drugs were used (Solis and Filler 2012,

315

Moyes et al. 2016, Richardson et al. 2017).

316

with antibacterial drugs and without immunosuppression were used (Hise et al. 2009).

317

Recently, it is thought that the use of antibiotics causes modulation of the interactions

318

between the microbiota, especially the gut microbiota, and the immune system (Russell

Some murine models of oral candidiasis have already been

When investigations, including our previous study, for antifungal activity in

11

In immunological researches, mice treated

319

et al. 2013, Shankar et al. 2015, Shen and Wong 2016, Wheeler et al. 2016, Iliev and

320

Leonardi 2017).

321

antibiotics administration using swabs of yeast cells on tongues at high concentration of

322

cells.

323

was 105-106 CFU per gram of tongue after 3 days of infection.

324

typically comparable to previous reports (Conti et al. 2009, Solis and Filler 2012).

325

Clinical severity of recipient mice transferred Th17 cells which were stimulated by

326

mycelial MP in Fig. 3C was reduced, however, the CFUs of C. albicans in tongues of

327

three groups in Fig. 3E were not significantly different.

328

data in Fig. 4A show that the yeast-to-hyphal transition in C. albicans is more important

329

for pathogenicity than the cell number.

330

yeast cells are required for Th17 cell responses.

331

Th17 cells transferred in the model mice were activated in mechanisms of response to C.

332

albicans yeast cells swabbed on tongues, then controlled morpho-type switching of C.

333

albicans.

334

governed by skipping feed for 3 days.

335

Here we used mice treated without immunosuppressed medicines and

As shown in Fig. 3E, the oral fungal burden of mice infected with C. albicans
This result was

These results and histological

Kashem et al. (2015) reported that C. albicans
Therefore, it would be considered that

Similar weight loss among three groups showed in Fig. 3F could be

It is possible to investigate by using adoptive transfer experiments whether antigen

336

specific T cells respond to pathogen products in vivo.

337

IL-17A-GFP donor mice differentiated with mycelial MP of C. albicans were adoptive

338

transferred to recipient mice, followed by an oral infection of C. albicans.

339

assessed the number of IL-17A producing T cells in CLN and draining lymph nodes

340

except CLN detected with GFP by flow cytometry day 3 after infection (Fig. 3G).

341

Migration of the adoptive transferred CD4+ T cells which were stimulated with mycelial

342

MP were observed

343

Hernández-Santos et al. (2013) reported that CD4+ T cells adoptive transferred in

344

lymphocyte-deficient Rag1–/– recipient mice mediated a local response of tongue in

345

oral infection with C. albicans.

346

T cells in oral infected mice migrate to regional lymph nodes, follow mediate a local

347

response of mucosal tissue.

Here CD4+ T cells from

more in CLN compared to in

We

other lymph nodes.

Therefore, our results show that antigen-specific CD4+

348

In the anti-CD3-stimulated and candidiasis control groups, pathological sections of a

349

tongue that occurred candidiasis showed robust mycelial invasion and neutrophil

350

infiltration into the intraepithelial layer of tongues (Fig. 4A and B).

351

discovered by Moyes et al. (2016) were secreted by C. albicans mycelia during invasion
12

Candidalysin

352

on oral epithelial cells in animal models of mucosal infection.

353

Candidalysin drove neutrophil recruitment at the vaginal mucosa (Richardson et al.

354

2017).

355

recruited with Candidalysin secreted by robust mycelia.

356

pathological sections of mycelial MP stimulated group reduced oral candidiasis and

357

observed few neutrophil infiltration (Figs. 4A and B).

358

(2016), it is considered that IL-17A produced by Th17 cells would stimulate the

359

antimicrobial peptides including β-defensin produced at oral epithelial cells.

It was reported that

Therefore, abundant neutrophil infiltration observed in Fig. 4B would be
On the other hand,

As reported by Conti et al.

360

Therefore, by such as mechanisms through IL-17A signaling on oral epithelial cells, the

361

mycelial transition of swabbed yeast cells of C. albicans would be inhibited, and oral

362

candidiasis would be prevented.

363

In summary, this study demonstrates that proteins from a mycelial membrane proteins

364

fraction are inducible to differentiate CD4+ T cells to Th17 cells.

365

antigen specific Th17 cells are possible to protect oral infection with C. albicans.

366

the base of these findings, we are going to determine effective T cell antigens from the

367

mycelial membrane proteins of C. albicans responsible for designing novel vaccination

368

strategies against candidiasis at our next stage.

Moreover, the
On

369
370
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1

FIGURE LEGENDS

2

Figure 1

Cell fractions from yeast cells and mycelial cells of C. albicans.

(A)

3

Unstained yeast cells and mycelial cells of C. albicans SC5314 used for cell fractions

4

were viewed at 1000× magnification.

5

fractions.

6

NaOH; cell wall proteins treated with NaOH fraction, CWP-HFp; cell wall proteins

7

treated with HF-pyridine fraction.

8

from each cell-fractions.

9

M; molecular weight marker. Abbreviations in Fig. 1C are the same in Fig. 1B.

All bars indicate 20 μm.

(B) Preparation of cell

Sup-CL; supernatant of cell lysate, MP; membrane proteins fraction, CWP(C) SDS-PAGE of C. albicans proteins solubilized

All fractions were freeze-dried and adjusted at 10 μg μL-1.

10
11

Figure 2

12

flow cytometry. （A and C）Naive CD4+ T cells were magnetically isolated from

13

peripheral lymph nodes and spleen cells.

14

intracellular cytokine staining and flow cytometry.

15

mean and SD of independent 4 experiments per group. *, P < 0.05 by a two-tailed

16

Student’s t-test.

17

shown in Fig. 1B.

Analysis of C. albicans cell fractions involved CD4+ T cell antigens by

Cytokine production was analyzed by
(B and D) Each bar represents the

Cell fractions from yeast cells and mycelial cells were prepared as
Abbreviations in Fig. 2A to 2D are the same in Fig.1B.

18
19

Figure 3

Th17 cells differentiated with mycelial MP prevented oral candidiasis in

20

mice.

21

orally inoculated with C. albicans or PBS using a feeding needle. CD4+ T cells from

22

lymph nodes and spleen cells of donor mice were cultured with BMDCs and mycelial

23

membrane proteins on day 10 after 1° infection.

24

adoptive-transferred intravenously to recipient mice, followed by experiments of oral

25

candidiasis 1 day later.

26

for adoptive-transfer was detected by flow cytometry.

27

mycelial MP are shown as MP-stim (right), whereas CD4+ T cells stimulated with anti-

28

CD3 Ab are shown as anti-CD3-stim (left).

29

twice.

30

mice adoptive-transferred CD4+ T cells.

Assessment of clinical severity of oral

31

candidiasis by Hise et al. (2009) was used.

Candidiasis shows tongues that developed

32

oral candidiasis as positive control (n = 7).

Anti-CD3-stim shows tongues of recipient

(A) Timeline of infection model.

The first (1°) infection in donor mice was

On day 6, donor CD4+ T cells were

(B) IL-17A expression in CD4+ T cells from IL-17A-GFP mice

A representative result is shown.

CD4+ T cells stimulated with

Independent experiments were repeated

(C) Mean clinical severity score of recipient

1

33

mice adoptive-transferred CD4+ T cells which were stimulated with anti-CD3 Ab (n = 7).

34

MP-stim shows tongues of recipient mice adoptive-transferred CD4+ T cells which were

35

stimulated with mycelial MP (n = 9).

36

horizontal bar indicates the mean.

37

were evaluated in two independent experiments.

38

oral infection with C. albicans.

39

fungal burden of tongues on day 3 after oral infection with C. albicans.

40

tongues as positive control were from 7 mice. Anti-CD3-stim tongues were from 5 mice.

41

MP-stim tongues were from 8 mice.

42

that performed oral candidiasis experiments.

43

after oral infection with C. albicans.

44

control.

45

bars represent SD.

46

from the cervical lymph nodes (CLN) (above) and the lymph nodes except CLN (bottom)

47

of recipient mice was detected by flow cytometry.

48

repeated twice.

Each dot represents an individual mouse, and the
*, P < 0.05 by a two-tailed Student’s t-test.

Data

(D) Tongues shown are on day 3 after

A representative result is shown.

Error bars represent SD.

(E) Quantitative
Candidiasis

(F) Weight loss of mice

Mice were weighed on day 0 and day 3

Eleven candidiasis mice were used as positive

Seven anti-CD3-stim mice were used.

Nine MP-stim mice were used.

Error

(G) IL-17A expression in adoptive-transferred CD4+ T cells isolated
Independent experiments were

A representative result is shown.

49
50

Figure 4

51

histologic sections of tongues on day 3 after oral infection with C. albicans.

52

control group shows uninfected healthy tongues (n = 2).

53

tongues that developed oral candidiasis as positive control (n = 2).

54

group shows tongues of recipient mice that adoptive-transferred CD4+ T cells which were

55

stimulated with anti-CD3 Ab (n = 2).

56

that adoptive-transferred CD4+ T cells which were stimulated with mycelial MP (n = 2).

57

Arrows and arrowheads point to C. albicans and PMNs, respectively.

58

tongue in each group were viewed at 100× to 400× magnification.

59

A representative result is shown.

60

Six sections per mouse from two mice per group were pathologically evaluated for the

61

number of PMNs in microscopic field, and expressed as the number per mm2.

62

Experiments were independently repeated twice.

63

Student’s t-test.

Histological evaluation of C. albicans infection.

(A) PAS-stained
Uninfected

Candidiasis group shows
Anti-CD3-stim

MP-stim group shows tongues of recipient mice
Sections of

All bars are 100 μm.

(B) Quantitation of histological evaluation of PMNs.

64
2

*P < 0.05, **P < 0.01 by a two-tailed

