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SUMMARY

The interleukin 17 (IL-17) cytokine and receptor
family is central to antimicrobial resistance and
inflammation in the lung. Mice lacking IL-17A,
IL-17F, or the IL-17RA subunit were compared with
wild-type mice for susceptibility to airway inflamma-
tion in models of infection and allergy. Signaling
through IL-17RA was required for efficient microbial
clearance and prevention of allergy; in the absence
of IL-17RA, signaling through IL-17RC on epithelial
cells, predominantly by IL-17F, significantly exacer-
bated lower airway Aspergillus or Pseudomonas
infection and allergic airway inflammation. In con-
trast, following infection with the upper respiratory
pathogen Staphylococcus aureus, the IL-17F/IL-
17RC axis mediated protection. Thus, IL-17A and
IL-17F exert distinct biological effects during pulmo-
nary infection; the IL-17F/IL-17RC signaling axis has
the potential to significantly worsen pathogen-asso-
ciated inflammation of the lower respiratory tract in
particular, and should be investigated further as a
therapeutic target for treating pathological inflamma-
tion in the lung.

INTRODUCTION

The interleukin 17 (IL-17) cytokine family is a critical component

of inflammatory responses, acting on diverse cell types to induce

production of pro-inflammatory cytokines, chemokines, and

prostaglandins (Patel and Kuchroo, 2015). On the basis of

sequence homology, a total of six IL-17 members have been

described: IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (also known

as IL-25), and IL-17F. Of the six, IL-17A and IL-17F are best stud-

ied and most closely related. In both humans and mice, IL-17A

and IL-17F can form homodimers or heterodimers (IL-17A/F)

capable of ligating IL-17R subunits (Wright et al., 2007; Chang

and Dong, 2007).

Signaling through IL-17R by IL-17 family members is regulated

at multiple levels. The IL-17R exists as a heteromer of IL-17RA-E
Cell Re
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subunits (Moseley et al., 2003), which possess distinct biological

properties and differential affinities for IL-17-family cytokines: in

humans, IL-17RA binds to IL-17A with a high affinity, while

IL-17RC has a high affinity for IL-17F but can also bind IL-17A

(Patel and Kuchroo, 2015); in mice, IL-17RA binds both IL-17A

and IL-17F, while IL-17RC binds only IL-17F (Toy et al., 2006;

Krstic et al., 2015; Kuestner et al., 2007); despite having only

22% sequence homology (Haudenschild et al., 2002), the

IL-17RA and IL-17RC subunits share a common ability to

mediate IL-17 signaling, but disentangling the effects of signaling

through each subunit has proved challenging. There is some

evidence from in vitro studies that murine IL-17RA requires IL-

17RC to realize its signaling potential (Toy et al., 2006), though

the extent to which this is true in vivo and whether IL-17RC

has a reciprocal requirement for IL-17RA remains unclear.

Recent data have also uncovered a role for the intracellular ubiq-

uitin-specific protease USP25 in negative regulation of IL-17A-

mediated signaling and inflammation (Zhong et al., 2012; Ma,

2012), while earlier work found that ubiquitination of the IL-17R

was triggered by IL-17F only (Rong et al., 2007). In addition,

though inflammatory downstream IL-17RA signaling has been

described (Conti et al., 2009), few studies have examined the po-

tential role of IL-17RC. Thus, what is clear is that the activation of

IL-17R subunits is tightly regulated; what remains unclear is how

this regulation translates into significant biological effects in vivo.

The downstream effects of interactions between IL-17 and

IL-17R family members are especially important for immune

responses at the body’s mucosal barriers: regulation of IL-17

responses is central to resolution of Candida albicans infection

in the gut (Zelante et al., 2007; Conti and Gaffen, 2015), as well

as in combating pulmonary and nasal infections (Archer et al.,

2016; Rathore and Wang, 2016). However, dysregulation of the

IL-17/IL-17R axis contributes to pathogenic inflammatory reac-

tions against commensals or environmental fungi (Zelante

et al., 2007), as well as to auto-immune and auto-inflammatory

conditions, including asthma, psoriasis, and obesity (Endo

et al., 2016; Cosmi et al., 2016; Sakkas and Bogdanos, 2016;

Patel and Kuchroo, 2015), and perhaps also to cystic fibrosis (Ali-

vand et al., 2016; McAllister et al., 2005). Of particular interest

and pressing concern is the role of IL-17-mediated responses

at the intersection of respiratory disease and fungal infection,

such as in allergic broncho-pulmonary aspergillosis (ABPA).
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ABPA affects approximately 5million people worldwide, causing

serious recurrent respiratory impairment in immune-compro-

mised individuals and significant exacerbations in asthma and

cystic fibrosis patients (Burgel et al., 2016).

Asthma is a complex and heterogeneous disease of allergy

and inflammation affecting lung functions, and there is compel-

ling evidence for a role of the IL-17/IL-17R axis in the pathology

of specific subtypes of the condition. The presence of IL-17 in

asthmatic airways is significantly related to asthma severity;

engineered overexpression of IL-17F results in increased inflam-

matory cytokine and chemokine expression and exacerbated

antigen-induced goblet cell hyperplasia and pulmonary inflam-

mation in the airways of mice (Oda et al., 2005), both hallmarks

of asthma. There is also evidence that asthmatic patients

express higher levels of IL-17F cytokine in the epithelial compart-

ment compared with healthy subjects (Ota et al., 2014).

A sub-group of patients with severe steroid-dependent or

steroid-resistant asthma exhibit marked neutrophil recruitment

and T helper 17 (Th17)-chemokine overexpression in bronchial

biopsies (Fahy, 2009) and bronchoalveolar lavage (BAL) fluid

(Chesné et al., 2014), sometimes with evidence of concurrent

Th2 involvement (Cosmi et al., 2016). Where high levels of IL-

17F, in particular, are present in the bronchial and nasal lamina

propria, there is a strong association with poor lung function

(Sorbello et al., 2015), but the underlying mechanisms driving

IL-17-mediated exacerbation of airway inflammation remain

unclear, and what, if any, role is played by IL-17 in concurrent

fungal infection of these patients is unknown.

In the present study, we used genetically modified mice and

models of pulmonary infection and allergy to unravel the contri-

bution of the IL-17A/IL-17F/IL-17R pathways to microbial resis-

tance and allergy in the lung. We found that signaling through

IL-17RA was required for efficient microbial clearance and pre-

vention of microbe-induced allergy; however, in mice lacking

IL-17RA, the interaction of IL-17F with IL-17RC on epithelial cells

in the upper airways contributed to inflammatory allergy, despite

providing protection against local colonizers. These data shed

light on the distinct roles of IL-17A and IL-17F cytokines during

infection and inflammation of the lung in vivo and identify differ-

ential IL-17R subunit expression patterns within and across

mucosal tissues as a potentially significant mediator of protec-

tion and pathology. Moreover, we reveal that the IL-17F/

IL-17RC axis warrants further investigation as a therapeutic

target for treatment of allergic inflammation of the airways.
Figure 1. IL-17RA Deficiency Results in Higher Susceptibility to ABPA

(A) Schematic representation of ABPA model. ABPA was induced by repeated in

incomplete adjuvant followed by intranasal infection with resting conidia 1 week

(B) WT and Il17ra–/– asthmatic mice assessed for lung histology (Alcian blue stai

(C) Individual counts of lung goblet cells.

(D) Expression of Muc5a gene (RT-PCR) in the lung.

(E) Lung histology (Masson trichrome staining; the scale bar represents 1 mm or

(F and G) BALmorphometry (original magnification, 1003) (F) and the differential c

determined on May-Grunwald Giemsa staining.

(H) IgE levels and cytokine production (ELISA) in lung homogenates.

(I) Intracellular IL-4 cytokine production was examined using flow cytometry. Flo

done on total lung leukocytes; lineage marker includes anti-CD5, CD11b, CD45R

Assays were done at 5 days post-infection (dpi). Data pooled from three indepe

***p < 0.001, and ****p < 0.0001. Two-way ANOVA, Bonferroni post hoc test. Tw
RESULTS

Mice Lacking IL-17RA Are More Susceptible to
A. fumigatus Infection and Allergic Inflammation
To elucidate the contribution of IL-17A or IL-17F in Aspergillus-

induced allergic airway inflammation, we subjected wild-type

(WT) and Il17ra–/– mice to experimentally induced ABPA (Fig-

ure 1A). Mice were first sensitized by injecting an adjuvanted,

non-infectious mixture of A. fumigatus proteins and glycopro-

teins (crude culture filtrate antigen [CCFA]), which leads to an

allergic reaction to subsequent infection with live A. fumigatus

(Figure 1A). Alcian blue staining of lung sections indicated signif-

icant mucous cell hyperplasia in Il17ra–/– ABPA mice (Figures 1B

and 1C), alongside significantly higher transcript abundance of

Muc5a mRNA, which is associated with mucus over-production

during inflammation, in Il17ra–/– ABPA mice compared with WT

mice with ABPA (Figure 1D). Relative to WT mice, Il17ra–/–

mice exhibited massive peri-bronchial collagen deposition (Fig-

ure 1E), significantly more BAL eosinophils (Figures 1F and 1G),

and significantly higher levels of IgE protein in lung homogenates

following ABPA induction (Figure 1H). Expression of type 2 cyto-

kines (IL-5, IL-4, IL-13, IL-25, IL-33, and IL-9) and type 17 cyto-

kines (IL-17F and IL-22) was markedly elevated in Il17ra–/– mice

with ABPA compared with their naive counterparts and with WT

mice as measured by ELISA (Figure 1H). Type 1 cytokine IFN-g

was downregulated in Il17ra–/– mice with ABPA as well as

IL-10 (Figure 1H). Because both innate lymphoid cells type

2 (ILC2) and Th cells can expand in response to IL-33 during fun-

gus-induced inflammation of the airways (Piehler et al., 2016), we

measured the relative abundance of both these cell populations

within total lung cells (Figures 1I and S1A). Lungs of Il17ra–/– mice

contained higher frequencies of IL-4+ILC2 (Figure 1I),

IL-4+CD3+CD69+, and IL-4+CD3+CD69� (Figure S1A) cells dur-

ing ABPA than did those of WT mice. The expansion of Th2 cells

and ILC2 in the lung was further confirmed by the significantly

higher abundance of Gata3 mRNA in thoracic lymph nodes

(TLNs) from Il17ra–/– mice with ABPA than in WT animals (Fig-

ure S1B). These data are consistent with published work

showing that preferential expansion of IL-4+ILC2 in the early

phases of inflammatory responses is required to support later

Th2 differentiation that is typical of asthma (Pelly et al., 2016).

As expected, mRNA expression of the Th1 cytokine IFN-g and

transcription factor Tbet was significantly lower in Il17ra–/–

mice with ABPA compared with WT; similarly, the regulatory
jection of mice with A. fumigatus culture filtrate extract dissolved in Freund’s

after the last injection.

ning; the scale bar represents 1 mm or 100 mm).

100 mm in inset).

ell count of mononuclear cells (MNC), neutrophils, and eosinophils (EO) (G) was

w gates indicate the percentage of CD90.2 cells producing IL-4. Pre-gate was

, anti-7-4, anti-GR1, and anti-TER-119.

ndent experiments (n = 6 mice per group); mean ± SD. *p < 0.05, **p < 0.01,

o-tailed Student’s t test, nonparametric Mann-Whitney U test.
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Figure 2. In ABPA, IL-17F Contributes to the Development of Allergy in IL-17RA Deficiency

(A) WT, Il17a–/–, and Il17f–/– mice were sensitized and challenged with A. fumigatus conidia and assessed for histological analysis of Alcian blue-stained lung

section (the scale bar represents 1 mm or 100 mm).

(B) BAL morphometry and differential cell count of MNC, neutrophils, and EO was determined by May-Grunwald Giemsa staining (original magnification, 1003).

(C) Expression of Muc5a gene (RT-PCR) in the lung.

(D) IgE levels and cytokine production (ELISA) in lung homogenates.

(E) Lung histology (Alcian blue staining; the scale bar represents 1 mm or 100 mm) of WT and Il17ra–/– asthmatic mice treated with isotype control monoclonal

antibody (mAb) or IL-17F neutralizing mAb.

(F) BAL morphometry expressed as a cell percentage of mice treated as in (E).

(legend continued on next page)
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cytokine IL-10 and transcription factor Foxp3 were less abun-

dant in Il17ra–/– mice, as was IL-17A (Figures 1H and S1B). How-

ever, despite the lack of IL-17RA, expression of genes previously

identified as activated by IL-17R signaling (Conti et al., 2009) was

upregulated in lung homogenates following ABPA induction

(Figure S1C), although Rorc was not differentially expressed in

Il17ra–/– mice (Figure S1B).

In summary, these data show that mice lacking the IL-17RA

subunit exhibit exacerbated inflammatory responses in the

lung following allergic sensitization and exposure to

A. fumigatus; this response is characterized by excessive mucus

production, aberrant collagen deposition, and the production of

Th2-associated cytokines. Intriguingly, the absence of IL-17RA

was associated with increased expression of IL-17R-down-

stream genes in ABPA. Therefore, IL-17RA is required for

restraining allergic reactivity upon exposure to A. fumigatus,

but in the absence of IL-17RA and in the context of the resultant

exacerbated allergic reactivity, there is evidence of retained

IL-17R signaling in these mice.

We then asked whether IL-17RA played a similar role during

fungal infection of the lung as in ABPA. We previously showed

that high and/or deregulated levels of IL-17A are detrimental

during fungal infection (Romani et al., 2008); here we asked spe-

cifically whether mice lacking IL-17RA exhibited differential sus-

ceptibility to Aspergillus infection compared with WT mice. We

intranasally infected Il17ra–/– mice with live A. fumigatus conidia

and evaluated parameters of infection, inflammation and Th

immunity (Figure S2A). Lungs from Il17ra–/– mice had signifi-

cantly higher fungal burdens compared with WT (Figure S2B),

which was associated with diffuse lung inflammation and goblet

cell hyperplasia (Figure S2C), significantly higher neutrophil fre-

quencies in BAL fluid cytospins (Figure S2D), increased mRNA

expression of Cxcl1 and Cxcl2 in lung cells (Figure S2E), and

increasedMPOproduction from lung homogenates (Figure S2F),

relative to A. fumigatus-infected WT mice. Protein levels of the

pro-inflammatory cytokines TNF-a and IL-1b (Figure S2G), as

well as IL-17F, IL-22, and IL-25, but not IL-17A (Figure S2H),

were significantly more elevated in lung homogenates of

Il17ra–/– mice than WT in response to A. fumigatus infection. In

addition, type 2 cytokine and IL-9 production and Gata3 tran-

scription, but not Tbet and Foxp3 transcription were also signif-

icantly more elevated in the lungs and TLNs, respectively, of

infected IL-17RA-deficient mice (Figures S2I and S2J); taken

together with the increased goblet cell mucus production (Fig-

ure S2C, inset), these findings suggesting the development of

type 2 inflammation, typically characterized by Th2 adaptive

response, in the airways of Il17ra–/– mice infected with

A. fumigatus.

Considering the A. fumigatus infection and allergic inflamma-

tion models together, IL-17RA clearly contributes to protective

antifungal responses while restraining the development of

allergic lung reactivity. Mice lacking IL-17RA were also predis-

posed toward the production of higher levels of IL-17F and
(G) Expression of Muc5a gene (RT-PCR) in the lung.

(H) IgE levels and cytokines production (ELISA) in lung homogenates.

Assays were done at 5 dpi. Data pooled from three independent experiments (A

**p < 0.01, ***p < 0.001, and ****p < 0.0001. Two-way ANOVA, Bonferroni post h
IL-25 during both ABPA (Figure 1H) and aspergillosis (Fig-

ure S2H); we therefore went on to ask what roles were played

by these IL-17R-binding cytokines in experimental murine

Aspergillus diseases.

IL-17F Contributes to Susceptibility to Infection and
Allergy
Because both IL-17A and IL-17F are capable of binding to

IL-17RA (Krstic et al., 2015), we used Il17a–/– and Il17f–/– mice

to determine the relative contribution of each cytokine to protec-

tive IL-17RA signaling in ABPA and aspergillosis. Mice lacking

IL-17A were more susceptible to ABPA, while mice lacking

IL-17F were more resistant, compared with WT mice. Lung sec-

tions from Il17a–/– mice exhibited greater mucin production by

goblet cells than either WT or Il17f–/– mice (Figure 2A); BAL cyto-

spins revealed significantly higher frequencies of eosinophils in

Il17a–/– mice (Figure 2B), accompanied by significantly higher

spontaneous and ABPA-inducedMuc5amRNA expression (Fig-

ure 2C), and significantly greater production of type 2- and type

17-associated cytokines (Figure 2D) than in WT animals. In

aspergillosis, we found exacerbated lung inflammatory pathol-

ogy in Il17a–/– mice, compared with WT or Il17f–/– mice (Fig-

ure S3A). Accordingly, significantly greater fungal burdens

were present in the lungs of Il17a–/– than inWTmice (Figure S3B),

consistent with the observed attenuation in Th1-associated

cytokine (IFNg and IL-12p70) production (Figure S3C).

These results seemed to suggest that IL-17A is restraining

both resistance to Aspergillus infection and Aspergillus-induced

allergic responses. However, the engineered absence of IL-17A

also induced significant upregulation of IL-17F expression during

ABPA, while the levels of IL-17A were comparable in Il17f–/– and

WT mice (Figure 2D). The same pattern was evident in aspergil-

losis (Figure S3D). These findings posed the question: was it the

absence of IL-17A per se in Il17a–/– mice, or rather the increased

levels of IL-17F, that was responsible for their increased suscep-

tibility to Aspergillus diseases? We thus treated WT and Il17ra–/–

mice bearing ABPA or WT and Il17a–/– bearing Aspergillus infec-

tion with IL-17F-neutralizing or isotype-matched control anti-

bodies; neutralization of IL-17F induced significant reductions

across all signs of mouse respiratory allergy (Figures 2E–2H),

lung inflammation, and fungal colonization (Figures S3E and

S3F) in infection, indicative of a pathogenic role for IL-17F in

these models of Aspergillus allergy and infection. However,

despite the high susceptibility of Il17a–/– mice to A. fumigatus,

IL-17A administration greatly increased, while its ablation

decreased, the susceptibility of WTmice to the infection (Figures

S3G and S3H); conversely, the administration of IL-17F greatly

exacerbated pathogenesis in WT and Il17f–/– mice bearing

ABPA (Figures 3A–3D).

Taken together these findings confirm both that deregulated

IL-17A production can contribute to pathology during infection

(Romani et al., 2008) and that, consistent with the association

of the Il17f gene with asthma and chronic obstructive pulmonary
–D, n = 6 mice per group; E–H, n = 3 mice per group); mean ± SD. *p < 0.05,

oc test.
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Figure 3. IL-17F Administration Exacerbates Respiratory Allergy in a Mouse Model of ABPA

(A) WT and Il17f–/– asthmatic mice were treated with murine recombinant IL-17F and assessed for histological analysis of Alcian blue-stained lung section (the

scale bar represents 1 mm or 100 mm).

(B) BAL differential cell count of MNC, neutrophils, and EO.

(C) Expression of Muc5a gene (RT-PCR) in the lung.

(D) IgE levels and cytokines production (ELISA) in lung.

Assays were done at 5 dpi. Data pooled from three independent experiments (n = 3 mice per group); mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001. Two-way ANOVA, Bonferroni post hoc test.
disease in humans (Hizawa et al., 2006), IL-17F plays amajor role

in driving pathological inflammation and allergy in response to

Aspergillus in the murine lung.

IL-17F Provides Antibacterial Resistance in the Upper
Airways against S. aureus
IL-17R signaling is also critical for pulmonary neutrophil recruit-

ment and host defense against bacteria (Tsai et al., 2013; Gu

et al., 2013); therefore to understand the broader context of

our findings on the roles of the IL-17/IL-17R axis in pulmonary

infections we extended our investigation to include exposure

to two common bacterial pathogens. We first exposed murine

lung epithelial cells from Il17ra–/– and WT mice to the upper res-

piratory tract colonizer S. aureus or the lower respiratory tract

colonizers P. aeruginosa or A. fumigatus in vitro (Figure 4A).

Comparative gene expression analysis revealed that the patho-

gens induced different levels of Il17a and Il17f transcription in

both WT and Il17ra–/– epithelial cells; of particular interest, in

the absence of IL-17RA, significantly higher levels of IL-17A

are induced by A. fumigatus and P. aeruginosa than by

S. aureus (Figure 4A). In contrast, significantly higher levels of

IL-17F are induced by pathogens of the upper airway in

Il17ra–/– lung epithelial cells. We then intranasally infected WT,

Il17f–/–, and Il17ra–/– mice with S. aureus (Figures 4B–4E) or

P. aeruginosa (Figures 4F–4I) and measured infectious and
1672 Cell Reports 20, 1667–1680, August 15, 2017
inflammatory outcomes. These data showed that Il17ra–/– mice

were as resistant as WT mice to S. aureus infection, as shown

by lung colonization and histopathology, while in contrast, sus-

ceptibility to S. aureus infection was significantly higher in

Il17f–/– mice (Figures 4C–4E) (lung colonization mean ± SD [log

colony-forming units (CFU)]: 2.7 ± 0.24 in WT mice and

3.3 ± 0.32 in Il17f–/– mice); thus, it seems that despite its exacer-

batory role in Aspergillus diseases, IL-17F confers antimicrobial

resistance to this upper airway pathogen. This is also explained

by the increased expression of IL-17F in WT epithelial cells as

physiological immune protective response against S. aureus

(Figure 4A). Conversely, and similar to our observations with

A. fumigatus infection, Il17ra–/– mice were more susceptible to

P. aeruginosa intranasal infection than were WT animals, exhib-

iting significantly higher bacterial loads in the lung (Figure 4G),

significantly higher frequencies of polymorphonuclear neutro-

phils in BAL fluid (Figures 4H and 4I), and marked histological

signs of interstitial allergic inflammation (Figure 4I). Il17f–/– mice

were as resistant asWT toP. aeruginosa colonization (Figure 4G),

neutrophil recruitment (Figures 4H and 4I), and inflammation

(Figure 4I). Thus, those pathogens (A. fumigatus and

P. aeruginosa) that naturally induce lower levels of Il17f transcrip-

tion seem to become more virulent in conditions in which IL-17F

release is extremely high, as seen in Il17ra–/– mice during allergic

or inflammatory responses, and less virulent when IL-17F is



Figure 4. The IL-17F/IL17RC Pathway Provides Antibacterial Resistance in the Upper Airways

(A) Expression of Il17a and Il17f gene (RT-PCR) in WT and Il17ra–/– murine lung epithelial cells naive stimulated with live A. fumigatus conidia (1:1, cells/fungi),

P. aeruginosa, or S. aureus (1:100, cells/bacteria) for 8 hr at 37�C.
(B) Schematic representation of S. aureus infection model.

(C) WT, Il17ra–/–, and Il17f–/– mice were infected intranasally with live S. aureus and assessed for bacterial growth (log CFU).

(D) BAL morphometry, expressed as a percentage of neutrophils.

(E) Lung histology (PAS; the scale bar represents 1 mm or 100 mm) and BAL May-Grunwald Giemsa staining (original magnification, 1003).

(F) Schematic representation of P. aeruginosa infection model.

(G) WT, Il17ra–/–, and Il17f–/– mice were infected intranasally with live P. aeruginosa and assessed for bacterial growth (log CFU).

(legend continued on next page)
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absent, as in Il17f–/– mice. In contrast, S. aureus, which induces

abundant Il17f transcription in IL-17F-competent lung epithelial

cells in vitro, is rendered more virulent in the absence of IL-17F

in vivo.

The IL-17F/IL-17RC Pathway in Lung Epithelial Cells
Mediates Respiratory Allergy to A. fumigatus

The biological effects of IL-17F observed in Il17ra–/– mice led us

to ask which signaling pathway was being engaged by IL-17F.

Published studies show that IL-17RA only forms homodimers

in the unliganded state (Kramer et al., 2006) and that both

IL-17RA and IL-17RC are involved in ligand-bound IL-17R com-

plexes (Ho et al., 2010). Given that IL-17F has a higher binding

affinity for IL-17RC than IL-17RA inmice (Hu et al., 2010), we first

assessed whether IL-17RC signaling was capable of mediating

the downstream effects of IL-17F in conditions of IL-17RA defi-

ciency. Comparing expression of IL-17RC protein and mRNA

in epithelial cells from A. fumigatus-infected WT and Il17ra–/–

mice revealed significant upregulation of IL-17RC in Il17ra–/–

lung cells during Aspergillus intranasal infection (Figures 5A

and 5B). In vitro, IL-17RC expression significantly increased in

lung epithelial cells isolated from in Il17ra–/– mice following expo-

sure to A. fumigatus and not to P. aeruginosa (Figure 5C), sug-

gesting that pathogen- or fungus-specific mechanisms might

be involved in driving upregulated IL-17RC expression. In

addition, among the pathogens tested, only exposure to

A. fumigatus significantly increased transcript abundance of

the IL-17A or IL-17F downstream geneCxcl2 in Il17ra–/– epithelial

cells, relative to untreated controls (Figure 5D). We also obtained

a similar pattern of cytokine/cytokine receptor expression by

using two different more physiological system of culture: air-

liquid interface (ALI) (Figures S4A and S4B) and 3D lung organoid

system of culture (Figure S4C). Further evidence that IL-17RC

expressed in the context of IL-17RA deficiency was able to acti-

vate downstream signaling pathways came from detection of

NF-kB phosphorylation following treatment of lung epithelial

cells with IL-17A, IL-17F, or IL-17A and IL-17F (Figure 5E). In

addition, a protein array analysis of murine lung epithelial cells

showed that exposure to IL-17F resulted in TRAF-6-dependent

phosphorylation of the IL-17R proximal signaling molecules

AKT and IkBa (Figures 5F and S4D). IL-17F exposure of epithelial

cells isolated from either WT or Il17ra–/– mice also resulted in

significantly increased IL-33 (Figure 5G) production and of

Il17rc expression in Il17ra–/– cells (Figure 5H). Last, in addition

to NF-kB signaling IL-17RC-dependent expression of proximal

signaling molecules as Cepbb and Cepbd transcription factors

(Gaffen, 2009), which act downstream of IL-17RA proximal

signaling, was evident both in vitro (Figure 5I) and in vivo (Fig-

ure 5J). These data support that following the disruption of the

IL-17RA function, the remaining part of the receptor (IL-17RC)

is still functional, being already demonstrated that IL-17RC

may form heterodimers or homotrimers upon ligand binding

(Ely et al., 2009; You et al., 2006). In this particular condition, in
(H) BAL morphometry, expressed as a percentage of neutrophils.

(I) Lung histology (PAS; the scale bar represents 1 mm or 100 mm) and BAL May

Assays were done at 2 dpi. Data pooled from three independent experiments

****p < 0.0001. Two-way ANOVA, Bonferroni post hoc test.
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which IL-17RC is the only available subunit, and its expression

is particularly high (Figures 5A–5C) homodimerization may even-

tually be favored. Therefore, we investigated whether IL-17RC,

as it is lacking the distal signaling component of IL-17RA, which

is essential for the activation of regulatory partners such as A20

(Garg and Gaffen, 2013), triggers a dysregulated signaling

response. Thus, we exposed lung epithelial cells to IL-17A,

IL-17F, or IL-17A and IL-17F (Figures 5K and 5L), and we

measured A20 expression as well as Il33. The results showed

that only IL-17A in WT mice is able to trigger A20 expression,

while only IL-17F triggers IL-33 in IL-17RA deficiency (Figure 5L).

Thus, activation of the IL17F/IL17RC axis leadings to a positive

loop because Aspergillus increases IL-17F expression (Fig-

ure 4A), which induces the expression of IL-33 and IL-17RC on

epithelial cells, especially in IL-17RA deficiency (Figures 5G,

5H, and 5L), where A20-mediated regulation is absent (Fig-

ure 5K). In addition, IL-33 signaling is known (Hatta et al., 2017)

to increase IL-17F transcription. The persistent activation of

this loop may be the direct consequence of the absence of

A20 induction by the IL-17RA subunits (Figure 5K).

The importance of signaling through IL-17RC in vivo was

evident in both WT and Il17ra–/– mice treated with IL-17RC-spe-

cific small interfering RNA (siRNA) during ABPA induction: fungal

burden (Figure 6A), inflammatory pathology (Figure 6B), eosino-

phil frequency in BAL fluid (Figure 6C), expression of Il17f and

Muc5a (Figure 6D), production of IgE, and expression of type 2

cytokines (Figure 6E) were all markedly lower following treatment

with Il-17rc siRNA, where a significant reduction of Il17rc expres-

sion was measured (Figure 6F). Similarly, use of IL-17RC=neutr-

alizing antibody showed a reduction of ABPA pathogenesis

(Figures S5A–S5C). Parallel reductions in severity of infection

and inflammatory pathology upon IL-17RC siRNA treatment

were also observed during A. fumigatus infections in vivo (Fig-

ures S5D–S5H). Interestingly, the reduction of Il17f with siRNA

of IL-17RC suggests the existence of a positive loop of expres-

sion between IL-17RC and IL-17F (Figures 6D and S5G).

IL-17RC expression and IL-17F was increased on isolated

tracheal cells compared with total lung cells and in naive or

infected mice (Figure S6A) in IL-17RA deficiency, further con-

firming the preferential IL-17RC expression on epithelial cells.

Interestingly, the tracheas of Il17ra–/– mice express higher levels

of Il17rc then WT (Figure S6B).

Of interest, Il17f expression and Il17rc were also contingent

upon the route of infection, with a higher degree in the intranasal

than the intratracheal route of infection, particularly in Il17ra–/–

mice (Figure S6C). In fact, although intratracheal infected WT

mice showed a similar fungal load compared with the intranasal

model of infection (Figures S2D and S6D), Il17ra–/– mice were

more resistant upon intratracheal infection with A. fumigatus

(Figures S6D and S6E) compared with the intranasal route (Fig-

ure S2D). Altogether, these results indicate that the expression

of the IL-17F/IL-17RC axis in the upper airways may be contin-

gent upon pathogen exposure. In the case of Aspergillus, the
-Grunwald Giemsa staining (original magnification, 1003).

(n = 6 mice per group); mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and



(legend on next page)
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simultaneous induction of IL-17RC and IL-17F expression, the

latter apparently reinforcing IL-17RC expression, points to the

existence of a positive loop amplifying the allergic response to

the fungus.

DISCUSSION

The complexity of the IL-17 cytokine family and its receptors

shows the existence of multiple levels of regulation across space

and time, designed to enable effective immunity whileminimizing

the risk of auto-inflammation and allergy; however, disentangling

the effects of specific family members and their receptors in

infection and pathologic inflammation has so far been difficult.

IL-17A and IL-17F have been extensively studied in pulmonary

diseases as well as in allergy (Lu et al., 2015; Fujita et al.,

2012); in the case of IL-17F, there is now robust evidence of its

involvement in asthma (Ota et al., 2014), with mechanistic

studies uncovering induction of IL-17F production by epithelial

cells in response to the Th2 cytokine IL-33, which is abundant

in the asthmatic airway (Fujita et al., 2012). Our study goes on

to show a plausible mechanism underlying the allergenic poten-

tial of IL-17F. By studying Il17ra–/– mice, we uncovered a patho-

genic loop based on the activation of the IL-17F/IL-17RC

pathway during A. fumigatus-linked allergy and infection; our

data indicate that IL-17RA contributes to protective antifungal

responses while restraining the development of allergic lung

reactivity during infection; in contrast, the IL-17F/IL-17RC axis

comes to predominate in conditions of IL-17RA deficiency and

promotes allergy during A. fumigatus infection. Importantly, we

have shown that exacerbation of lung pathology and allergy pro-

motion in IL-17RA deficiency was not spontaneously developed,

as the IL-17F/IL-17RC axis is induced only upon infection with

specific pathogens. In addition, it can be excluded that gut or

lung dysbiosis contributes to the susceptibility of Il17ra–/– mice

to aspergillosis or ABPA, as naive mice do not display any spon-

taneous type 2 inflammation, different from atopic dermatitis as
Figure 5. The IL-17F/IL-17RC Pathway Was Functional in IL-17RA Defi

(A) IL-17RC expression (stained brown) was evaluated in whole-lung tissue sec

immunohistochemistry. Red arrows indicate lung IL-17RC+ cells, quantified by ind

using bright field microscopy at 403 microscopic magnification, and the number

mice per group) by an observer blinded to the treatment groups. Cell nuclei were c

insert).

(B and C) Expression of Il17rc gene (RT-PCR) in lung infected at 3 and 7 dpi (B) a

A. fumigatus conidia (1:1, cells/fungi) or P. aeruginosa (1:100, cells/bacteria) for 8

(D) Expression of Cxcl2 gene (RT-PCR) in murine lung epithelial cells stimulated w

cells/bacteria) for 8 hr at 37�C.
(E) Phospho(p)NF-kB protein expression in murine lung epithelial cells stimulated

against the corresponding b-actin.

(F) Activation of distinct intracellular kinases in murine lung epithelial cells from na

exposed to 100 ng/ml IL-17F for 15 min and pretreated with specific siRNA for T

(G and H) ELISA of IL-33 (G) and expression of Il17rc gene (H) (RT-PCR) under e

(I) Expression of Cepbb and Cepbd genes (RT-PCR) in murine lung epithelial cel

pretreated with specific siRNA for Il17rc or scrambled siRNA.

(J) WT and Il17ra–/– asthmatic mice were treated with murine recombinant IL-17F

lung cells.

(K and L) Expression of A20 (K) and Il33 (L) genes (RT-PCR) in murine lung epithe

and/or IL-17F for 8 hr at 37�C.
Data pooled from three independent experiments (n = 6mice per group); mean ± S

ANOVA, Bonferroni post hoc test.
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shown in double-deficient filaggrin/Il17ra–/– mice or in acute

versus graft disease (Floudas et al., 2017; Varelias et al., 2017).

We also observed pathogen-specific patterns of IL-17F/

IL-17RC axis expression in the upper airways; Aspergillus and

Pseudomonas in conditions of IL-17RA deficiency induced the

simultaneous expression of IL-17RC and IL-17F, the latter

apparently reinforcing IL-17RC expression, a finding highlighting

the important contribution of pathogens to the generation of a

positive loop amplifying the allergic response during microbial

colonization and/or infection. It seems that the relative expres-

sion levels of IL-17RA and IL-17RC are key determinants of the

function and overall biological activity of these cytokines in the

lung: complete loss of Il17f resulted here in greater resistance

to A. fumigatus infection and ABPA; likewise, silencing of

IL-17RC reduced the immunopathology present in IL-17RA defi-

ciency. These data support previous findings showing that

IL-17F-deficient mice are highly resistant to acute allergic inflam-

mation upon intranasal challenge of fungal proteinases derived

from A. oryzae (Cheung et al., 2008). Therefore, hyperactivity of

the IL-17F/IL-17RC axis can mediate allergic asthmatic disease

when disruption of Il17ra deficiency also occurs, consistent with

the increased susceptibility to fungal and bacterial infections

seen in conditions of human genetic deficiency in either

IL-17RA or IL-17F (Huppler et al., 2012).

It is known that IL-17RA acts as a common receptor subunit

for multiple members of the IL-17 family (Ho and Gaffen, 2010),

while IL-17RC recognizes only IL-17A and IL-7F (Toy et al.,

2006); however, there have not been any studies on IL-17RC

signaling in the absence of IL-17RA. Using Il17ra–/– mice, we pro-

vide evidence for biologically relevant IL-17RA-indepedent

signaling through IL-17RC on lung epithelial cells in response

to IL-17F. In our model, in infected Il17ra–/– mice, IL-17RC

signaling may be due to the homodimerization of the remaining

IL-17R subunit (IL-17RC), which may occur because of the

increased expression of the IL-17RC subunit upon infection as

well as of its ligand IL-17F. We also highlighted the potential
ciency

tions from WT and Il17ra–/– mice bearing Aspergillus infection at 3 dpi using

ividual counting at BX51microscope (Olympus). Briefly, images were captured

of lung IL-17RC+ cells was measured in each section (n = 6 sections from ten

ounterstained with hematoxylin. (The scale bar represents 100 mmor 12.5 mm in

nd murine lung epithelial cells, isolated from Il17ra–/– mice, stimulated with live

hr at 37�C (C).

ith live A. fumigatus conidia (1:1, cells/fungi), P. aeruginosa, or S. aureus (1:100,

with recombinant IL-17A and/or IL-17F. Expression of pNF-kB was normalized

ive Il17ra–/– mice using the PathScan immune cell signaling antibody array kit,

raf6.

xposure of 100 ng of IL-17F for 8 hr on murine lung epithelial cells.

ls from naive WT and Il17ra–/– mice exposed to 100 ng/ml IL-17F for 8 hr and

and assessed for expression of Cepbb and Cepbd genes (RT-PCR) in murine

lial cells from naive WT and Il17ra–/– mice stimulated with recombinant IL-17A

D. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. One-way and two-way



Figure 6. The IL-17F/IL-17RC Pathway Mediates Allergic Response in ABPA

(A) WT and Il17ra–/– asthmatic mice were given Il17rc siRNA or scrambled siRNA intranasally 1 day before and 1 and 3 days after the infection and assessed for

fungal growth (log CFU).

(B) Lung histology (Alcian blue; the scale bar represents 1 mm or 100 mm).

(C) BAL morphometry expressed as percentages of MNC, neutrophils, and EO.

(D) Expression of Il17f and Muc5a genes (RT-PCR) in the lung.

(E) IgE levels and cytokines production (ELISA) in lung homogenates.

(F) Expression of Il17rc gene (RT-PCR) in the lung.

Assays were done at 5 dpi. Data pooled from three independent experiments (n = 3 mice per group); mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001. Two-way

ANOVA, Bonferroni post hoc test.
significance of compartmentalized expression of IL-17R sub-

units in the airways, finding indications that the IL-17F/IL-17RC

axis is more active in the upper airways rather than the lower.

This may also partly explain the relative pathogen specificity of

IL-17F/IL-17RC expression; it is plausibly adaptive that the

IL-17F/IL-17RC pathway was both more highly induced and

overtly protective against S. aureus, an upper respiratory tract

pathogen, while the IL-17A/IL-17RA pathway was both more

stimulated by, and required for protection from, Aspergillus dis-

eases of the lower airways. It will be interesting in future studies

to understand whether the same pattern is generalized to other

pathogens of specific regions of the airways and indeed to other

mucosal sites. In addition, the discovery of a pathogenic loop in
conditions of IL-17RA disruptionmay eventually pave theway for

therapeutic strategies based on the use of neutralizing anti-

bodies. Interestingly, the most direct evidence for a role in

Th17 immunity in human fungal infections comes from cases of

IL-17RA or IL-17RC mutations (Ling et al., 2015; Puel et al.,

2011).

Moreover, hyperexpression of Il-17f gene in the airway of mice

has been demonstrated to increase airway neutrophilia, airway

hyperreactivity, and mucus hypersecretion (Kawaguchi et al.,

2009). Therefore, the use of antibodies against IL-17RC or

IL-17F may have important therapeutic implications in asthma.

Importantly, targeting IL-17 is an effective therapy for several

specific conditions, although the clinical use revealed different
Cell Reports 20, 1667–1680, August 15, 2017 1677



essential aspects of Th17 to be considered in therapy. Indeed,

clinical trial using antibodies targeting IL-17RA (brodalumab

[anti-IL-17RA]) in Crohn’s disease were terminated early

because of exacerbation of the disease in the treatment group

(Targan et al., 2016). Also, in the context of persistent asthma,

it has been demonstrated a failure in the treatment of patient

with brodalumab (Busse et al., 2013). In this regard, our study

highlights an important aspect of IL-17R biology, which may

eventually explain the failure of targeted therapy following

neutralization of IL-17RA proteins. Definitively, neutralization of

IL-17RA may have a strong impact on IL-17RC signaling

dysregulation.

In conclusion, IL-17F/IL-17RC axis dysregulation predispos-

ing to allergic inflammation, as highlighted here, would argue

against these therapeutics in the context of asthma, while anti-

bodies neutralizing IL-17F may represent a better option in the

future.

EXPERIMENTAL PROCEDURES

Animals

Female C57BL/6 8- to 10-week-old mice were purchased from Charles River.

Homozygous female 8- to 10-week-old Il17ra–/–, Il17a–/–, and Il17f–/– mice on a

C57BL/6 background were bred under specific pathogen-free conditions in

the animal facility at the University of Perugia. The animal studies described

here were performed in accordance with the Italian Approved Animal Welfare

Authorization 360/2015-PR and Legislative Decree #26/2014, which provided

ad hoc clearance by the Italian Ministry of Health over a 5-year period (2015–

2020). Animals were assessed twice daily for physical conditions and

behavior. Animals ranked as moribund were humanely euthanized by CO2

asphyxiation.

siRNA Design and Delivery

The Integrated DNA Technologies pool duplexes of predesigned siRNA

IL-17RC (MMC.RNAI.N134159.12.1) were purchased from Integrated DNA

Technologies (IDT, TEMA Ricerca) and siRNA against TRAF6 from Eurofins.

For in vivo studies, each mouse was lightly anesthetized by inhaled ether,

then given unmodified siRNA (10 mg/kg), or equivalent doses of nonspecific

control siRNA duplex, intranasally in a volume of 20 ml of duplex buffer (IDT,

TEMA Ricerca). This procedure was repeated four times 1 day before the

infection and on days 1, 3, and 5 after infection in the infection model; in

ABPA 1 day before the infection and on days 1 and 3. For in vitro studies,

specific predesigned siRNA targeting TRAF6 was transfected into murine

lung epithelial cells using Lipofectamine 2000 (Invitrogen) before incubation

for 24 hr at 37�C in 5% CO2. The efficiency of gene silencing was assessed

by RT-PCR at 48 hr after the last siRNA injection in total lung cells, for

in vitro studies after 24 hr of culture.

Cell Signaling Array

Murine lung epithelial cells were exposed to 100 ng/ml of IL-17F for 15min. The

detection of 18 well-characterized signaling molecules when phosphorylated

or cleaved was performed using the PathScan Intracellular Signaling Array

Kit (Chemiluminescent Readout; Cell Signaling): cell lysate was incubated on

the slide followed by application of a biotinylated detection antibody cocktail;

streptavidin-conjugated HRP and LumiGLO reagent were then used to visu-

alize the bound detection antibody by chemiluminescence. Images of the

slides were captured with either a digital imaging system using ChemiDoc

XRS, or the Bio-Rad imaging system (Bio-Rad) and quantification achieved

by densitometry image analysis using Image Lab 3.1.1 software (Bio-Rad).

Statistical Analysis

Data are expressed as mean ± SD. Horizontal bars in figures indicate means.

Statistical significance was calculated using one- or two-way ANOVA (Bonfer-

roni post hoc test) for multiple comparisons and using a two-tailed Student’s
1678 Cell Reports 20, 1667–1680, August 15, 2017
t test for single comparison. The data reported either are from one representa-

tive experiment out of three to five independent experiments (western blotting)

or are pooled from three to five experiments. The in vivo groups consisted of

three to six mice per group. Statistical analysis was performed with Prism

6 software (GraphPad Software).
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