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IL-17C is required for lethal inflammation during systemic
fungal infection

Jinling Huang, Shaoshuai Meng1, Shanjuan Hong, Xin Lin, Wei Jin and Chen Dong

Within the interleukin-17 (IL-17) family of cytokines, IL-17A is known to be critical in the host defense against fungal

infections; however, the function of the other IL-17 family members in anti-fungal immunity remains largely unknown.

Here, we show that IL-17C expression was highly induced in kidney epithelial cells after fungal infection. Mice that

lacked IL-17C exhibited increased survival and attenuated kidney tissue damage, although they had similar fungal

loads. IL-17C deficiency resulted in decreased pro-inflammatory cytokine expression compared with wild-type control

mice. Additionally, IL-17C directly acted on renal epithelial cells in vitro to promote pro-inflammatory cytokine

production. Taken together, our data demonstrate that IL-17C is a critical factor that potentiates inflammatory responses

and causes host injury during fungal infection.
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INTRODUCTION

Candida albicans is among the most common clinical fungal

pathogens, and it can have a tremendous influence on human

life and can result in a high morbidity rate.1–3 Studies on the

host immune responses to C. albicans infection have revealed

that both immune deficiency and the over-activation of inflam-

matory responses contribute to fungus-associated diseases.4

A systemic candidiasis mouse model has been extensively

studied, in which mice die of progressive sepsis with multiple

organ failure, especially in the kidney, which is the primary

infected organ.5 The immunopathological basis of sepsis has

been reported to be mediated by the classical pro-inflammatory

cytokines interleukin 1 (IL-1) and tumor-necrosis factor-a

(TNF-a).6,7

The IL-17 cytokine family includes IL-17A, B, C, D, E, and F;

of these, IL-17A is the most extensively studied.8–11 IL-17A is

pathogenic in the development of a variety of inflammatory

diseases, such as multiple sclerosis and arthritis.9,12 Moreover,

IL-17A secreted from Th17 cells and gamma-delta T cells was

found to be important in anti-fungal immune responses during

C. albicans infection through stimulating neutrophil recruit-

ment and function.13,14,15 Moreover, IL-17A-deficient mice

were shown to be susceptible to fungal infection.16,17

Furthermore, patients with Job’s Syndrome, which includes

STAT3 mutations that lead to Th17 cell defects, were shown

to have an elevated susceptibility to C. albicans infection.18,19

Additionally, Th1 cells and interferon gamma (IFN-c) produc-

tion play a critical role in the host defense against fungal infec-

tions, and mice with IFN-c deficiency are highly susceptible to

infection.20 These studies suggested that both Th1 and Th17

cells provide protective immune responses against fungal infec-

tion. However, the functions of the other IL-17 cytokine family

members in systemic candidiasis are still largely unknown.

IL-17C, which is a member of the IL-17 cytokine family, has

recently been studied and has emerged as a critical player in

mucosal immunity and autoimmunity. IL-17C was first shown

to stimulate TNF-a and IL-1b expression in the human THP-1

monocytic cell line.21 Additionally, the overexpression of IL-

17C in CD41 T cells aggravated the pre-existing arthritis,22

which suggests that IL-17C may be a pro-inflammatory cyto-

kine. Three independent groups subsequently demonstrated

that IL-17C signals through IL-17RE, which is expressed on

epithelial cells and TH17 cells.23–25 IL-17C/IL-17RE plays a

critical role in promoting protective innate immune responses

to intestinal pathogens by inducing antibacterial peptides and

pro-inflammatory cytokine expression in colon epithelial

cells.25 Further, it potentiates Th17 cell responses in experi-

mental autoimmune encephalomyelitis.24
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Because IL-17RE is highly expressed in the kidney,23 which is

the primary infected organ in systemic fungal infections, we

hypothesized that IL-17C may play a role in fungal infections.

In this study, we found that renal epithelial cells expressed

IL-17C after fungal infection. Furthermore, Il17c-deficient

mice were highly resistant to systemic candidiasis, which was

associated with decreased pro-inflammatory cytokine express-

ion, including IL-6 and IL-1b, in the infected kidney tissue.

Thus, our results demonstrate that IL-17C-mediated inflam-

mation can be detrimental during fungal infections.

MATERIALS AND METHODS

Mice

Il17c2/2 mice and WT controls at six to eight weeks of age on the

C57BL/6 background were used for the experiments. All of the

mice were maintained under specific pathogen-free conditions.

All animal experiments were approved by the Institutional

Animal Care and Use Committee at Tsinghua University.

The utilized systemic candidiasis mouse model

Mice were injected via their lateral tail veins with C. albicans

(SC5314) cells in sterile saline. The C. albicans cells were grown

overnight at 30 uC in yeast, peptone, and dextrose medium for

yeast formation. The cells were centrifuged, washed in phos-

phate-buffered saline (PBS) and counted before intravenous

infection. After C. albicans infection, the survival rates were

monitored for several days. For fungal-burden determinations,

the tissues were weighed, homogenized in PBS and plated on

agar plates in a series of diluted solutions. After 48 hr of incuba-

tion at 37 uC, the colony-forming unit (CFU) were counted and

determined as CFU/g tissue.

RNA isolation and quantitative reverse transcriptase

polymerase chain reaction (RT-PCR)

Total RNA was isolated from cells or mouse tissues using

TRIzol reagent (Invitrogen, Grand Island, NY, USA) according

to the manufacturer’s instructions. cDNA was synthesized with

oligo(dT), random hexamers, and M-MLV reverse transcrip-

tase (Invitrogen). Then, the cDNA was amplified with real-

time PCR using the IQ SYRB Green Supermix (Bio-Rad

Laboratories, Hercules, CA, USA) on a CFX96 Real-Time

System (Bio-Rad Laboratories). The cytokines, IL-17RE, and

kidney injury molecule-1 (KIM-1) expression was normalized

to GAPDH, which was utilized as a reference gene, and the C.

albicans ITS1-2 rDNA expression in the kidney was normalized

to b-actin.

Histology and immunohistochemistry (IHC)

Mice were euthanized post-infection, and the kidneys were

removed, fixed with 10% formalin, dehydrated in ethanol and

embedded in paraffin. The tissue sections were mounted on glass

slides, processed for hematoxylin and eosin (H&E) and periodic

acid Schiff staining, and evaluated for kidney pathology and

IHC. Two independent pathologists scored the histology in a

blinded manner, and the presence of necrosis, inflammation and

hyperemia were evaluated according to the following scoring

system: 0 5 none, 1 5 minimal, 2 5 moderate, and 3 5 severe.

The total score was determined by the summation of the scores

from the three categories. To analyze the IL-17C or IL-17A

expression in the kidney, the sections were pretreated with boil-

ing citrate buffer for 10 min to retrieve the antigens. After cool-

ing, the sections were treated with 3% H2O2 for 15 min and then

washed in PBS three times for 5 min each. Then, the sections

were stained with rabbit anti-IL-17C (Bioss) or rabbit anti-

mouse IL-17A (Santa Cruz Biotechnology, Santa Cruz, CA,

USA) antibodies.

Cytokine measurements

The TNF-a, IL-1b, and IL-6 levels in the serum and extracts of

kidney tissue from infected mice or kidney epithelial cell super-

natants were measured using enzyme-linked immunosorbent

assay kits (eBioscience, San Diego, CA, USA). In some experi-

ments, the kidney epithelial cells were stimulated with IL-17C

at final concentration of 100 ng ml21 for 24 hr.

Mouse primary kidney epithelial cell isolation

and stimulation

The kidneys were minced into pieces and incubated for 1 hr

at 37 uC in a Dulbecco’s Modified Eagle Medium:

Nutrient Mixture F-12 (DMEM-F12) digestion buffer that

contained 1 mg ml21 collagenase A (Roche, Indianapolis, IN,

USA) on a shaker. The digested tissue was filtered and

washed three times. The cell pellet was then resuspended in

DMEM-F12, which contained 10% (vol/vol) fetal bovine

serum (FBS), penicillin (100 mg ml21), and streptomycin

(100 mg ml21), and was seeded into 6-well plates. Five days

later, the epithelial cells were stimulated for 4 hr in the presence

or absence of TNF-a (10 ng ml21), IL-1a (10 ng ml21), IL-1b
(10 ng ml21), IL-6 (20 ng ml21), or IL-17A (50 ng ml21) or

were stimulated for 24 hr in the presence or absence of IL-17C

(100 ng ml21).

CD451 leukocyte isolation from the kidney

Leukocytes were isolated from the kidney by mincing the tis-

sues into pieces and digested for 1 hr at 37 uC in DMEM-F12

digestion buffer containing 1 mg ml21 collagenase A (Roche).

The digested tissues were passed through a 70-mm filter,

washed and centrifuged in a 40/70% Percoll gradient. The leu-

kocytes at the interphase were first incubated with rat IgG anti-

mouse CD45 (BD Bioscience, San Diego, CA, USA) and were

then purified with an anti-rat IgG Micro Bead Kit (Miltenyi

Biotec, Bergisch Gladbach, Germany). The CD451 cells were

purified with an AutoMACS separator (Miltenyi Biotec). Flow

cytometric analysis indicated that the isolated cell population

contained 90% CD451 cells.

Flow cytometry

To determine the percentage of neutrophils that had infiltrated

the kidney, the kidney single cell suspension, after a Percoll

isolation, was incubated at 4 uC for 30 min with the following

anti-mouse antibodies: Percp/Cy5.5-conjugated CD45
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(30-F11; eBioscience); efluor 450-conjugated Ly6C (HK1.4;

eBioscience); PE-conjugated Ly6G (RB6-8C5; eBioscience);

APC-conjugated CD11b (M1/70; eBioscience). Flow cytometric

analysis was performed with a BD LSRFortessa. The data were

analyzed using FlowJo software (Tristar, Phoenix, AZ, USA).

Statistical analysis

The Prism software (GraphPad, CA, USA) was used for all of

the statistical analyses. Two-tailed Student’s t-tests were used to

analyze any differences between the groups. p values less than

0.05 were considered statistically significant.
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Figure 1 IL-17C is expressed by renal epithelial cells following systemic fungal infection. The fungal burden (a) and IL-17C expression (b) in the
kidneys of fungal infected mice (n 5 4 for each time point) on 0.5-, 1-, 2-, and 5-day post-infection with 5 3 105 CFU of C. albicans. (c) IL-17C
expression in normal and infected kidney of wild-type (WT) mice and Il17c2/2 mice was analyzed with IHC at day 2 after intravenous infection with
5 3 105 CFU of C. albicans. Original magnifications: 103 (left and middle) and 203 (right), scale bars: 100 mm for 103 and 50 mm for 203. The
data shown are representative of two independent experiments. *p , 0.05, **p , 0.01, ***p , 0.001 (one-way analysis of variance).
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RESULTS

IL-17C is highly expressed in the kidney after

fungal infection

To elucidate the potential role of IL-17C during fungal infec-

tions, we first determined the IL-17C expression levels in

C. albicans-infected kidney tissue. We challenged the C57BL/6

mice with 5 3 105 CFU of C. albicans and tested the IL-17C

mRNA expression at different time points in the kidney, which

is the primary target organ.5,26 A CFU assay confirmed the high-

est fungal burden in the kidney occurred at day 2 (Figure 1a).

Moreover, we found that the expression of IL-17C mRNA was

highly expressed in the kidneys of the C. albicans-challenged

mice, beginning at 12 hr after infection and peaking on day 2,

which was consistent with the fungal-burden peak (Figure 1b).

However, in the other fungal-infected tissues, such as the

lungs, liver, and spleen, there was no correlation between

the IL-17C expression kinetics and the fungal burden at dif-

ferent time points after C. albicans challenge (data not shown).

To determine the type of cells in the kidney that express IL-

17C during fungal infection, we measured the IL-17C protein

expression in the kidney at day 2 with IHC. IL-17C was highly

expressed by epithelial cells in the kidney after fungal infection

(Figure 1c). Previous studies have indicated an important role

for IL-17A in fungal infections,13,16,17,27 and Th17 cells are

widely accepted as the major source of IL-17A in this

model.28,29 Consistently, we also found high IL-17A expression

levels in the kidney (Supplementary Figure 1a), and it was

highly expressed on infiltrating inflammatory cells rather

than on the epithelial cells (Supplementary Figure 1b).

Furthermore, we detected higher IL-25 expression levels in

the kidney following fungal infection (Supplementary

Figure 1c). In summary, the IL-17C expression in the renal
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Figure 2 Il17c-deficient mice are highly resistant to C. albicans infection. (a) Survival curves of WT (n 5 8), Il17c2/2 (n 5 8) and Il17a2/2 mice
(n 5 6) that were intravenously infected with 3.5 3 105 CFU of C. albicans (SC5314). (b–c) Kidney failure in WT and Il17c-deficient mice was
analyzed with BUN (b) and creatinine (c) measurements in mouse serum at day 3 after intravenous infection with 3.5 3 105 CFU of C. albicans.
(d) Relative KIM-1 mRNA expression in WT and Il17c2/2 mice at day 3 after intravenous infection with 3.5 3 105 CFU of C. albicans was analyzed
with real-time RT-PCR. (e) Histological scores of WT and Il17c2/2 mouse kidneys at day 3 after intravenous infection with 3.5 3 105 CFU of
C. albicans were measured. Representative microscopic pictures of H&E-stained kidneys from mice infected with C. albicans for three days
are shown on the right. The scale bar represents 100 mm. The data shown were obtained from three independent experiments. *p , 0.05, **p ,

0.01 (t-test).
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epithelial cells during systemic candidiasis suggested a poten-

tial role for IL-17C during fungal infections.

Il17c-deficient mice had increased survival following

C. albicans infection

To investigate the role of IL-17C in C. albicans infection, we

challenged C57BL/6 WT, Il17c-deficient and Il17a-deficient

mice with 3.5 3 105 CFU of C. albicans and monitored the

survival rates of these three groups. The IL-17C deficiency

significantly increased the survival of the C. albicans infected

mice compared with the WT controls (Figure 2a). In contrast,

IL-17A deficiency dramatically accelerated the death of the

fungal-infected mice (Figure 2a), which is in accordance with

the reported protective role of IL-17A in systemic candidia-

sis.14,16 Moreover, when the mice were intravenously injected

with a higher (5 3 105) or lower (2 3 105) C. albicans CFU

level, the Il17c2/2 mice consistently showed an increased res-

istance to fungal infection (Supplementary Figure 2).

To further assess the kidney failure, we analyzed the blood

urea nitrogen (BUN) and serum creatinine concentrations as

well as the KIM-1 mRNA expression, which is a marker of

tubular epithelial damage.30 Compared with the WT mice,

the Il17c2/2 mice exhibited attenuated kidney injury with a

significant reduction in the serum BUN and creatinine concen-

trations as well as lower KIM-1 expression levels in the kidneys

of the infected mice on day 3 (Figure 2b–d). Histological ana-

lysis with H&E staining also showed that kidney damage was

decreased in the Il17c2/2 mice (Figure 2e). Hence, the results

demonstrated that the Il17c-deficient mice had less severe kid-

ney failure with a higher survival rate than did the WT mice

after C. albicans infection, which indicates a distinct role from

that of IL-17A.

Improved survival in Il17c-deficient mice was not attributed

to reduced fungal burden or neutrophil infiltration

Because the kidney injury in the fungus-challenged mice was

thought to correlate with the fungal burden level,5 we further

determined the fungal burden with a CFU assay and analyzed

the C. albicans ITS1-2 rDNA levels.31 However, to our surprise,

despite the decreased kidney failure in the Il17c-deficient mice

after C. albicans challenge, the fungal burden in the kidney and

liver of these mice was not significantly different from that in
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Figure 3 IL-17C deficiency improves survival without affecting tissue fungal burden and neutrophil infiltration. (a) CFU assays of paired mouse
kidneys (left) and liver (right) tissues from WT and Il17c-deficient mice were determined at day 3 after intravenous infection with 3.5 3 105 CFU of
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the WT mice on days 2 and 3 (Figure 3a and b, Supplementary

Figure 3). Moreover, no difference was observed in the C. albi-

cans distribution in the kidney, as determined with periodic-

acid Schiff staining (Figure 3c). Together, our data indicate that

IL-17C deficiency resulted in improved survival, attenuated

kidney tissue damage and decreased renal failure after systemic

C. albicans infection; however, these phenomena not caused by

reduced fungal burden.

Studies regarding invasive candidiasis have demonstrated

that neutrophil infiltration could exacerbate kidney injury.32

Because IL-17C has been reported to induce neutrophil infil-

tration,23,33 we determined the infiltrated neutrophil percent-

age in the kidneys on day 3. As shown in Figure 3d, IL-17C

deficiency did not affect neutrophil infiltration in the kidney.

Because CXCL1 is the major chemokine that induces neutro-

phil infiltration,34 we also determined the CXCL1 mRNA

expression in the kidney after fungal infection. Consistent with

the neutrophil data, no differences in CXCL1 mRNA express-

ion were observed (Figure 3e). Taken together, these data indi-

cate that reduced kidney failure in the Il17c-deficient mice was

not attributed to decreased neutrophil infiltration.

IL-17C deficiency results in reduced pro-inflammatory

cytokine expression

Although inflammatory cytokines, such as TNF-a, IL-1b, and

IL-6 can help the immune system eliminate pathogens,25 their

excessive production can result in tissue damage.7,22,35,36 Sepsis

mediated by the pro-inflammatory cytokines IL-1 and TNF-a
was reported as the major cause of death in mice with systemic

candidiasis.5,6,37,38 These studies led us to the hypothesis that

the systemic fungus infection-induced mortality in mice could

be the result of excessive proinflammatory cytokine expression.

To assess this hypothesis, we measured the expression of these

pro-inflammatory cytokines in the kidney three days after

C. albicans infection. We found that TNF-a, IL-1b, and IL-6

were highly induced in WT mice after fungal infection, with

200-fold increased TNF-a expression and 500-fold increased

IL-6 expression compared with normal mice (Figure 4a–c).

A correlation analysis between the kidney injury (with the

BUN concentration as the readout) and the pro-inflammatory

cytokine expression in the kidney revealed that the kidney

injury was positively correlated with the pro-inflammatory

cytokine expression (Figure 4d–f).

Because IL-17C was identified as inducing TNF-a, IL-1b,

and IL-6 expression in colon tissue,25 we considered whether

the increased survival and attenuated kidney failure in Il17c-

deficient mice after infection were attributed to a reduction in

the pro-inflammatory cytokine levels. We challenged the WT

mice and Il17c-deficient mice with 3.5 3 105 CFU of C. albicans

and compared the proinflammatory cytokine expression in the

kidney tissue and serum on day 3. IL-6 production was signifi-

cantly reduced in the Il17c-deficient mouse serum compared

with the WT mice (Figure 5a). Furthermore, we determined the

TNF-a, IL-1b, and IL-6 mRNA and protein levels in the WT

and Il17c-deficient mouse kidneys. We found that the IL-6 and

IL-1b expression levels were significantly lower in the Il17c-

deficient mouse kidneys than in the WT mice (Figure 5b

and c); however, other cytokines, including IL-10, IFN-c, and

IL-17A, were not significantly different between the groups

(Supplementary Figure 4). Notably, TNF-a expression was
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slightly decreased in the serum and kidneys of the Il17c-defi-

cient mice (Figure 5). Taken together, these results indicate that

IL-17C is a critical factor that exacerbates inflammation that

may cause host damage.

IL-17C regulates inflammatory cytokine expression in renal

epithelial cells

To further determine how IL-17C functions in fungal infec-

tions, we analyzed the expression of IL-17RE, the IL-17C recep-

tor, in leukocytes and epithelial cells isolated from normal and

infected WT mice with real-time RT-PCR (Figure 6a). We

found that the kidney epithelial cells expressed IL-17RE and

that this expression was further upregulated following infec-

tion (Figure 6a). Furthermore, LPS could also upregulate

IL-17RE expression in epithelial cells, which indicated that

the IL-17RE upregulation in epithelial cells was not Candida

specific (Supplementary Figure 5). These data suggest that IL-

17C can directly act on kidney epithelial cells. To test this

hypothesis, we isolated kidney epithelial cells and examined

their response to IL-17C stimulation. Consistently, IL-17C

induced pro-inflammatory cytokine mRNA expression, such

as TNF-a, IL-1b, and IL-6 in the kidney epithelial cells

(Figure 6b). Additionally, the expression of these pro-inflam-

matory cytokines in the kidney epithelial cell supernatants was

significantly increased 24 hr after IL-17C stimulation

(Figure 6c).

To further elucidate the regulation of IL-17C expression by

kidney epithelial cells during fungal infection, we stimulated

isolated kidney epithelial cells with various pro-inflammatory

cytokines, including TNF-a, IL-1a, IL-1b, IL-6, and IL-17A.

We found that IL-1a and IL-1b but not TNF-a, IL-6, or IL-17A

induced IL-17C mRNA expression (Figure 6d–h). Taken
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Figure 5 IL-17C enhances the inflammatory cytokine expression in the serum and kidneys following infection. WT and Il17c-deficient mice were
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together, our data indicate that IL-17C serves as an inflam-

mation amplifier during fungal infection.

DISCUSSION

Systemic candidiasis is a disastrous disease that has a high

worldwide mortality rate.26,39 Recently, it was reported that

mice with systemic candidiasis die of sepsis, the hallmark of

which is tissue damage and failure of multiple organs, especially

the kidneys.5,6 Although pro-inflammatory cytokines, includ-

ing TNF-a and IL-1b, have been identified as a major cause of

sepsis,6,7 the regulatory mechanisms for sepsis during systemic

candidiasis is not well understood. In this study, we identified

for the first time that IL-17C is a detrimental amplifier of

inflammation during systemic candidiasis.

One of the pivotal findings in our study is the pathological

role of IL-17C in systemic fungal infection. Based on discoveries

by our group and other investigators, IL-17C has diverse func-

tions from promoting anti-bacterial immune responses to

intestinal pathogens at the epithelial surface to aggravating

inflammatory diseases, including psoriasis and EAE.23–25

Because our previous study showed that IL-17C can potentiate

Th17 cell responses in an EAE model24 and other literature has

implicated important roles for Th17 cells in the host defense

against C. albicans,13,14 we measured the Th17 cell responses

after systemic C. albicans infection and found that Th17 cells

were not induced in WT mice in this acute systemic infection

model (data not shown). This result indicated that although

Il17a2/2 mice are indeed more susceptible to systemic fungal
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infections,14,16 the cellular source of IL-17A could be cell types

other than Th17 cells, such as NKT cells, IL-17-secreting innate

lymphoid cells, and cdT cells, through in vitro experiments14 or

different fungal infection models, such as the oropharyngeal

candidiasis model,13 have suggested a crucial protective role

for Th17 cells. Taken together, these findings indicate that IL-

17C may not play any role in Th17 cell development in the acute

systemic fungal infection model, thus contrasting the EAE

model. In our current study, by using Il17c-deficient mice, we

found that IL-17C plays a pathological role in systemic fungal

infections through promoting pro-inflammatory cytokine pro-

duction, such as TNF-a, IL-1b, and IL-6, which in turn exacer-

bates kidney injury and leads to a higher mortality rate. The

Th17 cytokine IL-17A, but not IL-22, has been shown to play

a critical role in the protective immune responses against C.

albicans by regulating the production of G-CSF to promote

the maturation of neutrophils, which play a crucial role in the

host defense against infectious disease.17,40 Notably, as a mem-

ber of the IL-17 cytokine family, IL-17C in our study was

demonstrated to play a significantly distinct role from IL-17A,

which suggested that Il17a-deficient mice are more susceptible

to C. albicans infection. Additionally, the cellular sources of IL-

17A and IL-17C are completely different. In our IHC data

(Supplementary Figure 1b), consistent with previous studies,

infiltrating immune cells, including Th17 cells, IL-17A-secret-

ing ILCs,27–29 andcdT cells, are the major sources of IL-17A.41,42

Nevertheless, IL-17C was almost exclusively expressed by kid-

ney epithelial cells (Figure 1c). Therefore, our study has iden-

tified divergent functions among the different IL-17 cytokine

family members during fungal infections. Furthermore, we

found increased expression of IL-25, a cytokine that was shown

to play critical roles in host immune response against intestinal

helminthes,43,44 in fungus-infected kidneys compared with nor-

mal kidneys (Supplementary Figure 1c). Although IL-25 could

provide partial protection against oral candidiasis by promoting

the ILC2 immune response,45 it remains to be determined

whether it plays any roles in systemic candidiasis.

Mice with systemic candidiasis died of sepsis with kidney

failure,5 a disease that is closely related to excessive pro-inflam-

matory cytokine expression. The Il17c2/2 mice infected with

C. albicans exhibited decreased mortality that was associated

not with reduced fungal loads but with the reduced pro-inflam-

matory cytokine production. We thus further assessed whether

IL-17C assumed a pathological role by promoting pro-inflam-

matory cytokine expression. We found that the kidney tissue

TNF-a, IL-1b, and IL-6 and serum IL-6 expression levels were

dramatically decreased in Il17c2/2 mice (Figure 5) with signifi-

cantly attenuated kidney failure (Figure 2b–d). Notably, the

expression levels of other cytokines, including IL-10, IFN-c,

and IL-17A, in the kidneys of WT and Il17c-deficient mice

were not significantly different from each other (Supplemen-

tary Figure 4). These data firmly identified a specific cytokine

expression profile that is regulated by IL-17C. Therefore,

defining the regulatory mechanism of sepsis-associated

hyper-inflammation that is targeted by IL-17C may provide

us with additional understanding regarding the immune

pathology of fungal infections.

Furthermore, we considered the target cells of IL-17C during

fungal infections. Because both leukocytes and epithelial cells

can produce pro-inflammatory cytokines following infection,

we measured IL-17RE expression in isolated leukocytes and

epithelial cells from normal or infected kidneys and found that

IL-17RE, the receptor for IL-17C, was primarily expressed by

kidney epithelial cells (Figure 6a). These data indicated that

kidney epithelial cells are the primary targets of IL-17C

regulation, although leukocytes can also express pro-inflam-

matory cytokines after Candida infection. Additionally, in

kidney epithelial cells that were cultured in vitro, IL-17C

treatment could indeed directly enhance pro-inflammatory

cytokine production, including TNF-a, IL-1b, and IL-6

(Figure 6b and c). We also detected that IL-17C was pro-

duced by kidney epithelial cells in response to the pro-

inflammatory cytokines IL-1a and IL-1b, which were trig-

gered by fungal infection (Figure 6d and e). Therefore, our

results have established that IL-17C induces pro-inflamma-

tory cytokine expression in kidney epithelial cells. These

data are consistent with previous findings that IL-17C tar-

gets epithelial cells in immune responses.23,25,46

In summary, our study has demonstrated that IL-17C acts in

an autocrine manner to promote pro-inflammatory cytokine

expression in a positive regulatory loop to amplify inflammat-

ory responses to a fungal infection that is detrimental to the

host (Figure 6i). Dysregulated expression or signaling by

IL-17C may contribute to human disorders that are associated

with systemic fungal infections, whereas targeting IL-17C may

serve as a novel treatment for sepsis that is associated with

systemic fungal infection.

Supplementary information of this article can be found on

Cellular & Molecular Immunology website: http://www.nature.

com/cmi.
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