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Rationale: Chronic obstructive pulmonary disease (COPD) is charac-

terized by chronic inflammation, alveolar destruction, and airway

and vascular remodeling. However, the mechanisms that lead to

these diverse alterations have not been defined.

Objectives: We hypothesized that IL-18 plays a central role in the

pathogenesis of these lesions.

Methods: We generated and characterized lung-specific, inducible

IL-18 transgenic mice.

Measurements and Main Results: Here we demonstrate that the ex-

pression of IL-18 in the mature murine lung induces inflammation

that is associatedwith the accumulation of CD41, CD81, CD191, and

NK1.11 cells; emphysema;mucusmetaplasia; airway fibrosis; vascu-

lar remodeling; and right ventricle cardiac hypertrophy. We also

demonstrate that IL-18 induces type 1, type 2, and type 17 cytokines

with IFN-g–inhibiting macrophage, lymphocyte, and eosinophil ac-

cumulation while stimulating alveolar destruction and genes associ-

ated with cell cytotoxicity and IL-13 and IL-17A inducing mucus

metaplasia, airway fibrosis, and vascular remodeling. We also high-

light interactions between these responseswith IL-18 inducing IL-13

via an IL-17A–dependent mechanism and the type 1 and type17/

type 2 responses counterregulating each another.

Conclusions: These studies define the spectrum of inflammatory, pa-

renchymal, airway, and vascular alterations that are induced by pul-

monary IL-18;highlight thesimilaritiesbetweentheseresponsesand

the lesions in COPD; and define the selective roles that type 1, type

2, and type 17 responses play in the generation of IL-18–induced

pathologies.

Keywords: IL-18; chronic obstructive pulmonary disease; airway fibro-

sis; mucus metaplasia; vascular remodeling

Chronic obstructive pulmonary disease (COPD) encompasses
several clinical syndromes, most notably emphysema and chronic

bronchitis (1, 2). It is a major unmet medical need in the United
States and worldwide where it is the fourth and fifth leading cause
of morbidity and mortality, respectively (3, 4). This is caused
partly by our limited ability to treat people with COPD and a
distinct lack of disease-modifying therapies (4, 5). Tissues from
patients with COPD are characterized pathologically by chronic
inflammation and varying degrees of emphysematous alveolar
destruction, airway remodeling with tissue fibrosis and mucus
metaplasia (6, 7), vascular remodeling with intimal hyperplasia,
smooth muscle proliferation, and collagen deposition (8, 9). Im-
portantly, a mechanistic construct that adequately accounts for
the simultaneous existence of these varied tissue pathologic
responses has not been put forth and animal models that simul-
taneously elicit these varied responses have not been commonly
used. In particular, a mechanism that allows tissue destruction
(emphysema) to coexist millimeters away from airway and vas-
cular fibrotic responses has not been described (7).

Inflammation with infiltratingmacrophages, neutrophils, lym-
phocytes, and occasionally eosinophils is seen throughout the
bronchial tree and parenchyma of lungs from patients with
COPD (10–13). It has long been assumed that this inflammation
drives the varied pathologic alterations in this disease (14–16).
A variety of lines of evidence have suggested that exaggerated
type 1 inflammation plays an important role in the pathogenesis
of emphysema (17, 18). Recent reports have also highlighted
type 2 and type 17 cytokine production in the disorder (19–
21). However, a pathologic schema that can account for these
varied inflammatory and cytokine responses has not been put forth
and the contributions that each of these responses make to the
varied pathologies in COPD have not been adequately defined.

IL-18, a member of the IL-1 cytokine superfamily (22, 23),
has an impressive ability to induce Th1-Tc1 differentiation
and immune responses (22, 24). It can also contribute to the
generation of type 2 immune responses (22) and plays a key role
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

These studies suggest that IL-18 induces complex alter-
ations in the lung including emphysema, airway and vascular
remodeling, and cytotoxic responses. They also suggest that
the emphysema and cytotoxic response are mediated by
IFN-g–dependent mechanisms and the airway and vascular
remodeling are mediated by IL-17A– and IL-13–dependent
mechanisms.

What This Study Adds to the Field

Type 1, 2, and 17 cytokines play distinct roles in the devel-
opment of IL-18–induced chronic obstructive pulmonary
disease–like parenchymal, airway, and vascular remodeling.

mailto:jack.elias@yale.edu
www.atsjournals.org


in the generation of Th17 responses in diseases characterized by
autoimmunity (25, 26). Previous studies from our laboratory
demonstrated that IL-18 is induced and activated after cigarette
smoke (CS) exposure and that IL-18 receptor (R) 1 signaling
plays a critical role in the pathogenesis of the pulmonary in-
flammation and emphysema in CS-exposed mice (27). In addi-
tion, increased levels of IL-18 have been noted in the serum and
induced sputum from patients with COPD, which correlate with
abnormal lung function (28, 29). Surprisingly, the ability of
IL-18 to generate the varied pathologies characteristic of COPD
has not been adequately defined. In addition, the ability of
IL-18 to induce type 1, type 2, and type 17 responses in vivo
and the ways that these different immune responses contribute
to IL-18–induced tissue alterations and the varied pathologic
lesions of COPD have not been adequately defined.

We hypothesized that IL-18 induces a broad spectrum of
COPD-like inflammatory and remodeling responses in the mu-
rine lung.We also hypothesized that IL-18 induces a mixed type 1,
type 2, and type 17 cytokine response and that each of these
makes a distinct contribution to the pathogenesis of these varied
pathologies. To test these hypotheses we generated transgenic
(Tg) mice in which IL-18 was inducibly targeted to the lung
and characterized the inflammatory and remodeling responses
that were induced when the transgene was activated in adult ani-
mals. We also defined the contributions that a signature type 1
cytokine (IFN-g), type 2 cytokine (IL-13), and type 17 cytokine
(IL-17A) make in the pathogenesis of these alterations. These
studies demonstrate that IL-18 induces tissue inflammation,
emphysema, mucus metaplasia, airway fibrosis, and vascular
remodeling with intimal hyperplasia, fibrosis, and cardiac right
ventricle hypertrophy. They also highlight the exaggerated pro-
duction of IFN-g, IL-13, and IL-17A and exaggerated expres-
sion of moieties associated with cell cytotoxicity in these mice
and demonstrate that IL-18 induces emphysema and the cyto-
toxic response via an IFN-g–dependent mechanism and fibrotic
airway remodeling, mucus metaplasia, and vascular remodeling
via an IL-17A– and IL-13–dependent pathway. Lastly, they
highlight important interactions between these pathways with
IL-18 inducing IL-13 via an IL-17A–dependent mechanism
and the IFN-g and the IL-17A/IL-13 responses counterregulat-
ing one another. Aspects of these studies were presented at the
Annual Meeting of the American Thoracic Society in 2010 (30).

METHODS

Generation of IL-18–Expressing Tg Mice

We used an externally regulatable, dual construct overexpression Tg
system that uses the Clara Cell 10-kD protein promoter as described
by our laboratory (31–33). The required constructs were prepared,
purified, and simultaneously microinjected (see Figure E1 in the online
supplement). Tail biopsies were obtained from potential founder ani-
mals, DNA was isolated, and the presence or absence of the murine
IL-18 and rtTA Tg sequences were evaluated via polymerase chain
reaction and Western blot analysis. Six dual transgene-positive founder
animals were obtained and backcrossed for more than 10 generations
onto a C57BL/6J background to generate transgene-negative wild-type
(WT, Tg2) and transgene-positive (Tg1) progeny. WT and Tg1 mice
were kept on normal water until 6 weeks of age and then randomized
to normal water or water with 1 g/L of doxycycline (Dox). In keeping
with the known characteristics of the Clara cell 10-kD promoter
(34, 35), immunohistochemistry demonstrated that IL-18 was produced
in airway and type 2 alveolar epithelial cells after Dox administration
(see Figure E2). Bronchoalveolar lavage (BAL) IL-18 levels were min-
imal in the absence of Dox. In contrast, after Dox, steady-state levels
of BAL IL-18 between about 350 pg/ml and 4,500 pg/ml were appre-
ciated (see Figures E3 and E4). The tissue and inflammatory responses
in these mice were dose dependent. Thus, unless otherwise noted,

findings from lungs from strain #8 mice are illustrated. All animal
experimentation was conducted with the approval of the Institutional
Animal Care and Use Committee of Yale School of Medicine.

Mice and Reagents

C57BL/6J WT and IFN-g null mice (Jackson Laboratories, Bar Harbor,
ME), IL-13 null mice (from Dr. A. McKenzie), and IL-17A null mice
(from Dr. Y. Iwakura) were bred at Yale University. The reagents used
for the experiments are described in detail in the online supplement
(see Figure E5).

Preparation of BAL and Whole-Lung

Single-Cell Suspensions

When BAL cell populations were being assessed, BAL was undertaken
and cell differentials were evaluated after Diff Quick staining. A rep-
resentative preparation can be seen in Figure E6. When whole-lung
single-cell suspensions were being prepared, BAL was not undertaken,
and the lungs were minced into small 1- to 2-mm2 pieces, mechanically
disintegrated, filtered through a 70-mm strainer, and subjected to
Ficoll-Paque density centrifugation as described previously by our lab-
oratory and others (32, 36–38). Detailed methodology is provided in
Figure E7.

Quantification of Cytokines

The levels of IFN-g, IL-13, IL-17A (R&D, Minneapolis, MN), and
IL-18 (MBL, Nagoya, Japan) were determined using commercial
ELISA kits as per the manufacturer’s instruction.

Histology, Morphometry, and Lung Histologic

Mucus Index

Hematoxylin and eosin, periodic acid–Schiff, and trichrome staining
were performed in the Research Histology Laboratory at Yale Uni-
versity School of Medicine. Lung morphometry was used to measure
the alveolar chord length (a measure of the distance between alveolar
walls and thus alveolar size) (27, 39) and the histologic mucus index
(HMI, the number of periodic acid–Schiff–positive epithelial cells
per unit airway basement membrane) as described by our laboratory
(27, 39, 40).

Lung Collagen Content

The collagen in the entire right lung was quantitated using the Sircol
Collagen Assay Kit (Biocolor Ltd., Carrickfergus, UK) according to
the manufacturer’s instructions.

Flow Cytometric Analysis

Single-cell suspensions were prepared as described previously, evalu-
ated on a LSRII flow cytometer (Becton Dickinson, Franklin Lakes,
NJ), and analyzed with FlowJo software (Tree Star, Ashland, OR). In-
tracellular cytokine staining was undertaken after stimulation with ion-
omycin (1 mg/ml) and phorbol myristate acetate (50 ng/ml) for 4 hours.
The gating used excluded dead cells and can be seen in Figure E8. The
isotype control staining can be seen in Figure E9.

mRNA Evaluations

Total lung RNA was obtained using trizol reagent (Invitrogen, Grand
Island, NY) according to the manufacturer’s instructions. Real-time
reverse transcriptase polymerase chain reaction analysis was used as
previously described by our laboratory (27) using the primers detailed
in Figure E10.

Immunoblot Analysis

Whole-lung lysates were prepared and equal amounts of sample proteins
were fractionated on 4–15% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis under reducing conditions. Immunoreactive signal was
detected using a chemiluminescent procedure (ECL Western blotting
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detection system; Amersham Life Science, Piscataway, NJ) according to
the manufacturer’s instructions.

Evaluation of Right Ventricular Hypertrophy

The whole heart was excised and the right ventricular (RV) free wall
was dissected. The ratio of weights of the RV free wall and the septum
plus left ventricular free wall was calculated and used as an index of RV
hypertrophy (Fulton index) (41, 42).

TUNEL Analysis

Terminal deoxynucleotidyl transferase dUTPnick end labeling (TUNEL)
analysis was undertaken as previously described by our laboratory (27,
39).

Statistical Analyses

Evaluations were undertaken with SPSS (IBM, Armonk, NY) software.
As appropriate, groups were compared with Student t test or with
nonparametric Mann-Whitney U test. Values are expressed as
mean 6 SEM. Statistical significance was defined at a level of P less
than 0.05.

RESULTS

Characterization of the Inflammatory Responses Induced

by IL-18

Six-week-old WT and Tg1 mice were placed on normal water or
Dox water, maintained on these regimens for 1–4 months, and
BAL and histologic changes were evaluated. In all cases Dox did
not cause significant alterations in the BAL or tissue responses in
WT mice. In addition, BAL and tissues from IL-18 Tg1 mice on
normal water were not significantly different than those from
WT animals. In contrast, Tg1 mice on Dox water manifest a sig-
nificant increase in BAL total cell recovery. This response was
most prominent after 4 months but could be appreciated after as
little as 1 month of Dox administration (Figures 1a and 1b).
Increases in BAL macrophage, neutrophil, lymphocyte, and to
a lesser extent eosinophil recovery were also appreciated (Figure

1c, see Figure E6). This BAL response was associated with neu-
trophil-, macrophage-, and lymphocyte-rich tissue inflammation
that was most prominent in peribronchial and perivascular loca-
tions (Figure 1d, see Figure E11).

Characterization of the Remodeling Responses

Induced by IL-18

The protocols noted previously were also used to define the IL-
18–induced remodeling responses. In all cases Dox did not reg-
ulate tissue remodeling in WT mice. In contrast, impressive
alterations in parenchymal, airway, and vascular structures were
noted in Tg1 mice on Dox water but not Tg1 mice on normal
water. Light microscopy revealed alveolar remodeling with
emphysematous septal destruction and significant increases in
morphometrically determined alveolar chord length (Figures
2a–2c). Fibrotic airway remodeling and airway mucus metapla-
sia with goblet cell hyperplasia were also readily appreciated
(Figure 2d and data not shown). The enhanced collagen accu-
mulation and mucus metaplasia were noted in Tg mice treated
with Dox for as little as 3 and 2 months, respectively (Figures 2e
and 2f). Pulmonary vascular remodeling with the accumulation
of collagen and myosin-positive cells were also observed in Tg1

mice on Dox water (Figure 2g). These vascular alterations were
associated with hypertrophy of the right cardiac ventricle (Fig-
ure 2h). Collectively, these results demonstrate that lung-
targeted IL-18 induces alveolar destruction, mucus metaplasia,
fibrotic airway remodeling, pulmonary vascular remodeling,
and cor pulmonale responses, which resemble the alterations
in human COPD.

IL-18 Regulation of Th1, Th2, and Th17 Cells in the Lung

We next compared the numbers of CD41, CD81, CD191, and
NK1.11 cells in lung parenchyma from WT and Tg1 mice on
normal and Dox water. WT mice on normal and Dox water and
Tg1 mice on normal water had similar numbers of cells that
expressed these markers (data not shown). In contrast, lungs

Figure 1. Inflammation in IL-18

transgenic (Tg) mice. Wild-type

(Tg2) and IL-18 Tg (Tg1) mice

were randomized to normal wa-

ter (Dox2) or water with doxy-

cycline (Dox1) for 1–4 months.

All data represent evaluations

that were done after 4 months

of doxycycline (Dox1) water

administration unless otherwise

specified. The effects of IL-18

on bronchoalveolar lavage

(BAL) total cell recovery (a),

the kinetics of transgene-

induced increases in BAL total

cell recovery (b), BAL differential

cell recovery (c), and peribron-

chial and perivascular inflamma-

tion (hematoxylin and eosin,

320) (d ) are illustrated. The

values in a–c represent the

mean 6 SEM of evaluations

in a minimum of eight mice.
# P , 0.001. d is representative

of a minimum of five similar

evaluations.
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from Tg1 mice on Dox water contained significantly increased
numbers of pulmonary CD41, CD81, CD191, and NK1.11 cells
compared with lungs from WT mice on Dox water or normal
water and Tg1 mice on normal water (Figures 3a and 3b and
data not shown). Of these alterations, the increase in CD41

cells was most prominent (Figure 3b). Intracellular cytokine
staining and fluorescence-activated cell sorter analysis highlighted
significantly elevated levels of intracellular IFN-g, IL-13, and
IL-17A, signature cytokines of type 1, 2, and 17 responses, respec-
tively, in these lung cell populations (Figures 3c–3e, see Figure
E12). In accord with these observations, whole-lung mRNA eval-
uations also revealed significantly increased levels of IFN-g, IL-13,
and IL-17A mRNA in lungs from Tg1 mice on Dox water com-
pared with lungs from WT mice on normal or Dox water and Tg1

mice on normal water (see Figures E13a–E13c). The enhanced
accumulation of these mRNA moieties was seen after as little as
2 months of Dox administration (see Figures E14a–E14c). These
responses were not type 1, 2, or 17 cytokine-specific because Tg
IL-18 also stimulated the expression of IL-6, CCL2, and CCL3 (see
Figures E15a–E15c). Thus, IL-18 enhanced the accumulation
of CD41, CD81, CD191, and NK1.11 cells and induced the ex-
pression of cytokines associated with type 1, 2, and 17 responses in
the murine lung.

Interactions among IFN-g, IL-13, and IL-17A

We next compared the cytokine responses in IL-18Tg1 mice and
Tg1 mice with null IFN-g (IL-18Tg1/IFN-g2/2), IL-17A (IL-

Figure 2. Remodeling in IL-18 transgenic (Tg)

mice. Wild-type (Tg2) and IL-18 Tg (Tg1) mice

were randomized to normal water (Dox2) or

water with doxycycline (Dox1) for 1–4 months.

All data represent evaluations that were done

after 4 months of doxycycline (Dox1) water ad-

ministration unless otherwise specified. The

effects of IL-18 on emphysematous alveolar de-

struction (hematoxylin and eosin [H&E], 34)

(a), alveolar chord length (b), the kinetics of

alveolar enlargement (c), fibrotic airway remod-

eling (trichrome, 340), mucus metaplasia (pe-

riodic acid–Schiff [PAS], 320) (d ), kinetics of

collagen accumulation (e), kinetics of the mu-

cus response (f), and vascular remodeling and

myosin immunohistochemistry (IHC) (g) are il-

lustrated. Right ventricular (RV) hypertrophy

was assessed by calculating the ratio of the

weights of the RV free wall and the interventric-

ular septum (IVS) plus left ventricular (LV) free

wall in h. In the PAS stains in d mucus stains

purple. In the trichrome stains in d and g colla-

gen fibers stain blue. In the IHC evaluation in g,

myosin-positive cells stain brown. The values in

b, c, e, f, and h represent the mean 6 SEM of

evaluations in a minimum of eight mice. # P ,

0.001. d and g are representative of a minimum

of five similar evaluations.
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18Tg1/IL-17A2/2), and IL-13 (IL-18Tg1/IL-132/2) loci. Inter-
estingly, in the absence of IL-17A, the ability of IL-18 to induce
the production of IFN-g in CD41 cells and the levels of pulmo-
nary IFN-g mRNA were significantly enhanced compared

with the responses in IL-18Tg1 mice (Figures 4a and 4e). In
addition, in the absence of IL-17A, the ability of IL-18 to induce
the production of IL-13 in CD41 cells and pulmonary IL-13
mRNA was significantly decreased compared with the responses

Figure 3. Immunologic charac-

terization of IL-18 transgenic

(Tg) mice. Single-cell suspen-

sions were prepared from

whole lungs from wild-type

(Tg2) and IL-18 Tg (Tg1) mice

on doxycycline water (Dox1)

for 4 months. Whole-lung cell

gates were undertaken exclud-

ing dead cell populations

and fluorescence-activated cell

sorter analysis was used to eval-

uate the numbers of CD41,

CD81, CD191, and NK1.11

cells (a). The gating for T-cell

receptor (TCR) and CD4 dou-

ble-positive (1) cells is in b.

Fluorescence-activated cell sorter

was also used to evaluate CD41

cells that produced IFN-g (c),

IL-13 (d ), and IL-17A (e). The

values in a represent the

mean 6 SEM of evaluations

in a minimum of eight mice.

** P , 0.01, # P , 0.001. b–e

are representative of aminimum

of three similar experiments.
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in IL-18Tg1 mice (Figures 4b and 4f). In the absence of IFN-g,
the ability of IL-18 to induce the production of IL-17A and IL-
13 in CD41 cells and pulmonary IL-17A and IL-13 mRNA
were significantly enhanced compared with the responses in
IL-18Tg1 mice (Figures 4c, 4d, 4f, and 4g). Lastly, in the ab-
sence of IL-13, the ability of IL-18 to induce the production
of IFN-g in CD41 cells and pulmonary IFN-g mRNA was sig-
nificantly enhanced compared with the responses in IL-18Tg1

mice (Figure 4e and data not shown). These studies highlight
complex cytokine–cytokine interactions in which IL-18 stimu-
lates IL-13 via an IL-17A–dependent mechanism and IL-18–
induced IFN-g and the IL-17A/IL-13 axis counterregulate
one another.

IL-18 Induction and Cytokine Regulation of Molecules

Associated with Cell Cytotoxicity

In keeping with the increased numbers of NK1.11 and CD81 cells
in IL-18Tg1 mice noted previously, studies were undertaken to
determine if cytotoxic responses were augmented in lungs from

these animals. In keeping with recent studies that demonstrate that
cytotoxic lymphocytes can play a role in alveolar destruction (43),
the levels of mRNA encoding retinoic acid early transcript 1
(Raet-1), perforin, and granzyme B were significantly increased
in lungs from IL-18Tg1 mice compared with those from WT con-
trols (Figures 5a–5c). Protein levels were also increased (Figure 5d
and data not shown). Interestingly, the levels of mRNA encoding
these genes and their proteins were significantly decreased in
IL-18Tg1/IFN-g2/2 mice and significantly enhanced in IL-18Tg1

/IL-17A2/2 and IL-18Tg1/IL-132/2 mice (Figures 5a–5d). Taken
together, these studies demonstrate that IL-18 regulates pulmo-
nary cytotoxic mediators via a stimulatory IFN-g–dependent path-
way and an IL-17A/IL-13 pathway that inhibits this activation.

Distinct Roles of IFN-g, IL-17A, and IL-13

in IL-18–induced Inflammation

BAL total cell recovery and peribronchial and perivascular in-
flammation were increased in IL-18Tg1 mice on Dox water.
These responses were significantly exaggerated in lungs from

Figure 5. IL-18 induction and cytokine regulation of mole-

cules associated with cell cytotoxicity. Wild-type (transgenic

[Tg]2) and IL-18 Tg (Tg1) mice with the noted wild-type

and null genetic loci were treated with doxycycline (Dox)

water for 4 months. The levels of whole-lung mRNA encod-

ing Raet-1 (a), perforin (b), and granzyme B (c) were eval-

uated. (d ) Western blot analysis of perforin protein was also

undertaken and analyzed using densitomoetry. The values in

a–c represent the mean6 SEM of evaluations in a minimum

of eight mice. * P , 0.05, ** P , 0.01, # P , 0.001. d is

representative of a minimum of three similar evaluations.

;

Figure 4. Interactions between IFN-g, IL-17A, and IL-13 in IL-18 transgenic (Tg) mice. Wild-type (WT) (Tg2) and IL-18 Tg (Tg1) mice with WT (1/1)

and null (2/2) genetic loci were on doxycycline (Dox) water for 4 months. Lung parenchymal cells were isolated and accumulation of CD41 cells

that produce IFN-g (a) and IL-13 (b) in the presence (1/1) or absence (2/2) of IL-17A was evaluated. The accumulation of CD41 IL-17A–producing

cells (c) and IL-13–producing cells (d ) was evaluated in the presence (1/1) or absence (2/2) of IFN-g. The levels of mRNA encoding IFN-g (e), IL-13

(f ), and IL-17A (g) mRNAs were also evaluated. b–d were evaluated after the CD41 lymphocyte population was gated. The values in e–g represent

the mean 6 SEM of evaluations in a minimum of eight mice. * P , 0.05, ** P , 0.01, # P , 0.001. N.C ¼ not checked. a–d are representative of

a minimum of three similar experiments.
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IL-18Tg1/IFN-g2/2 mice and ameliorated in lungs from IL-
18Tg1/IL-17A2/2 or IL-18Tg1/IL-132/2 mice (Figure 6a and
data not shown). Interestingly, differential cellular recoveries
were also altered with Tg1 mice that lacked IL-13 or IL-17A
manifesting amarked decrease inmacrophage, neutrophil, and-
lymphocyte recovery and an almost complete absence of eosi-
nophils (Figures 6b–6e). In contrast, Tg1 mice that lacked
IFN-g manifest a significant increase in macrophage, lympho-
cyte, and eosinophil recovery (Figures 6b–6e). These studies
demonstrate that IFN-g, IL-17A, and IL-13 play distinct roles
in IL-18–induced pulmonary inflammation.

Cytokines in IL-18–induced Alveolar Destruction

We next compared the alveolar responses in IL-18Tg1 mice
that contained and had null mutations of IFN-g, IL-13, or
IL-17A. IL-18–induced alveolar remodeling was markedly de-
creased in mice that lacked IFN-g (Figure 7a). In contrast, a sig-
nificant increase in alveolar size and alveolar chord length was
seen in mice that lacked IL-17A or IL-13 (Figure 7a). Interest-
ingly, IL-18–induced alveolar destruction was associated with
increased levels of epithelial cell apoptosis (as assessed with
TUNEL evaluations), which was decreased in the absence of
IFN-g and increased in the absence of IL-13 or IL-17A (Figure
7b). These studies demonstrate that IFN-g plays a critical role in
the pathogenesis of IL-18–induced alveolar destruction,
whereas the IL-17A–IL-13 axis feeds back to inhibit these de-
structive events.

Cytokines in IL-18–induced Airway and Vascular Responses

To define the pathogenesis of IL-18–induced airway and vascu-
lar responses, we compared these responses in IL-18Tg1 mice
that contained and had null mutations of IFN-g, IL-13, or
IL-17A. IL-18–induced airway fibrosis and mucus metaplasia
(assessed histologically and via the HMI) were significantly
increased in mice that lacked IFN-g (Figures 8a and 8b). In
contrast, a significant decrease in airway fibrosis and mucus
metaplasia was seen in mice that lacked IL-17A or IL-13 (Fig-
ures 8a and 8b). Similar events were seen in comparisons of the
vascular remodeling responses with Tg1/IFN-g null mice man-
ifesting increased remodeling and Tg1/IL-13 null and Tg1/
IL-17A null mice manifesting decreased vascular responses
(Figure 8c). Collectively, these studies demonstrate that the
IL-17A/IL-13 axis plays a critical role in the pathogenesis of
IL-18–induced airway and vascular remodeling, whereas IFN-g
feeds back to inhibit these events.

Cytokine Regulation of Matrix Molecule Accumulation

and Gene Expression

In accord with the fibrotic responses noted previously, total lung
collagen accumulation and the levels of mRNA encoding elastin,
fibronectin, and type I collagen a1 (col1a1) were significantly
increased in lungs from Dox-treated IL-18Tg1 mice compared
with appropriate controls (Figures 9a–9d). Interestingly, colla-
gen accumulation and matrix molecule gene expression were
significantly increased in IL-18Tg1 mice with null mutations

Figure 6. Roles of IFN-g, IL-17A, and IL-13 in IL-18–

induced pulmonary inflammation. Wild-type (transgenic

[Tg]2) and IL-18 Tg (Tg1) mice with the noted wild-type

and null genetic loci were placed on doxycycline (Dox)

water for 4 months. Bronchoalveolar lavage (BAL) total

cell recovery (a), BAL macrophage number (b), BAL neu-

trophil number (c), BAL lymphocyte number (d), and BAL

eosinophil number (e) were evaluated. The noted values

represent the mean6 SEM of evaluations in a minimum of

eight mice. * P , 0.05, ** P , 0.01, # P , 0.001.
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of IFN-g and significantly decreased in IL-18Tg1 mice with null
mutations of IL-17A or IL-13 (Figures 9a–9d). These studies
demonstrate that IL-17A/IL-13–mediated responses play criti-
cal roles in IL-18–induced collagen accumulation and matrix
molecule gene expression, whereas IFN-g suppresses these
responses.

DISCUSSION

To define the chronic effector functions of IL-18 in the mature
lung and elucidate mechanisms that could contribute to the path-
ogenesis of these responses we generated lung-specific inducible
IL-18 Tg mice and characterized the inflammatory and remod-
eling responses that were induced by this transgene and the
pathways that contribute to their generation. These studies
demonstrate that IL-18 induces remarkably varied responses
that mimic, in many ways, the pathologies in human COPD in-
cluding chronic inflammation, emphysema, mucus metaplasia,
airway fibrosis, vascular remodeling with intimal hyperplasia,
and collagen deposition and RV hypertrophy. They also demon-
strate that IL-18 simultaneously induces the signature cytokines
associated with type 1, type 2, and type 17 responses and that
each of these plays a specific role in the pathogenesis of the
IL-18 effector repertoire. Specifically, IFN-g–dependent path-
ways inhibited macrophage, lymphocyte, and eosinophil accu-
mulation while stimulating alveolar destruction and moieties
associated with cell cytotoxicity. In contrast, IL-13 and IL-17A

were intimately associated with IL-18 optimally inducing IL-13
via an IL-17A–dependent mechanism and the IL-17/IL-13 axis
stimulating mucus metaplasia and vascular and airway fibrosis.
They also highlight important reciprocal interactions between
these responses with the type 1 and type 17/type 2 cytokine
responses feeding back to antagonize one another. It is important
to point out that these studies do not define which in vivo IL-18–
induced responses are caused by direct effects of IL-18 on specific
cells or tissues. It is likely that complex gene–gene and cell–cell
interactions are required to engender these complex responses.
These are, however, the first studies to define the spectrum of
parenchymal, airway, and vascular alterations that are induced by
pulmonary IL-18 and the first to highlight the similarities be-
tween these responses and the lesions in COPD. They are also
the first to demonstrate that IL-18 is able to simultaneously in-
duce a mixed inflammatory response that contains exaggerated
levels of IFN-g, IL-13, and IL-17A; the first to define the selective
roles that these cytokines play in the generation of IL-18–induced
pathologies; and the first to define the reciprocal interactions be-
tween these pathways.

One of the most perplexing issues in COPD relates to the
finding that two seemingly opposed biologic responses, the tissue
rarification in emphysema and the tissue fibrosis in airways and
blood vessels, coexist in close proximity to one another in the
setting of ongoing inflammation (7, 44). Previous studies from
our laboratory demonstrated that CS exposure induces and acti-
vates IL-18; that CS and viral pathogen-associated molecular
patterns synergize to induce and activate IL-18; and that IL-
18R signaling plays a critical role in the pathogenesis of CS
and CS-viral pathogen-associated molecular pattern–induced
inflammation, epithelial apoptosis, emphysema, and airway
remodeling (27, 39). This prompted us to hypothesize that IL-18
might somehow explain this apparent paradox. In accord with
findings in COPD (17–21), we noted that IL-18 induces a mixed
mediator response characterized by signature type 1, type 2, and
type 17 cytokine. Our finding that IL-18 induces Th1 and Th2
responses is in accord with findings in the literature (22, 24).
These are, however, the first studies to demonstrate that IL-18
induces IL-13 via an IL-17A–dependent mechanism. They are
also the first to provide a mechanism that can explain the
emphysema-fibrosis paradox by demonstrating that the former
is mediated by an IL-18–induced, IFN-g–dependent pathway,
whereas the latter is induced by an IL-17A/IL-13 response
and that the IFN-g and the IL-17A/IL-13 responses counter-
regulate each another. When the present and previous studies
are viewed in combination they suggest that IL-18 might be
a “central” mediator in COPD. In accord with this contention,
studies from our laboratory and others have demonstrated that
the levels of IL-18 in the circulation and sputum from patients
with COPD are increased compared with controls (27, 28)
where they correlate negatively with pulmonary function (28,
29). The studies also suggest that COPD is mediated by a com-
plex inflammatory response and that optimal modeling of COPD
needs to take this complexity into account.

Alterations in vascular structure are highly prevalent in
COPD (45) and 6% of patients with COPD develop cor pulmo-
nale annually (46). Studies of necropsy and surgical specimens
have highlighted the importance of intimal hypertrophy with
fibroelastic thickening, increased muscle mass, and elastin and
collagen deposition in these lesions (46). Traditional concepts
have suggested that these vascular alterations are the result of
emphysema-associated blood vessel destruction or resulting
hypoxia (46). However, published studies have failed to dem-
onstrate direct correlations between emphysema and pulmonary
artery pressures or right heart weight (46). In addition, in COPD,
the extent of pulmonary vascular remodeling correlates with the

Figure 7. Roles of IFN-g, IL-17A, and IL-13 in IL-18–induced alveolar

remodeling. Wild-type (transgenic [Tg]2) and IL-18 Tg (Tg1) mice with

the noted wild-type and null genetic loci were placed on doxycycline

(Dox) water for 4 months. Alveolar chord length measurements (a) and

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling)

evaluations (b) are illustrated. The noted values represent the mean 6

SEM of evaluations in a minimum of eight mice. * P , 0.05, ** P ,

0.01, #P , 0.001.
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severity of inflammatory cell vascular infiltration (47, 48). As
a result, it has recently been proposed that the vascular alter-
ations in COPD are the direct consequences of CS or the in-
flammatory mediators that are induced in this setting (46). Our
studies support this contention and provide insight into mecha-
nisms that might be operative by demonstrating that IL-18 is
a potent stimulator of vascular remodeling that mediates these
responses via its ability to induce IL-17A and subsequently IL-13
and inhibits this response via IFN-g. They also demonstrate that
these alterations are associated with right heart changes com-
patible with cor pulmonale. The demonstration that IL-13 is
a mediator of pulmonary vascular remodeling is in accord with
recent studies in pulmonary hypertension (41) and the well-
documented ability of IL-13 to stimulate tissue fibrosis (49).
They raise the possibility that similar mechanisms are involved
in the vascular alterations in COPD and primary pulmonary
hypertension.

Macrophage alterations are well documented in COPD and
believed to contribute to disease pathogenesis (50, 51). In accord

with this concept our studies demonstrate that IL-18 induces
COPD-like tissue alterations while simultaneously increasing
macrophage accumulation and epithelial apoptosis. Interest-
ingly, these studies also demonstrated that these IL-18 effects
were mediated via an IFN-g–dependent pathway. These find-
ings build on prior studies from our laboratory that demon-
strated that Tg IFN-g also induces emphysema and epithelial
apoptosis (52) and that the IL-18R plays a critical role in CS-
induced emphysema and epithelial apoptosis (27, 53). It is sur-
prising, however, that IFN-g–dependent pathways also inhibited
IL-18–induced macrophage accumulation. On superficial analy-
sis this dissociation between macrophage accumulation and em-
physema might seem to be confusing. However, it is important
to point out that IL-13 induces M2 (alternative) macrophage
differentiation and that IFN-g inhibits this and other IL-13–
induced responses (54, 55). Thus, it is tempting to speculate that
the IFN-g–dependent decrease in macrophage accumulation in
the IL-18 Tg mice is caused, at least in part, by the ability of
these pathways to suppress M2 macrophage differentiation and

Figure 8. Roles of IFN-g, IL-17A, and IL-13 in IL-

18–induced airway and vascular remodeling.

Wild-type (transgenic [Tg]2) and IL-18 Tg (Tg1)

mice with the noted wild-type and null genetic

loci were placed on doxycycline (Dox) water

for 4 months. Fibrotic airway remodeling (tri-

chrome, 320) (a), histologic mucus index (b),

and vascular remodeling responses (c) were

evaluated. In c, arrows indicate remodeled blood

vessels at lower (34) and higher (340) magni-

fication. a and c are representative figures from

a minimum of eight mice. The values in b repre-

sent the mean 6 SEM of evaluations in a mini-

mum of eight mice. # P , 0.001.
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accumulation. Additional investigation is required to test this
speculation.

CS exposure causes epithelial cell stress and immune activa-
tion (43). The cytotoxic lymphocyte activation receptor NK cell
group 2D (NKG2D) on circulating and tissue T cells links these
responses by inducing cell lysis and enhancing innate and adap-
tive immunity after binding to stress-induced ligands, such as
Raet-1 (43). Our studies demonstrate that IL-18 augments pul-
monary expression of cells and molecules that are involved
in cell cytotoxicity with IL-18 Tg mice manifesting increased
levels of CD81 and NK1.11 cells and enhanced expression of
Raet-1, perforin, and granzyme B. They also demonstrate that
this response is induced via an IFN-g–dependent mechanism
and inhibited by IL-18–induced IL-17A and IL-13 responses.
Recent studies have demonstrated that CS induces Raet-1 on
lung epithelial cells, sustained NKG2D activation causes murine
emphysema, and NKG2D ligand expression can be seen
in COPD tissues where it correlates with morphologic and
physiologic evidence of disease (43). This allows for the ex-
citing hypothesis that IL-18–induced IFN-g–dependent responses
generate emphysema, at least in part, by augmenting cell
cytotoxicity.

Enlarged alveoli in adult mice or humans can be caused by
processes that alter alveolar development or processes that de-
stroy normal septae (1, 31, 56–58). The emphysema in COPD is
caused by the latter (1). Overexpression Tg modeling in the
lung uses either the Clara cell 10-kD or surfactant apoprotein
C promoters most frequently. Both promoters are activated
in utero (31, 59, 60). Thus, to avoid confounding developmental
effects, we used an externally regulatable Tg system developed
in our laboratory that allows transgene expression to be induced
after lung development has occurred. As a result, the findings in
this submission are relevant to the adult lung. Hoshino and
coworkers (61) also used Tg approaches to investigate the
effects of IL-18 in the lung. In contrast to our studies, however,
they used the SP-C promoter and, in most of their experiments,
a constitutive Tg approach. When their transgene was induced

for a short period of time in the adult lung they noted tissue
inflammation that was similar to what we observed. However,
they did not detect alveolar, airway, or vascular remodeling
responses and did not comment on downstream moieties, such
as IL-13 or IFN-g. The basis for the difference in their findings
in adult lungs and ours are not clear but likely relate to technical
items, such as the promoter that was used or duration of trans-
gene activation. Interestingly, when their transgene was acti-
vated during development (a situation that is relevant to such
diseases as bronchopulmonary dysplasia [62]), they noted type 1
and 2 cytokines, alveolar enlargement, pulmonary hypertension,
and cor pulmonale that was similar to the inflammatory and
vascular responses in our animals. Importantly, IL-18 did not
induce identical responses in early life and adult lungs because,
in contrast to our findings, airway remodeling was not induced
by developmentally activated IL-18, and null mutations of IFN-
g did not alter the developmentally induced increase in alveolar
size, whereas null mutations of IL-13 did do so (61). In combi-
nation, the studies by Hoshino and coworkers (61) and our
findings highlight the similarities and differences in the effects
of IL-18 in the developing and adult lung.

Although COPD is referred to as a “disease,” it can be more
accurately thought of as a constellation of heterogeneous syn-
dromes (63–66). As a result, the clinical manifestations of the
disease and the degree to which emphysema versus airway
(chronic bronchitis) and vascular pathologies predominate can
differ from individual to individual. This complexity is so pro-
found that the National Institutes of Health is sponsoring on-
going studies of subpopulations and intermediate outcome
measures in the disorder (65). To account for this heterogeneity,
some have proposed that these differences are the result
of disparate disease causes (67). Only time and study will de-
termine if this is true. However, our data allow for another
nonmutually exclusive hypothesis. Specifically, our studies dem-
onstrate that a single abnormality, the exaggerated expression
of IL-18, can induce many of the classic abnormalities that
are seen in COPD and that these lesions are mediated by

Figure 9. Roles of IFN-g, IL-17A, and IL-13 in IL-18–

induced pulmonary collagen accumulation and matrix

molecule gene expression. Wild-type (transgenic [Tg]2)

and IL-18 Tg (Tg1) mice with the noted wild-type and

null genetic loci were placed on doxycycline (Dox) water

for 4 months. (a) Lung collagen content was evaluated

using Sircol assays. The levels of mRNA encoding elastin

(b), fibronectin (c), and collagen 1A1 (d) were evaluated

with real-time reverse transcriptase polymerase chain re-

action. The values in a–d represent the mean 6 SEM of

evaluations in a minimum of eight mice. * P, 0.05, ** P,

0.01, # P , 0.001. GAPDH ¼ glyceraldehyde phosphate

dehydrogenase.
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different mutually inhibiting mechanisms. Environmental or ge-
netic influences that alter an individual’s propensity to mount
IL-18–stimulated type 1, type 2, or type 17 responses could
regulate the balance of emphysema and airway and vascular
remodeling thereby altering disease expression. These findings
also have important implications regarding therapeutic
approaches that are used in this disorder. If the inhibitory inter-
actions of the type 1 and type 17/2 pathways described in this
modeling system are operative in humans, one can see how an
anti–IFN-g–based monotherapy could decrease emphysema
while increasing inflammation and airway and vascular remod-
eling. Similarly, one can see how an anti–IL-13 monotherapy (as
has been proposed [68]) could decrease mucus metaplasia and
airway and vascular fibrosis while increasing emphysema
and cell cytotoxic responses. This suggests that optimal treat-
ment of COPD needs to be directed at “central” mediators,
such as IL-18, or use combination therapy to simultaneously
control the multiple pathways that are operative in a given in-
dividual. Further investigation of the regulation and roles of
IL-18 and type 1, 2, and 17 responses and the therapeutic use
of interventions that control these pathways is warranted.

Author disclosures are available with the text of this article at www.atsjournals.org.
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