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Small airway fibrosis is a major pathological feature of chronic
obstructive pulmonary disease (COPD) and is refractory to current
treatments. Chronic inflammatory cells accumulate around small air-
ways in COPD and are thought to play a major role in small airway
fibrosis. Mice deficient in o/ T cells have recently been shown to be
protected from both experimental airway inflammation and fibrosis. In
these models, CD4+Th17 cells and secretion of IL-17A are increased.
However, a pathogenic role for IL-17 in specifically mediating fibrosis
around airways has not been demonstrated. Here a role for IL-17A in
airway fibrosis was demonstrated using mice deficient in the IL-17
receptor A (ill17ra). 1117ra-deficient mice were protected from both
airway inflammation and fibrosis in two different models of airway
fibrosis that employ COPD-relevant stimuli. In these models, CD4+
Th17 are a major source of IL-17A with other expressing cell types
including vd T cells, type 3 innate lymphoid cells, polymorphonuclear
cells, and CD8+ T cells. Antibody neutralization of IL-17RA or
IL-17A confirmed that IL-17A was the relevant pathogenic IL-17
isoform and IL-17RA was the relevant receptor in airway inflamma-
tion and fibrosis. These results demonstrate that the IL-17A/IL-17 RA
axis is crucial to murine airway fibrosis. These findings suggest that
IL-17 might be targeted to prevent the progression of airway fibrosis
in COPD.

fibrosis; inflammation; airway; interleukin-17; cigarette smoke

CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD) is now the
third leading cause of death in the United States (46). Peri-
bronchiolar fibrosis surrounding the small airways contributes
to the obstructive pathophysiology in COPD and is refractory
to currently available therapies (29, 51). Mechanisms of airway
fibrosis in COPD pathogenesis are incompletely understood.
Progress has recently been made in therapeutic development
for idiopathic pulmonary fibrosis (36, 52). This progress has
been facilitated by investigating mechanisms of fibrosis using
preclinical models, largely based on employing bleomycin as a
fibrogenic agent. Similarly, an understanding of mechanisms
specifically driving airway fibrosis using mouse models that
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recapitulate key features of COPD may facilitate therapeutic
development for COPD (4). Specific airway fibrosis models are
needed due to the dramatic differences in pathological features
between airway fibrosis and pulmonary fibrosis, which reflects
their vastly different etiologies and pathophysiology (57, 67).

Cigarette smoke (CS) causes airway inflammation by induc-
ing cellular injury and increasing susceptibility to respiratory
pathogens, in particular viruses (49). CS and viruses together
stimulate similar host danger responses, both leading to inflam-
masome activation and interleukin-1 (IL-13) secretion by im-
mune and airway epithelial cells (20, 34, 37, 43). Inflammation
and fibrosis are inexorably linked, but how individual immune
cell types, airway epithelial cells, and their secretory products
contribute to airway fibrosis remains largely undefined. When
delivered in supraphysiological (jg) quantities as a recombi-
nant protein to the mouse lung, IL-1f3 causes pulmonary
fibrosis (19, 65). When IL-18 is delivered to mouse airways by
an adenoviral vector (Ad-IL-1f), expression is limited to
airway epithelial cells and expression levels are in the physi-
ological range seen in patients with acute exacerbations of
COPD (8). Ad-IL-1B induces fibrosis in mice limited to the
airways and shares similar pathological features to those seen
in COPD patients (37). IL-1 signaling is involved in experi-
mental CS-induced airway fibrosis and inflammation (13, 15).
In mice exposed to CS in combination with a viral mimetic,
polyinosinic:polycytidylic acid (PIC), airway fibrosis with sim-
ilar features as seen in the Ad-IL-13 model occurs (45). In the
of CS+PIC model, IL-1B levels peak at day 15-18 after
exposure, close to the levels seen in the Ad-IL-1f3 model (45).
This suggests that there are shared mechanistic features of
airway fibrosis in the Ad-IL-13 and CS+PIC models. Indeed,
both are dependent on the conversion of the latent to the active
form of TGF-$ (37, 45).

TGF-B1 is a multifunctional cytokine that is widely impli-
cated in both pathological immunity and fibrosis. TGF-§ plays
a complex role in airway disease influencing multiple airway
cell types: mesenchymal cells [(matrix deposition and fibrosis
(5, 6, 37), smooth muscle reactivity (40), cytokine secretion
(10)], airway epithelium [(differentiation (4), senescence (30),
proliferation (16)], and immune cells [(dendritic cell recruit-
ment (37), CD4+ Th17 differentiation (40)]. These proinflam-
matory and profibrotic effects of TGF-3 in airway biology are
integrated into a highly dynamic network that can potentially
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be targeted at multiple levels (48). At the most proximal level,
TGF-B-dependent experimental airway fibrosis might be in-
hibited by inhibiting TGF-$ activation, since TGF- must be
activated to function (48), or by neutralizing TGF-j3 itself (37).
However, global targeting of TGF-f3 has shown evidence of
toxicity in preclinical studies making other methods of target-
ing downstream effectors of TGF-3 function potentially safer
(2, 62).

TGF-B cooperates with other proinflammatory pathways to
increase the recruitment or differentiation of immune cells that
can potentially contribute to airway fibrosis. As one example,
IL-1B and TGF-B conspire to mediate airway fibrosis (10, 37,
38). IL-1B and TGF-B are important in differentiation of
CD4+ Thl7 cells (3, 7). CD4+ Thl7 cells by their secretion
of IL-17A have been shown to mediate a number of patholog-
ical effects that could be indirectly involved in airway fibrosis
including smooth muscle hypercontraction (40) and neutrophil
recruitment (56, 63).

IL-18 and TGF-B together amplify innate and adaptive
immune responses through mechanisms such as increasing the
expression of the chemokine CCL20 from airway fibroblasts
(10). CCL20 is critical for the recruitment and migration of
dendritic cells (DCs), which express the chemokine receptor
for CCL20, CCR6 (24). DCs are required for amplification of
adaptive immune responses (23). A role for DCs and DC-
mediated adaptive T cell immunity in murine airway fibrosis
has recently been demonstrated (23). Using ccr6-deficient
mice, a transgenic diphtheria toxin receptor dendritic cell
ablation strategy, or T cell receptor a-deficient mice, it was
determined that ccr6 expressing DCs and o/f3 T cells are
required for IL-1B3-mediated airway inflammation and fibrosis
(23). The exact o/ T cell subsets involved in airway fibrosis
in COPD remain to be fully elucidated, but in several murine
CS exposure models CD4+ Th17 cells have been shown to be
increased and involved in inflammatory cell recruitment, pos-
sibly through the increased expression of chemokines such as
CCL2 and CCL20 (11, 45). In humans, a number of studies
suggest the importance of CD4+ Th17 cells in COPD patho-
genesis (14, 33, 54, 60). In addition, in CS-exposed mice other
immune cell types might be important sources of IL-17 such as
v& T cells (9), polymorphonuclear cells (PMNs) (64), natural
killer (NK) cells (55), CD8+ T cells (41), and type 3 innate
lymphoid cells (ILC3) (35). While a role of IL-17 in COPD-
related inflammation has been established both in humans (44)
and in mice, the contribution of IL-17A in mediating airway
fibrosis in response to COPD-relevant stimuli has yet to be
elucidated.

As a first step in understanding the relevance of adaptive
CD4+ Th17 cells in airway fibrosis, we elucidate the role that
IL-17A plays in fibrotic airway pathology studying mice
treated with COPD-relevant stimuli. We use two well-charac-
terized airway disease systems that have airway fibrosis as a
component either utilizing upper airway exposure to an adeno-
viral-IL-13 vector, which causes secretion of IL-1{ by airway
epithelial cells at levels similar as seen in hospitalized patients
with COPD exacerbations (21, 37) or CS in combination with
a viral mimetic, PIC (45). We report that IL-17A and its
receptor IL-17RA play an essential role in mediating fibrosis in
both of these murine airway fibrosis models.
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MATERIALS AND METHODS

Mice. All mice were bred and housed in specific pathogen—free
housing under an IRB-approved protocol (IACUC AN098258) and in
accordance with the guidelines of the Laboratory Animal Resource
Center of the University of California, San Francisco (San Francisco,
CA). ill7ra=”~ on a C57BL/6 background and C57BL/6 wild-type
(WT) mice were obtained from Amgen (Thousand Oaks, CA) or the
Jackson Laboratory (Bar Harbor, ME), respectively.

Antibodies and dosing. Anti-mouse IL-17 Receptor A (IL-17RA)
antibody (M751), anti-mouse IL-17A antibody (M210), and murine
IgG1 control (4D2) were obtained from Amgen. Antibodies were
formulated in PBS and administered intraperitoneally (IP) (250 pg/
mouse in 200 wl).

Recombinant adenovirus. The recombinant E1-E3 deleted type 5
adenovirus, either empty (Ad-C) or expressing human active IL-13
(Ad-IL-1pB), has been described in detail elsewhere (38). The replica-
tion-deficient virus was commercially amplified and purified by ce-
sium chloride gradient centrifugation and PD-10 Sephadex chroma-
tography, plaque titered on 293 cells, and checked for WT contami-
nation (ViraQuest, North Liberty, IA).

Intratracheal injections and antibody dosing protocol. Mice were
anesthetized with IP injection of Avertin (250 mg/kg IP). Then
Ad-hIL-1B or Ad-LacZ (2.5 X 108 pfu in 75 pl sterile PBS) was
instilled intratracheally with a needle (Popper 24G-1" Straight
1.25-mm ball) using the direct visualized instillation technique (18).
The control was Ad-LacZ. Antibodies were administered on day 1, 4,
8, 11, and 14.

CS and PIC exposure and antibody dosing protocol. Mice were
exposed using a whole body CS exposure system (Teague Enterprises,
Woodland, CA) within a barrier facility. Mice are acclimated using
increasing smoke exposures for 5 days starting at a TSP (total
suspended particulates) of 40 mg/m?* for 2 h, and increasing incre-
mentally to final smoke exposures of 100 TSP using 3R4F cigarettes.
Full-dose exposures begin in week / with 5 h of continuous exposure/
day, with rest on weekends. In week 2, intranasal doses of PIC
(Invivogen, 50 pg/dose) are given on days 8 and /1, and again in week
3 ondays 15, 18, and 21. Antibodies were administered on days 8, 11,
15,18, and 21.

Morphometric analysis. Airway morphometry was performed es-
sentially as previously described (37). The right lung was removed
and inflated in a syringe under —7.5 mb pressure for 1 min before
fixation in 10% formalin for 24 h. Each of the four lobes of the right
lung were bisected and paraffin embedded. Histological sections of
were stained by hematoxylin and eosin, to assess airway inflamma-
tion, or by the Gomori Trichrome method to assess for fibrosis.
Random digital images (n = 5) were taken using the X4 objective
from five of the eight sections from a blinded investigator. All airways
in each section were assessed for the area of inflammatory cell
infiltration or fibrosis surrounding airways and expressed as a fraction
of airway basement membrane length, by a blinded investigator using
digital imaging software (ImageJ). The number of airways examined/
mouse always exceeded 12, the number of airways/mouse that we
have shown to be needed to achieve a 95% confidence level (37).

Cell analysis. Lung cell collection, staining, and gating were
performed essentially as described (37). Live cells were stained
without stimulation and cytokine capture assays for IL-17A and
IFN-vy were performed using cytokine secretion assay Kits, as per the
manufacturer’s instructions (Miltenyi Biotec, Auburn, CA). For ILC3
staining, cells were fixed, permeabilized, and stained essentially as
described (37). The antibodies in the two panels were as follows.
Panel 1: B220 FITC, clone RA3-6B2 (Becton Dickinson, BD Biosci-
ences, San Jose, CA); IL17a PE, Mouse IL-17 Secretion Assay-
Detection Kit (Miltenyi Biotec, San Diego, CA); NK1.1 PerCP-CyS5.5,
clone PK136 (Becton Dickinson, BD Biosciences); TCRyd PECy7,
clone eBioGL3 (eBioscience, San Diego, CA); TCR3 BV421, clone
H57-597 (Becton Dickinson, BD Biosciences); CD8 Pacific Orange,
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clone 3B5 (Thermo Fisher Scientific, Invitrogen, Pleasanton, CA);
GR1 650, clone RB6-8C5 (Biolegend, San Diego, CA); MHCII
BV711, clone M5/114.15.2 (Becton Dickinson, BD Biosciences);
IFNy APC, Mouse IFN-y Secretion Assay-Detection Kit (Miltenyi
Biotec); CD45 Alexa Fluor 700, clone 30-F11 (Biolegend); CD4
APCCy7, clone GK1.5 (Becton Dickinson, BD Biosciences). Panel 2:
IL33R/ST2 biotin, clone DJ§ (MDbiosciences, St. Paul, MN); Strepta-
vidin FITC (eBioscience). IL17a PE, Mouse IL-17 Secretion Assay —
Detection Kit (Miltenyi Biotec); TCR PerCP-Cy5.5, clone H57-597
(Affymetrix eBioscience, San Diego, CA); CD3¢e PECy7, clone 145-
2C11 (eBioscience); CD127 BV421, clone A7R34 (Biolegend);
NKI1.1 BV510, clone PK136 (Biolegend); CD90 BV605, clone 53-2.1
(Biolegend); GR1 650, clone RB6-8C5 (Biolegend); B220 BV711,
clone RA3-6B2 (Biolegend); RORyt APC, clone B2D (Affymetrix,
eBioscience); CD45 Alexa Fluor 700, clone 30-F11 (Biolegend); CD4
APCCy7, clone GK1.5 (Becton Dickinson, BD Biosciences).

Statistical analysis. All data are reported as means = SE. Compar-
isons between two different groups were determined by Student’s
t-test for parametric data or Mann-Whitney test for nonparametric
data. One-way analysis of variance was used for multiple comparisons
and Tukey’s or Bonferroni’s post hoc tests used to test for statistical
significance. Significance was defined as P < 0.05. Logistic regres-
sion analysis was performed using Stata (v12.1). All other statistical
analyses were performed using the software package Prism 4.0b
(GraphPad Software, San Diego, CA).

RESULTS

Absence of ILI7RA protects against adenoviral IL-1B-in-
duced airway inflammation and fibrosis. Intratracheal delivery
of adenoviral (Ad) vector expressing active human IL-1(3
induces robust airway inflammation and fibrosis, which is
accompanied by increased numbers of CD4+ Th17 cells and

(@)
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increased expression of IL-17A (37). We first assessed the role
of IL-17A in Ad-IL-1B-induced airway disease using
ill7ra™"~ mice. WT mice exhibited increases in total cell,
macrophage, and neutrophil counts in bronchoalveolar lavage
(BAL) fluid 14 days after Ad-IL-1 treatment. These increases
were not observed in ill7ra”’~ mice (Fig. 1, A—C). Morpho-
metric analysis of airway inflammation revealed increased
inflammatory cell localization around airways of WT mice
treated with Ad-IL-13 compared with mice treated with control
Ad-LacZ (Figs. 1D and 2, A and C). The Ad-IL-13-dependent
increase in airway inflammation was significantly reduced in
il17ra~’~ mice (Figs. 1D and 2, B and D). Airway fibrosis was
assessed by Trichrome staining which stains fibrillar collagen
(37). Morphometric analysis of airway fibrosis revealed signif-
icantly increased collagen staining around airways of WT mice
treated with Ad-IL-13 compared with mice treated with control
Ad-LacZ (Figs. 1E and 2FE). The Ad-IL-13-dependent increase
in airway fibrosis was significantly reduced in ill7ra~’~ mice
(Figs. 1E and 2F).

Neutralization of IL-17RA protects against adenoviral IL-
1 B-induced airway inflammation and fibrosis. Treatment with
a neutralizing antibody to mouse IL-17RA significantly inhib-
ited Ad-IL-1B induced increases in total cell and neutrophil
counts in BAL fluid 14 days after Ad-IL-1f treatment (Fig. 1,
F-H). Morphometric analysis of airway inflammation revealed
that neutralizing IL-17RA significantly reduced the Ad-IL-1(3
-induced increase in inflammatory cells localized around air-
ways of WT mice (Figs. 17 and 2, G—J). Neutralizing antibody
to IL-17RA significantly inhibited Ad-IL-1B-induced airway

E
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Fig. 1. Lung and airway inflammation and airway wall fibrosis induced by Ad-IL-1{ is dependent on IL-17RA/IL-17A. Wild-type (WT) or ill7ra-deficient
(il17ra~’~ ) mice were treated with intratracheal Ad-IL-1B or Ad-LacZ, as a control (A-E). After 14 days, bronchoalveolar lavage (BAL) was performed and total
cell counts (A), macrophage (B), or neutrophil numbers (C) were assessed. Morphometric analysis of airway inflammation (D) or airway wall fibrosis (E) was
performed from histological sections. WT mice treated with anti-IL-17RA (F-J), or anti-IL-17A (K-O) underwent the same BAL and morphometric analysis.
Experiments were repeated a minimum of 3 times with at least 3 mice/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 2. Airway wall inflammation and fibrosis
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fibrosis as assessed by morphometric analysis of Trichrome-
stained sections (Figs. 1J and 2, K and L).

Neutralization of IL-17A protects against adenoviral IL-13-
induced airway inflammation and fibrosis. IL-17A uses a
heteromeric receptor complex comprised of IL-17RA and IL-
17RC and is the main IL-17 family cytokine implicated in
fibroinflammatory lung pathology (17, 32). Treatment with a
neutralizing antibody to mouse IL-17A significantly inhibited
Ad-IL-1f induced increases in total cell and neutrophil counts
in BAL fluid 14 days after Ad-IL-1B treatment (Fig. 1, K-M).
Morphometric analysis of airway inflammation revealed that
neutralizing IL-17A significantly reduced the Ad-IL-1B -in-
duced increase in inflammatory cells localized around airways
of WT mice (Figs. 1N and 2, M—P). Neutralizing antibody to

induced by Ad-IL-1B is dependent on IL-
17RA/NL-17A. WT (A, C, E) or ill7ra™’~
mice (B, D, F) were treated with intratracheal
Ad-LacZ (A and B) or Ad-IL-1B (C-F). After
14 days, lungs were harvested and assessed
histologically by hematoxylin and eosin
(H&E, A-D) or Trichrome staining (E, F).
WT mice were intratracheally injected with
Ad-LacZ (G, H, M, N) or Ad-IL-13 (I-L,
O-R) and treated with isotype control (G, I, K,
M, O, Q), anti-IL-17RA (H, J, L) or anti-IL-17A
(N, P, R). After 14 days airway inflammation
and fibrosis were assessed by H&E (G—J, M—P)
or Trichrome staining (K, L, Q, R). Experiments
were repeated a minimum of 3 times with at
least 3 mice/group. Bar = 100 pm.

Ewr .
= W

IL-17A significantly inhibited Ad-IL-13-induced airway fibro-
sis as assessed by morphometric analysis of Trichrome-stained
sections (Figs. 10 and 2, Q and R).

Role of IL-17RA in CS-induced airway inflammation and
fibrosis. We next sought to determine the role of IL-17RA in
models that incorporate CS, a more physiologically relevant
stimulus. We used CS in combination with intranasal admin-
istration of the viral-mimetic PIC, which synergistically am-
plifies CS-induced airway remodeling and mimics the proin-
flammatory environment that occurs during acute exacerba-
tions of COPD (53). Three weeks of CS exposure with 1 wk
intranasal PIC stimulation caused a similar increase as seen in
Ad-IL-1B-treated animals in total cell, and neutrophil counts in
BAL fluid (Fig. 3, A-C). Morphometric analysis of airway
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Fig. 3. Lung and airway inflammation, and airway wall fibrosis induced by cigarette smoke in combination with intranasal polyinosinic:polycytidylic acid is
dependent on IL-17RA/IL-17A. WT or ill7ra-deficient (il17ra~’~) mice were treated with cigarette smoke (CS) in combination with polyinosinic:polycytidylic
acid (PIC) or room air (RA) as a control (A-E). After 14 days, bronchoalveolar lavage (BAL) was performed and total cell counts (A), macrophage (B), or
neutrophil numbers (C) were assessed. Morphometric analysis of airway inflammation (D) or airway wall fibrosis was performed from histological sections (E).
WT mice treated with either RA or CS+PIC with isotype, or anti-IL-17RA (F-J), or anti-IL-17A (K-0) underwent the same BAL (F—H, K—M) and morphometric
analysis (/, J, N, O), as above. Experiments were repeated a minimum of 3 times with at least 3 mice/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****p <

0.0001.
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inflammation revealed that il17ra™’~ mice were significantly
protected against CS+PIC-induced increased inflammatory
cell localization and fibrosis around airways (Figs. 3, D and E,
and 4, A-F).

Inhibition of IL-17RA protects against CS-induced airway
inflammation and fibrosis. Treatment with a neutralizing anti-
body to mouse IL-17RA significantly inhibited CS+PIC-in-
duced increases in total cell, and neutrophil counts in BAL
fluid (Fig. 3, F—H). Morphometric analysis of airway inflam-
mation and fibrosis revealed that antibody inhibition of
IL-17RA significantly reduced the CS+PIC-induced in-
creases in inflammatory cell localization and fibrosis around
airways seen in control antibody-treated WT mice (Figs. 3,
I and J, and 4, G-L).

Inhibition of IL-17A protects against CS-induced airway
inflammation and fibrosis. Neutralizing antibody to IL-17A
significantly inhibited CS-PIC induced increases in total cell
and neutrophil counts in BAL fluid (Fig. 3, K-M), morpho-
metric airway inflammation (Figs. 3N and 4, M—P), and fibrosis
(Figs. 30 and 4, Q and R).

CD4+ IL-17A-secreting cells are significantly increased in
CS +PIC-exposed mice. Total lung immune cell numbers were
increased 2.6 fold in mice exposed to CS+PIC compared with
room air (2.3X10° = 0.6X 10°, room air; 6.1 X10° + 0.5X10°,
CS+PIC; P = 0.01). Using multicolor cell staining, we de-
tected IL-17A in subsets of PMNs, NK cells, CD4 and CD8+
T cells, v& T cells, and innate lymphoid (ILC3) cells (Fig. 5),
all cell types that have been reported to express IL-17A (9, 35,
41, 55, 64). Of these, only CD4+ IL-17 cells (Th17) and
CD8+ IL-17 were significantly increased in CS+PIC-exposed
mice compared with room air-exposed mice (Fig. S5M). There
was a nonsignificant trend for increased IL-17A expressing yd
T cells (Fig. 5M). Innate lymphoid cells expressing IL-17
represent the ILC3 subset. The total numbers of ILC3 cells was
not significantly different in CS+PIC-exposed compared with
room air-exposed mice (Fig. 5, J-M). However, the percentage
of these cells was decreased in CS+PIC-exposed compared
with room air-exposed mice (0.28% = 0.09, room air,
0.10% = 0.04; P = 0.02). Taken together, these results dem-
onstrate diverse populations of immune cells that produce
IL-17A and show that IL-17A is induced by CS+PIC exposure
by subsets of CD4+ cells and to a lesser extent by CD8+ cells.
The y& T cell subset appeared to show a variable induction of
IL-17A by CS+PIC exposure that did not reach statistical
significance (P = 0.0.15).

Room Air
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Fig. 4. Airway wall inflammation and fibrosis
induced by CS+PIC is dependent on IL-
17RA/IL-17A. WT (A, C, E) or ill7ra™"
mice (B, D, F) were treated with RA (A, B) or
CS+PIC (C-F). After 21 days, lungs were
harvested and assessed histologically by
H&E (A-D) or Trichrome staining (E, F).
WT mice were treated with RA (G, H, M, N)
or CS+PIC (I-L, O-R) and treated with iso-
type control (G, I, K, M, O, Q), anti-IL-17RA
(H, J, L) or anti-IL-17A (N, P, R). After 21
days airway inflammation and fibrosis were
assessed by H&E (G-J, M—P) or Trichrome
staining (K, L, Q, R). Experiments were re-
peated a minimum of 3 times with at least 3
mice/group. Bar = 100 pm.
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DISCUSSION

This study has provided evidence that IL-17A and its recep-
tor IL-17RA are specifically involved in murine peribronchio-
lar airway fibrosis caused by COPD-relevant stimuli, specifi-
cally CS and IL-1(. This evidence is based on studies using
IL-17RA-deficient mice and verified using neutralizing anti-
bodies to either IL-17RA or IL-17A. Taken together these
studies support a mechanistic role of IL-17A/IL-17RA in
murine airway fibrosis while providing a proof-of-concept that
antibody targeting of this pathway might be used to prevent
airway fibrosis in humans.

Our findings suggest that airway fibrosis shares common
mechanistic features with pulmonary fibrosis since both can be
experimentally linked to IL-1( and IL-17 (65). However,
airway fibrosis is etiologically, clinically, and pathologically
distinct from parenchymal lung fibrosis [i.e., idiopathic pul-
monary fibrosis (IPF)] and vice versa. Airway fibrosis in
COPD is driven by injury to the airway epithelium from
chronic smoke exposure, which leads to reactive epithelial
changes, chronic inflammation, and mucus hypersecretion,
which together predispose to bacterial and viral infection and a
self-sustaining cycle of injury and repair (6). The underlying
cause of IPF is less clear and while smoking and infection are
associated with increased risk, they have not yet been shown to
be causative (42, 47). The predominant theory of the patho-
genesis of IPF is that it is caused by injury, from an unknown
source, to alveolar epithelial cells, which stimulates an aberrant
mesenchymal response (26). In COPD inflammation plays an
established role in airway fibrosis; in IPF the role of inflam-
mation remains controversial (23, 25, 26). Thus when envi-
sioning new therapeutic targets for airway fibrosis it is crucial
to use preclinical models, which employ COPD relevant stim-
uli and recapitulate key features of airway fibrosis in humans.

The study of airway fibrosis has been hindered by lack of
robust animal models. Airway fibrosis is challenging to induce
in mice by cigarette exposure alone (45). Murine airway
remodeling systems utilizing intratracheal application of Ad-
IL-1B mimic key pathological, chemokine, and cytokine pro-
files that occur in COPD, while at the same time delivering a
physiological relevant dose expressed by a physiologically
relevant cell type (37). Epithelial expression of IL-13 models
what is found in airway disease in humans since airway
epithelium is a major source of IL-1f3 in airway remodeling in
COPD (37). We use an adenoviral dose where peak IL-1(3
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Fig. 5. CD4 + IL-17-expressing cells (Th17) are significantly increased in the lung by exposure to CS+PIC. WT C57B/6 mice were exposed to CS+PIC and
the lungs harvested on day 21 after the initiation of smoke exposure. Lung immune cells were analyzed by multicolor flow cytometry. Cells were stained in a
single panel for Grl, NK1.1, B220, TCRB, TCRy3, CD8, CD4, IL17A secretion, and INFy secretion (A-I) or for CD3g, CD90, CD127, Roryt, IL17A, and INFy
(J-L). A: cells expressing Grl, Nkl1.1, or neither were gated and percent positive staining with IL-17A shown as total positive cell number in M. In B, Grl, Nk1.1
double-negative cells were gated into Teryd (D-F)- and Terf (C)-positive populations, which were then gated into IFNvy-negative and IL-17A-positive
populations in room air (E) compared with CS+PIC (F)-treated mice. IL-17A-positive cells were defined using pooled cells stained without surface capture for
IL-17A (D). In C, TerB-positive cells were gated into CD8- and CD4-positive populations. Shown in in G—J, Tcr3, CD4+ or CD8 (not shown) cells were gated
into IL-17A-positive and IL-17-negative populations, which were enumerated as shown in M. J: lung cells were gated into CD3¢ and CD90-positive and -negative
populations. Innate lymphoid cells (CD3e neg, CD90 positive) were gated into CD127 positive/IL-17-negative (ILC1) and CD127-negative/IL-17A-positive
(ILC3) populations in room air (K) and CS+PIC-exposed mice (L) and enumerated in M. IL-17A-positive cells were defined by pooled cells stained without
IL-17A surface capture. IL-17A-positive ILC3 cells were also positive for Roryt (not shown). In M, total numbers of IL-17A-expressing cell types (PMNs, NK,
CD4, CD8, 3, and ILC3) in room air (open bars) and CS+PIC-exposed (solid bars) mice (n = 3 in each group) are shown. *P < 0.05, **P < 0.01 as determined

by Student’s r-test.

expression at 1 wk postinjection is similar or slightly below the
peak physiological range (~1 ng/ml) found in humans during
acute exacerbations (8). The murine airway remodeling system
utilizing CS+PIC demonstrates similar airway fibrosis as Ad-
IL-1B (45), while CS exposure alone causes minimal or no
airway fibrosis (13, 45, 50). Both the Ad-IL-1p and CS+PIC
models share concomitant increases in proinflammatory CD4+
Th17 cells and the profibrogenic cytokines that are increased in
human COPD disease biospecimens [i.e., IL-18 (16), CCL2
(40), CCL20 (17), and IL-17A (41)]. The similar airway
phenotype between the Ad-IL-1f3 and CS+PIC systems sug-
gests the importance of IL-13 in CS-related lung pathology
(15). The importance of inflammasome activation and subse-
quent cleavage of pro-IL-13 and secretion of IL-1f in response
to PIC or live influenza A virus has been well documented (1).
In studies from other laboratories a single supraphysiological
dose (=1 pg) of recombinant IL-1f3 causes alveolar inflam-
mation and fibrosis, which mimics the pathology of IPF (19,
65). Despite the different pathologies that result from different
delivery modes and doses of IL-1[3, both are IL-17 dependent.
We believe that our data showing that IL-17 plays a role in

airway fibrosis is an important independent finding that com-
plements and extends experiments performed with extreme
doses of recombinant IL-18 or bleomycin that model IPF, a
completely different disease process.

In the CS+PIC system there is a temporal increase in IL-13
levels 15-18 day after the initiation of CS coinciding with a
maximal increase in IL-17A, which is temporally related to the
maximum influx of inflammatory cells and the development of
airway fibrosis (45). Here we find that at day 15 after the
initiation of CS exposure, IL-17A is secreted by a variety of
innate and adaptive immune cell types including PMNs, CD4+
and CD8+T cells, yo T cells, and ILC3 cells (Fig. SM). The
highest expression levels of IL-17A were from CD4+T cells,
vd T cells, and ILC3 cells. Of all the IL-17A-expressing cell
types, only the increase in IL-17A expression in response to
CS+PIC by CD4+ and CD8+ T cells reached statistical
significance. Our previous finding that mice lacking o/
T-cells were protected against Ad-IL1B-induced airway fibro-
sis, together with our present findings, suggests that both
CD4+ and CD8+T cells may be important sources of IL-17A
in airway fibrosis (23). However, since CD4+T cells express
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much more IL-17A than CD8+T cells, the former are most
likely the more important o/ T cell subset in airway fibrosis.
Interestingly, a high percentage of ILC3 cells expressed high
levels of IL-17A in room air-exposed mice, which decreased
upon CS+PIC exposure. Because the overall lung immune cell
numbers increased with CS+PIC exposure the total numbers
of ILC3 expressing IL-17A cells did not change. This suggests
that IL-17A expressing ILC3 cells play a distinct role from
IL-17A expressing a/f3 T cells in airway pathology with the
former dominating in homeostatic and the later in pathological
conditions. Finally, there was also was a nonsignificant trend
for increased IL-17A expression by vy& T cells by CS+PIC
exposure. It is possible that a critical threshold of IL-17A
expression derived from multiple cell sources mediates airway
fibrosis, and that multiple IL-17A-expressing cell types (i.e.,
CD4+, CD8+, v8 T cells) could be targeted to influence
airway fibrosis in COPD patients.

The previous observation that CD4+ Th17 cells and IL-17A
were increased in both the Ad-IL-13 and CS+PIC models was
consistent with the known roles for IL-13 and TGF-$ in
directly promoting CD4+ Th17 cell differentiation from naive
T cells (3, 7, 12, 37, 45, 61). IL-1B and TGF-$ also play
indirect roles that are important in mediating early events
leading to CD4+ Thl17 cell differentiation. We have previ-
ously determined that IL-13 and TGF-(3 together are required
for efficient transcription and secretion of CCL20 from fibro-
blasts, which binds to CCR6 expressed by immature dendritic
cells (10). The CCL20/CCR®6 interaction increases DC chemo-
kinesis, which increases overall DC influx, trafficking to drain-
ing lymph nodes, and promotion of CD4+ Th17 cell differen-
tiation (23, 24, 37). Deficiency of ccr6, DC depletion, or
absence of o/ T cells all protected mice from Ad-IL-1[3-
induced airway fibrosis (23, 24). Together, these data prompted
us to hypothesize that IL-17A was an important downstream
effector in airway fibrosis.

The IL-17 cytokine family consists of six members (A-F)
while the IL-17 receptor family consists of five members
(A-E) (39). IL-17A and IL-17F are highly homologous, form
both functional homo- and heterodimers, and bind to the same
IL-17 receptor complex(s) (22, 31). IL-17A, IL-17F, and the
IL-17A/IL-17F heterodimer bind to and signal through a het-
eromeric receptor complex comprised of IL-17RA and IL-
17RC (68). IL-17A and IL-17F are widely implicated in a
variety of autoimmune diseases (66); however, in fibroinflam-
matory lung disease IL-17A appears to be mainly implicated
(19, 65). Our data support a role for IL-17A in murine models
of airway fibrosis. However, we have not specifically ad-
dressed the role for IL-17F or IL-17A/IL-17F heterodimers in
our models. The fibroinflammatory role that we have found
for IL-17A and its receptor IL-17RA in murine airway
fibrosis is consistent with other studies which have identi-
fied roles for IL-17A and IL-17RA, in other fibrotic lung
disease models (65).

Several examples of mechanisms by which IL-17 could
promote airway fibrosis are /) through inhibition of autophagic
degradation of collagen by epithelial cells (44), 2) through
differentiation and activation of mesenchymal cells (58), or 3)
through epithelial-mesenchymal transition (27). It is possible
that these and other yet to be identified mechanisms all con-
tribute to airway fibrosis. It is unlikely that the main fibrogenic
mechanism is via direct effects on lung fibroblasts since we

IL-17A IN AIRWAY FIBROSIS

have found that IL-17 treatment of primary lung fibroblasts has
minimal effects on collAl and collA2 gene expression and on
soluble collagen production (Moermans C and Ito S, unpub-
lished data). Therefore, the effects of IL-17 are likely to be
indirect and require engagement of several cell types and their
associated secretory products.

It should be noted that we have not quantitatively detected
any fixed obstructive physiological effects of the airway fibro-
sis that occurs in the CS+PIC model (34). Therefore, we do
not know the significance that the airway fibrotic phenotype
that we observe in mice has for the obstructive physiology
found in fibrotic airways of COPD patients (45). The distinct
anatomic and physiological differences between mouse and
human airways (i.e., shortened bronchial tree, differences in
species-related differences in airway caliber) make such com-
parisons difficult (28, 59). Therefore, while our findings sup-
port the hypothesis that increased IL-17A levels found in
COPD leads to airway wall fibrosis and obstructive airway
physiology, this remains speculative (69).

In conclusion, our data supports that airway fibrosis is a
pathological consequence of increased IL-17 expression and
prompts further investigation into the targeting of IL-17A or
IL-17RA to modify the progression of airway fibrosis in
COPD.
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