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Abstract

Background: The interleukin 17 receptor E (IL-17RE) is specific for the epithelial cytokine interleukin-17C (IL-17C).
Asthma exacerbations are frequently caused by viral infections. Polyinosinic:polycytidylic acid (pIC) mimics viral
infections through binding to pattern recognition receptors (e.g. TLR-3). We and others have shown that pIC
induces the expression of IL-17C in airway epithelial cells. Using different mouse models, we aimed to investigate
the function of IL-17RE in the development of experimental allergic asthma and acute exacerbation thereof.

Methods: Wild-type (WT) and IL-17RE deficient (Il-17re−/−) mice were sensitized and challenged with OVA to induce
allergic airway inflammation. pIC or PBS were applied intranasally when allergic airway inflammation had been
established. Pulmonary expression of inflammatory mediators, numbers of inflammatory cells, and airway
hyperresponsiveness (AHR) were analyzed.

Results: Ablation of IL-17RE did not affect the development of OVA-induced allergic airway inflammation and AHR.
pIC induced inflammation independent of IL-17RE in the absence of allergic airway inflammation. Treatment of
mice with pIC exacerbated pulmonary inflammation in sensitized and OVA-challenged mice in an IL-17RE-
dependent manner. The pIC-induced expression of cytokines (e.g. keratinocyte-derived chemokine (KC),
granulocyte-colony stimulating factor (G-CSF)) and recruitment of neutrophils were decreased in Il-17re−/− mice.
pIC-exacerbated AHR was partially decreased in Il-17re−/− mice.

Conclusions: Our results indicate that IL-17RE mediates virus-triggered exacerbations but does not have a function
in the development of allergic lung disease.

Background
Asthma exacerbations cause considerable morbidity and
are frequently associated with rhinovirus and respiratory
syncytial virus infections [1, 2]. The two-hit hypothesis
states that viral infections represent a second hit trigger-
ing acute asthma exacerbation in patients suffering from
already established allergic lung inflammation as a first
hit [3]. There is evidence that viral RNAs cause

exacerbation-associated inflammation and that dsRNA
motifs (e.g. polyinosinic:polycytidylic acid (pIC)) trigger
exacerbation similar to rhinovirus infections in models
of experimental asthma [4–6].
The IL-17 receptor family consists of five receptor

subtypes (IL-17RA to IL-RE), which interact with differ-
ent members of the IL-17 cytokine family (Il-17A to F)
[7, 8]. IL-17C is suggested to signal through a complex
of IL-17RE and IL-17RA, whereas IL-17RA is also form-
ing a heterodimeric receptor complex with IL-17RC for
IL-17A signaling [8]. IL-17RE is primarily expressed by
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epithelial cells and lymphocytes, such a Th17 cells,
whereas IL-17RA is ubiquitously expressed [9–13].
There is a functional overlap between IL-17A and IL-

17C. Both cytokines mediate the expression of cytokines,
chemokines, and antimicrobial peptides [8]. However,
IL-17A is expressed by immune cells (e.g. Th17 cells, tis-
sue resident T cells), whereas IL-17C is mainly of epithe-
lial origin [8, 9, 12–14]. In vitro and in vivo studies
showed that the expression of IL-17C in airway epithelial
cells is induced by lung pathogens including rhinoviruses
and that IL-17C promotes the recruitment of neutro-
phils into the lung [12–22].
Studies suggest a function for IL-17A and IL-17RA

in the development of allergic inflammation of the
lung and airway hyper-responsiveness (AHR) [5, 23–
26]. It has been demonstrated that IL-17A promotes
contractile force generation of airway smooth muscle
through IL-17RA [23, 24]. Because of the functional
overlap between IL-17A and IL-17C and the corre-
sponding receptor complexes IL-17RA/IL-17RC and
IL-17RA/IL-17RE, we examined the function of IL-
17RE in mouse models of OVA-induced experimental
asthma and acute exacerbation thereof. We provide
evidence that IL-17RE does not have a function in
the development of allergic airway inflammation and
AHR. However, our data indicate that IL-17RE con-
tributes to pIC-triggered exacerbation once allergic
airway inflammation has been established.

Material and methods
Mice
IL-17RE-deficient (Il-17re−/−) C57BL/6 mice were ini-
tially obtained from Mutant Mouse Resource and Re-
search Center (MMRRC, USA). Female mice Il-17re−/−

mice and their wild-type (WT) littermates were used at
the age of 9–11 weeks. Breeding of animals and all ani-
mal experiments were approved by the Landesamt für
Soziales, Gesundheit und Verbraucherschutz of the State
of Saarland and by the animal ethics committee from
the Department of State, Kiel, Germany. All experiments
were done under consideration of the national guidelines
for animal treatment.

Experimental protocol
WT and Il-17re−/− mice were sensitized by i.p. injection
with aluminum-hydroxide-adsorbed OVA (2 mg
aluminum hydroxide (ThermoFisher, Waltham, USA)
with 20 μg ovalbumin (Sigma-Aldrich, St. Louis, USA))
on days 1, 14, and 21. To induce acute allergic airway
inflammation mice were exposed three times to an
OVA aerosol (1% OVA in PBS) on days 26, 27, and 28.
Control mice received PBS (i.p.) and were challenged
with OVA aerosol. Mice were treated with pIC as de-
scribed previously [5]. In brief, mice were anaesthetized

by i.p. injection of ketamine (105 mg/kg body weight,
Bayer, Leverkusen, Germany) and xyalizine (7 mg/kg
body weight, Serumwerk Bernburg AG, Bernburg,
Germany) 2 h after the final OVA challenge. 100 μg pIC
(Sigma-Aldrich, St. Louis, USA) dissolved in 20 μl sterile
PBS or 20 μl PBS without pIC were administrated
intranasally.

Bronchoalveolar lavage and cytokine measurements
Bronchoalveolar lavage (BAL) fluids were collected 24
h after the final OVA challenge as described before
[18, 21]. In brief, mice were euthanized, the tracheae
were cannulated and BAL was performed with 1 ml of
PBS flushed three times into the lungs. Numbers of
immune cells were counted by using a
hemocytometer (Innovatis AG, Reutlingen, Germany).
Leukocytes were differentiated by DiffQuick Staining
(Medion Diagnostics, Miami, FL, USA) on cytospin
preparations. Lavaged lungs were homogenated in 1
ml PBS. BAL fluids and lung homogenates were cen-
trifuged and the supernatants were kept at − 80 °C.
Cytokines were measured by ELISA (R&D, Minneap-
olis, MN, USA).

Quantitative RT-PCR
RNA was isolated from lung tissue with Trizol Re-
agent (Life Technologies, USA) 4 h after treatment
with pIC or PBS according to the manufacturer’s
protocol. 2 μg of total RNA was used for the synthesis
of cDNA and real-time PCR were performed as de-
scribed before [17, 18, 27, 28].

Lung histology
Immunohistochemical staining was done as described
before [17, 21]. In brief, lungs were fixed by instillation
of 4% formalin buffered in PBS under a constant hydro-
static pressure (30 cm H2O for 15min), embedded in 1%
agarose, cut into slices of exactly the same thickness,
and embedded in paraffin. Samples were permeabilized
with 0.5% Tween-20. Following primary antibodies were
used: CD4 (ab183685, 1/100; Abcam, Cambridge, UK)
and Ly6B (MCA771GA, 1/150; Bio-Rad, Munich,
Germany). HRP-conjugated secondary antibodies (Histo-
fine Simple Stain, Nichirei Biosciences Inc. Japan) were
used. Randomly selected fields were evaluated for posi-
tive cells blinded to the investigator using the Visio-
pharm Integrator System (Visiopharm, Hoersholm,
Denmark) on an Olympus BX51 microscope.

Lung function
Airway reactivity was assessed by methacholine (MCh,
acetyl-b-methylcholine chloride; Sigma-Aldrich, St.
Louis, MO, USA) provocation and recorded using inva-
sive lung function assessment (FinePointe RC units; Data
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Sciences International, New Brighton, MN, USA) as de-
scribed before [5]. Mice were anesthetized with ketamine
(90 mg/kg body weight; cp-pharma, Burgdorf, Germany)
and xylazine (10 mg/kg; cp-pharma), cannulated, and
mechanically ventilated with 150 ml/breath. Mice were
provoked with increasing concentrations of MCh aero-
sols as indicated. Each aerosol provocation lasted for 30
s and was followed by 270s incubation time.

Statistical analysis
Comparisons were tested with two-way ANOVA (Tukey
post-test) using the software Prism (GraphPad Software,
San Diego, CA). The results were considered statistically
significant for P < 0.05.

Results
pIC induces lung inflammation in the absence of
experimental allergic asthma independent of IL-17RE
First, we studied the function of IL-17RE in pIC-induced
lung inflammation. Therefore, we intranasally treated
WT and Il-17re−/− mice with pIC or PBS as control. Ad-
ministration of pIC resulted in significantly increased
numbers of total cells in BAL fluids independent of IL-
17RE (Fig. 1a). Differential cell counting showed no
significant difference in the numbers of macrophages,
neutrophils, and lymphocytes between WT and Il-
17re−/− mice 24 h after pIC challenge (Fig. 1b-d). More-
over, treatment with pIC resulted in significantly in-
creased concentrations of KC and G-CSF in lungs of
both, WT and Il-17re−/− mice (Fig. 1e and f).

IL-17RE mediates pIC-induced lung inflammation
Recent studies indicate a function for IL-17A/F and
the IL-17 receptors IL-17RA and IL-17RC in models
of experimental asthma [5, 24, 29]. As the function of
IL-17RE in the development of allergic airway inflam-
mation is unknown we subjected WT mice and Il-
17re−/− littermates to a well-established mouse model
of experimental allergic asthma [5, 30, 31]. In order
to mimic viral infection, we applied pIC intranasally
2 h after the final OVA challenge and, thus, at a time
point when allergic lung inflammation had already
been established and analyzed the animals 22 h later
(Fig. 2a).
IL-17RE deficiency did not impact OVA-induced aller-

gic airway inflammation. There was no significant differ-
ence in the amounts of the measured pulmonary
cytokines and chemokines (Figs. 2 and 3) and numbers
of immune cells (Fig. 4) between PBS-treated asthmatic
WT and Il-17re−/− mice. However, treatment with pIC
resulted in significantly increased pulmonary concentra-
tions of the chemokines KC, MIP-2, G-CSF, and CCL5
and the cytokines IL-5 and IL-13 in WT mice compared
to pIC-treated Il-17re−/− mice and PBS-treated control

mice (Fig. 2b-h). Moreover, administration of pIC did
not result in significantly increased pulmonary concen-
trations of all measured cytokines in Il-17re−/− mice
compared to Il-17re−/− control mice (Fig. 2b-j). We fur-
ther determined the lung tissue expression of cytokines
via semi-quantitative RT-PCR 4 h after treatment with
pIC (Fig. 3a-d). pIC-induced a significantly increased ex-
pression of IL-17C, KC, and MIP-2 in WT mice, but not
in Il-17re−/− mice. The relative expression of IL-17RE
was not affected by pIC and IL-17RE was not detectable
in Il-17re−/− mice verifying the expected result (Fig. 3e).

Fig. 1 IL-17RE does not mediate pIC-induced lung inflammation in
the absence of experimental allergic asthma. WT and Il-17re−/− mice
were intranasally challenged with 100 μg pIC or PBS as control and
analyzed after 24 h. Numbers of total cells (a), macrophages (b),
neutrophils (c), and lymphocytes (d) were determined in BAL fluids.
Concentrations of KC (e) and G-CSF (f) were measured in lung
tissue. Data were compared by Two-way ANOVA with Tukey’s post-
test and are shown as the mean ± SEM. *p < 0.05, **p < 0.01,
and ***p < 0.001
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Treatment with pIC resulted in significantly in-
creased numbers of neutrophils in BAL fluids only in
WT mice, whereas numbers of eosinophils were sig-
nificantly reduced in WT and Il-17re−/− mice (Fig.
4a). We further analyzed the expression of Ly6B, a
marker for neutrophils and inflammatory monocytes
[32], in lungs of asthmatic mice not subjected to BAL
by immunohistochemistry (IHC). Treatment with pIC
resulted in significantly increased numbers of Ly6B+

cells in WT mice compared to pIC-treated Il-17re−/−

mice and PBS-treated control mice (Fig. 4b). IHC fur-
ther showed that treatment with pIC resulted in

slightly, but not significantly increased numbers of
CD4+ in WT mice (Fig. 4c).

IL-17RE contributes to airway hyperresponsiveness
We further examined the role of IL-17RE in AHR devel-
opment using MCh-provocation tested 22 h after treat-
ment with pIC. There was no significant difference in
the AHR between asthmatic WT and Il-17re−/− mice
(Fig. 5). Treatment with pIC resulted in an exacerbated
AHR in WT mice and to a lesser degree in Il-17re−/−

mice. The airway resistance was significantly increased
in response to 50 and 100 mg/ml MCh in WT mice,

Fig. 2 pIC-exacerbated lung inflammation depends on IL-17RE. OVA-sensitized and challenged WT and Il-17re−/− mice were intranasally treated
with 100 μg pIC or PBS as control. a Schema of the experimental protocol to study pIC-exacerbated OVA-induced allergic lung inflammation.
Mice were treated with pIC or PBS as control 2 h after the final OVA challenge. BAL fluid concentrations of KC (b) and lung tissue concentrations
of KC (c), MIP-2 (d), G-CSF (e), CCL5 (f), IL-5 (g), IL-13 (h), TNF-α (i), and IL-6 (j) were measured 22 h after treatment with pIC or PBS. Data were
compared by Two-way ANOVA with Tukey’s post-test and are shown as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001
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whereas, in Il-17re−/− mice, the pIC-induced increase in
AHR reached statistical significance only at a concentra-
tion of 50 mg/ml methacholine compared to asthmatic
control mice. However, the difference in the AHR did
not reach statistical significance between pIC-treated
WT and Il-17re−/− mice after pIC treatment.

Discussion
In this study, we examined the function of the IL-17 re-
ceptor IL-17RE in pIC-triggered exacerbation of experi-
mental asthma. The main findings are: (1) IL-17RE is

not required for the development of OVA-induced lung
inflammation and AHR; (2) IL-17RE does not mediate
pIC-induced pulmonary inflammation in the absence of
allergic inflammation; (3) IL-17RE promotes pIC-
triggered inflammation once allergic airway inflamma-
tion has established.
Preclinical studies showed that IL-17A and IL-

17RA mediate the development of allergic inflamma-
tion of the airways and AHR through the recruit-
ment of inflammatory cells and the induction of
smooth muscle contraction (22–25). As it has been
shown that IL-17A and IL-17C both require IL-
17RA for the induction of inflammatory mediators in
target cells and IL-17C promotes Th17 cell re-
sponses [11, 33, 34] we hypothesized that the spe-
cific IL-17C receptor IL-17RE has a function in
OVA-induced experimental asthma. However, we did
not detect any significant difference in the amounts
of pulmonary cytokines, numbers of pulmonary
immune cells, and AHR between WT mice and Il-
17re−/− littermates in the presence or absence of al-
lergic lung inflammation. Therefore, our data do not
indicate that IL-17RE has a role in the development
of OVA-induced allergic lung inflammation and
AHR. This finding can be explained by the relatively
low expression of the IL-17RE ligand IL-17C in the
absence of additional stimuli, such as ligands for
pattern recognition receptors, the suppressive effect
of Th2 cytokines on IL-17C expression, and a pos-
sible lack of IL-17RE expression in airway smooth
muscles [12, 16, 35].
As intranasal inoculation with pIC mimics viral infec-

tions we studied the function of IL-17RE in pIC-
triggered lung inflammation [4–6]. In our experimental
setup, intranasal application of pIC resulted in a moder-
ate lung inflammation, which was slightly, but not sig-
nificantly decreased in Il-17re−/− mice. However, once
allergic inflammation had been established, pIC-
triggered lung inflammation in an IL-17RE-depended
manner. Pulmonary concentrations of inflammatory cy-
tokines, numbers of neutrophils in BAL fluids, and num-
bers of Ly6B+ in the lung parenchyma were decreased in
Il-17re−/− mice. Thus, IL-17RE promotes inflammation
in an already diseased lung.
There is evidence that IL-17RE meditates T cell activa-

tion, including the expression of effector cytokines (e.g.
IL-17A) [11, 33, 36]. It has been shown that IL-17RE is
highly expressed in Th17 cells and that the IL-17C/IL-
17RE-axis enhances the expression of cytokine by ef-
fector Th17 cells in a in a model of autoimmune disease
[11]. IL-17RE is also highly expressed by liver resident
CD4+ T cells and natural killer T cells and augments T
cell function in autoimmune hepatitis together with IL-
17C [37]. Deficiency of IL-17RE also provided protection

Fig. 3 IL-17RE regulates the pIC-induced expression of cytokines in
asthmatic mice. Asthmatic WT and Il-17re−/− mice were intranasally
treated with 100 μg pIC or PBS as control 2 h after the final OVA
challenge and analyzed after 4 h. The lung tissue mRNA expression
of IL-17C (a), KC (b), MIP-2 (c), G-CSF (d), and IL-17RE (e) were
measure by semi-quantitative RT-PCR. Data were compared by Two-
way ANOVA with Tukey’s post-test and are shown as the mean ±
SEM. *p < 0.05 and **p < 0.01
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in a model of crescentic nephrotoxic nephritis, which
was associated with a reduced Th17 response [33]. Thus,
increased expression of inflammatory mediators by
CD4+ and natural killer T cells already present in asth-
matic mice could be a mechanism by which IL-17RE in-
creases pulmonary inflammation in pIC-treated mice.
Ablation of IL-17RE resulted in a partial reduction of

AHR in pIC-treated mice. It has been shown that

neutrophil depletion partially decreases AHR in experi-
mental asthma [23]. In addition, Toussaint et al. showed
that DNA released by neutrophils promotes rhinovirus-
induced type-2 allergic asthma exacerbation [38]. Thus,
in our experimental setup, pulmonary neutrophils may
affect MCh-induced AHR, whereas IL-17RE does not
seem to have a direct function in the induction of
smooth muscle contraction.

Fig. 4 IL-17RE deficiency affects numbers of inflammatory cells in lung tissue. Asthmatic WT and Il-17re−/− mice were intranasally treated with
100 μg pIC or PBS as control 2 h after the final OVA challenge and analyzed after 22 h. a Numbers of immune cells in BAL fluids. b Representative
IHC of Ly6B (b) and CD4 (c) and quantification of Ly6B+ and CD4+ cells. Data were compared by Two-way ANOVA with Tukey’s post-test and are
shown as the mean ± SEM. *p < 0.05 and **p < 0.01
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Conclusion
In summary, our findings suggest that IL-17RE does not
have a function in the development of allergic lung dis-
ease. However, once allergic inflammation has been
established, IL-17RE mediates virus-triggered lung
inflammation.

Abbreviations
TLR: Toll-Like Receptor; pIC: polyinosinic:polycytidylic acid; IL-17RE: Interleukin
17 receptor E; IL-17C: Interleukin-17C; WT: Wild-type; AHR: Airway
hyperresponsiveness; KC: Keratinocyte-derived chemokine; G-
CSF: Granulocyte-colony stimulating factor; ds: double-stranded;
MCh: Methacholine; OVA: Ovalbumin

Acknowledgements
The authors thank Andreas Kamyschnikow for excellent technical support.

Authors’ contributions
G.V., L.L., M.W., C.B: designed the study, involved in conducting experiments,
analyzed data, wrote the manuscript. A.H.: involved in conducting
experiments. C.H., F.R.: involved in conducting experiments, wrote the
manuscript. R.B.: designed the study, analyzed data, wrote the manuscript.
The author(s) read and approved the final manuscript.

Funding
The study was supported by grants from the Saarland University to Robert
Bals and Christoph Beisswenger.

Availability of data and materials
The datasets generated and analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Breeding of animals and all animal experiments were approved by the
Landesamt für Soziales, Gesundheit und Verbraucherschutz of the State of
Saarland and by the animal ethics committee from the Department of State,
Kiel, Germany.

Competing interests
None of the authors have a financial relationship with a commercial entity
that has an interest in the subject of this manuscript. Robert Bals is the
Editor-in-Chief of Respiratory Research starting from Feb 1st 2020.

Author details
1Department of Internal Medicine V – Pulmonology, Allergology and Critical
Care Medicine, Saarland University, D-66421 Homburg, Germany. 2Division of
Asthma Exacerbation & Regulation, Priority Area Asthma and Allergy, Leibniz
Lung Center Borstel, Airway Research Center North (ARCN), Member of the
German Center for Lung Research (DZL), Borstel, Germany.

Received: 8 April 2020 Accepted: 23 June 2020

References
1. Jartti T, Gern JE. Role of viral infections in the development and

exacerbation of asthma in children. J Allergy Clin Immunol. 2017;140:895–
906.

2. Ritchie AI, Farne HA, Singanayagam A, Jackson DJ, Mallia P, Johnston SL.
Pathogenesis of viral infection in exacerbations of airway disease. Ann Am
Thorac Soc. 2015;12(Suppl 2):S115–32.

3. Pavord ID, Birring SS, Berry M, Green RH, Brightling CE, Wardlaw AJ. Multiple
inflammatory hits and the pathogenesis of severe airway disease. Eur Respir
J. 2006;27:884–8.

4. Torres D, Dieudonne A, Ryffel B, Vilain E, Si-Tahar M, Pichavant M, Lassalle P,
Trottein F, Gosset P. Double-stranded RNA exacerbates pulmonary allergic
reaction through TLR3: implication of airway epithelium and dendritic cells.
J Immunol. 2010;185:451–9.

5. Lunding LP, Webering S, Vock C, Behrends J, Wagner C, Holscher C,
Fehrenbach H, Wegmann M. Poly (inosinic-cytidylic) acid-triggered
exacerbation of experimental asthma depends on IL-17A produced by NK
cells. J Immunol. 2015;194:5615–25.

6. Mahmutovic-Persson I, Akbarshahi H, Bartlett NW, Glanville N, Johnston SL,
Brandelius A, Uller L. Inhaled dsRNA and rhinovirus evoke neutrophilic
exacerbation and lung expression of thymic stromal lymphopoietin in
allergic mice with established experimental asthma. Allergy. 2014;69:348–58.

7. Gaffen SL. Structure and signalling in the IL-17 receptor family. Nat Rev
Immunol. 2009;9:556–67.

8. Monin L, Gaffen SL. Interleukin 17 family cytokines: signaling mechanisms,
biological activities, and therapeutic implications. Infect Immun. 2019;
87(11):e00329–19. Prepublished online 2019 Sep 3. Published online 2019
Oct 18. https://doi.org/10.1128/IAI.00329-19.

9. Ramirez-Carrozzi V, Sambandam A, Luis E, Lin Z, Jeet S, Lesch J, Hackney J,
Kim J, Zhou M, Lai J, et al. IL-17C regulates the innate immune function of
epithelial cells in an autocrine manner. Nat Immunol. 2011;12:1159–66.

10. Song X, Zhu S, Shi P, Liu Y, Shi Y, Levin SD, Qian Y. IL-17RE is the functional
receptor for IL-17C and mediates mucosal immunity to infection with
intestinal pathogens. Nat Immunol. 2011;12:1151–8.

11. Chang SH, Reynolds JM, Pappu BP, Chen G, Martinez GJ, Dong C.
Interleukin-17C promotes Th17 cell responses and autoimmune disease via
interleukin-17 receptor E. Immunity. 2011;35:611–21.

12. Pfeifer P, Voss M, Wonnenberg B, Hellberg J, Seiler F, Lepper PM,
Bischoff M, Langer F, Schafers HJ, Menger MD, et al. IL-17C is a
mediator of respiratory epithelial innate immune response. Am J Respir
Cell Mol Biol. 2013;48:415–21.

13. Kusagaya H, Fujisawa T, Yamanaka K, Mori K, Hashimoto D, Enomoto N, Inui
N, Nakamura Y, Wu R, Maekawa M, et al. Toll-like receptor-mediated airway
IL-17C enhances epithelial host defense in an autocrine/paracrine manner.
Am J Respir Cell Mol Biol. 2014;50:30–9.

14. Wolf L, Sapich S, Honecker A, Jungnickel C, Seiler F, Bischoff M,
Wonnenberg B, Herr C, Schneider-Daum N, Lehr CM, et al. IL-17A-mediated
expression of epithelial IL-17C promotes inflammation during acute
Pseudomonas aeruginosa pneumonia. Am J Physiol Lung Cell Mol Physiol.
2016;311:L1015–22.

Fig. 5 IL-17RE deficiency effects methacholine-induced AHR. OVA-
sensitized and challenged WT and Il-17re−/− mice were intranasally
treated with 100 μg pIC or PBS as control 2 h after the final OVA
challenge and analyzed after 22 h. Non-sensitized (PBS) control mice
were treated with PBS. Mice were provoked with increasing
concentrations of methacholine and the airway responsiveness was
measured. Data were compared by Two-way ANOVA with Tukey’s
post-test and are shown as the mean ± SEM. **p < 0.01 indicate a
significant difference compared to corresponding OVA-sensitized
and challenged control mice. n = 6–7 per group

Vella et al. Respiratory Research          (2020) 21:176 Page 7 of 8

https://doi.org/10.1128/IAI.00329-19


15. Jamieson KC, Wiehler S, Michi AN, Proud D. Rhinovirus induces Basolateral
release of IL-17C in highly differentiated airway epithelial cells. Front Cell
Infect Microbiol. 2020;10:103.

16. Jamieson KC, Traves SL, Kooi C, Wiehler S, Dumonceaux CJ, Maciejewski BA,
Arnason JW, Michi AN, Leigh R, Proud D. Rhinovirus and Bacteria
synergistically induce IL-17C release from human airway epithelial cells to
promote neutrophil recruitment. J Immunol. 2019;202:160–70.

17. Ritzmann F, Jungnickel C, Vella G, Kamyschnikow A, Herr C, Li D, Menger
MM, Angenendt A, Hoth M, Lis A, et al. IL-17C-mediated innate
inflammation decreases the response to PD-1 blockade in a model of Kras-
driven lung cancer. Sci Rep. 2019;9:10353.

18. Steck P, Ritzmann F, Honecker A, Vella G, Herr C, Gaupp R, Bischoff M, Speer
T, Tschernig T, Bals R, Beisswenger C. Interleukin 17 receptor E (IL-17RE) and
IL-17C mediate the recruitment of neutrophils during acute Streptococcus
pneumoniae pneumonia.Cold Spring Harb Perspect Biol. 2018; 10(4):
a028522. https://doi.org/10.1101/cshperspect.a028522.

19. Jeon YJ, Jo A, Won J, Lee KM, Yoon SS, Choi JY, Kim HJ. Interleukin-17C
protects nasal epithelium from pseudomonas aeruginosa infection. Am J
Respir Cell Mol Biol. 2020 Jan;62(1):95–103. https://doi.org/10.1165/rcmb.
2018-0377OC.

20. Bryche B, Dewaele A, Saint-Albin A, Le Poupon SC, Congar P, Meunier N. IL-
17c is involved in olfactory mucosa responses to poly(I:C) mimicking virus
presence. Brain Behav Immun. 2019;79:274–83.

21. Jungnickel C, Schmidt LH, Bittigkoffer L, Wolf L, Wolf A, Ritzmann F,
Kamyschnikow A, Herr C, Menger MD, Spieker T, et al. IL-17C mediates the
recruitment of tumor-associated neutrophils and lung tumor growth.
Oncogene. 2017;36:4182–90.

22. Hurst SD, Muchamuel T, Gorman DM, Gilbert JM, Clifford T, Kwan S, Menon
S, Seymour B, Jackson C, Kung TT, et al. New IL-17 family members promote
Th1 or Th2 responses in the lung: in vivo function of the novel cytokine IL-
25. J Immunol. 2002;169:443–53.

23. Chesne J, Braza F, Chadeuf G, Mahay G, Cheminant MA, Loy J, Brouard S,
Sauzeau V, Loirand G, Magnan A. Prime role of IL-17A in neutrophilia and
airway smooth muscle contraction in a house dust mite-induced allergic
asthma model. J Allergy Clin Immunol. 2015;135:1643.

24. Kudo M, Melton AC, Chen C, Engler MB, Huang KE, Ren X, Wang Y,
Bernstein X, Li JT, Atabai K, et al. IL-17A produced by alphabeta T cells
drives airway hyper-responsiveness in mice and enhances mouse and
human airway smooth muscle contraction. Nat Med. 2012;18:547–54.

25. Chenuet P, Fauconnier L, Madouri F, Marchiol T, Rouxel N, Ledru A, Mauny
P, Lory R, Uttenhove C, van Snick J, et al. Neutralization of either IL-17A or
IL-17F is sufficient to inhibit house dust mite induced allergic asthma in
mice. Clin Sci (Lond). 2017;131:2533–48.

26. Schnyder-Candrian S, Togbe D, Couillin I, Mercier I, Brombacher F,
Quesniaux V, Fossiez F, Ryffel B, Schnyder B. Interleukin-17 is a negative
regulator of established allergic asthma. J Exp Med. 2006;203:2715–25.

27. Wolf L, Herr C, Niederstrasser J, Beisswenger C, Bals R. Receptor for
advanced glycation endproducts (RAGE) maintains pulmonary structure and
regulates the response to cigarette smoke. PLoS One. 2017;12:e0180092.

28. Yamaguchi S, Nambu A, Numata T, Yoshizaki T, Narushima S, Shimura E,
Hiraishi Y, Arae K, Morita H, Matsumoto K, et al. The roles of IL-17C in
T cell-dependent and -independent inflammatory diseases. Sci Rep.
2018;8:15750.

29. De Luca A, Pariano M, Cellini B, Costantini C, Villella VR, Jose SS, Palmieri M,
Borghi M, Galosi C, Paolicelli G, et al. The IL-17F/IL-17RC Axis promotes
respiratory allergy in the proximal airways. Cell Rep. 2017;20:1667–80.

30. Finotto S, Neurath MF, Glickman JN, Qin S, Lehr HA, Green FH, Ackerman K,
Haley K, Galle PR, Szabo SJ, et al. Development of spontaneous airway
changes consistent with human asthma in mice lacking T-bet. Science.
2002;295:336–8.

31. Beisswenger C, Kandler K, Hess C, Garn H, Felgentreff K, Wegmann M, Renz
H, Vogelmeier C, Bals R. Allergic airway inflammation inhibits pulmonary
antibacterial host defense. J Immunol. 2006;177:1833–7.

32. Lee PY, Wang JX, Parisini E, Dascher CC, Nigrovic PA. Ly6 family proteins in
neutrophil biology. J Leukoc Biol. 2013;94:585–94.

33. Krohn S, Nies JF, Kapffer S, Schmidt T, Riedel JH, Kaffke A, Peters A, Borchers
A, Steinmetz OM, Krebs CF, et al. IL-17C/IL-17 receptor E signaling in CD4(+)
T cells promotes TH17 cell-driven glomerular inflammation. J Am Soc
Nephrol. 2018;29:1210–22.

34. Chen K, Eddens T, Trevejo-Nunez G, Way EE, Elsegeiny W, Ricks DM, Garg
AV, Erb CJ, Bo M, Wang T, et al. IL-17 receptor signaling in the lung

epithelium is required for mucosal chemokine gradients and pulmonary
host defense against K. pneumoniae. Cell Host Microbe. 2016;20:596–605.

35. Yamanaka K, Fujisawa T, Kusagaya H, Mori K, Niwa M, Furuhashi K,
Kono M, Hamada E, Suda T, Maekawa M. IL-13 regulates IL-17C
expression by suppressing NF-kappaB-mediated transcriptional activation
in airway epithelial cells. Biochem Biophys Res Commun. 2018;495:
1534–40.

36. Butcher MJ, Waseem TC, Galkina EV. Smooth muscle cell-derived interleukin-
17C plays an Atherogenic role via the recruitment of Proinflammatory
interleukin-17A+ T cells to the aorta. Arterioscler Thromb Vasc Biol. 2016;36:
1496–506.

37. Huang J, Yuan Q, Zhu H, Yin L, Hong S, Dong Z, Jin W, Dong C. IL-17C/IL-
17RE augments T cell function in autoimmune hepatitis. J Immunol. 2017;
198:669–80.

38. Toussaint M, Jackson DJ, Swieboda D, Guedan A, Tsourouktsoglou TD,
Ching YM, Radermecker C, Makrinioti H, Aniscenko J, Bartlett NW, et al. Host
DNA released by NETosis promotes rhinovirus-induced type-2 allergic
asthma exacerbation. Nat Med. 2017;23:681–91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Vella et al. Respiratory Research          (2020) 21:176 Page 8 of 8

https://doi.org/10.1101/cshperspect.a028522
https://doi.org/10.1165/rcmb.2018-0377OC
https://doi.org/10.1165/rcmb.2018-0377OC

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Material and methods
	Mice
	Experimental protocol
	Bronchoalveolar lavage and cytokine measurements
	Quantitative RT-PCR
	Lung histology
	Lung function
	Statistical analysis

	Results
	pIC induces lung inflammation in the absence of experimental allergic asthma independent of IL-17RE
	IL-17RE mediates pIC-induced lung inflammation
	IL-17RE contributes to airway hyperresponsiveness

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Competing interests
	Author details
	References
	Publisher’s Note

