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Abstract

Chitinase 3–like 1 (Chi3l1), which is also called YKL-40 in humans
andBRP-39 inmice, is the prototypic chitinase-like protein. Recent
studies have highlighted its impressive ability to regulate the nature
of tissue inflammation and the magnitude of tissue injury and
fibroproliferative repair. This can be appreciated in studies that
highlight its induction after cigarette smoke exposure, during
which it inhibits alveolar destruction and the genesis of pulmonary
emphysema. IL-18 is also known to be induced and activated by
cigarette smoke, and, in murine models, the IL-18 pathway has
been shown to be necessary and sufficient to generate chronic
obstructive pulmonary disease–like inflammation, fibrosis, and
tissue destruction. However, the relationship between Chi3l1 and
IL-18 has not been defined. To address this issue we characterized
the expression of Chi3l1/BRP-39 in control and lung-targeted
IL-18 transgenic mice. We also characterized the effects of

transgenic IL-18 in mice with wild-type and null Chi3l1 loci. The
former studies demonstrated that IL-18 is a potent stimulator of
Chi3l1/BRP-39 and that this stimulation is mediated via IFN-g–,
IL-13–, and IL-17A–dependent mechanisms. The latter studies
demonstrated that, in the absence of Chi3l1/BRP-39, IL-18
induced type 2 and type 17 inflammation and fibrotic airway
remodeling were significantly ameliorated, whereas type 1
inflammation, emphysematous alveolar destruction, and the
expression of cytotoxic T lymphocyte perforin, granzyme, and
retinoic acid early transcript 1 expression were enhanced. These
studies demonstrate that IL-18 is a potent stimulator of Chi3l1 and
that Chi3l1 is an important mediator of IL-18–induced
inflammatory, fibrotic, alveolar remodeling, and cytotoxic
responses.
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The 18 glycosyl hydrolase gene (18 GH)
family is made up of chitinases, which
enzymatically digest chitin and chitinase-like
proteins (CLPs), which bind (but do not
cleave) chitin (1). This ancient gene family
exists in species as diverse as plants, insects,
and humans and has evolved during

speciation with a particularly impressive
increase in CLP in mammals (2, 3). This
retention over species and evolutionary time
has led to the belief that the CLPs play
essential roles in biology. To evaluate this
speculation we focused on chitinase 3-like–1
(Chi3l1) (also called as YKL-40 in humans

and BRP-39 in rodents), the prototypic CLP
(1). These studies supported this speculation
by demonstrating that Chi3l1 plays a major
role in antipathogen, antigen-induced, and
oxidant-induced inflammatory repair and
remodeling responses by regulating a variety
of essential biologic processes, including
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oxidant injury, apoptosis, pyroptosis,
inflammasome activation, Th1/Th2
inflammatory balance, M2 macrophage
differentiation, TGF-b1 elaboration, and
dendritic cell accumulation and the
activation of mitogen-activated protein
kinase, Akt/protein kinase B, and Wnt/
b-catenin signaling (4–10). Studies from our
laboratory and others also identified
significant correlations between dysregulated
Chi3l1 and the development, severity, and/
or progression of a number of diseases,
including asthma and COPD (for review see
Refs. 1, 11–13). However, the cytokines and
other mediators that regulate Chi3l1
production in these settings have not been
fully defined.

IL-18 is a member of the IL-1 cytokine
superfamily (14, 15) that has an impressive
ability to induce Th1/Tc1 differentiation
and immune responses (14, 16). It can also
contribute to the generation of type 2
immune responses (14) and plays a key role
in the generation of Th17 responses in
diseases characterized by autoimmunity
(17, 18). A variety of lines of evidence
have recently implicated IL-18 in the
pathogenesis of chronic obstructive
pulmonary disease (COPD). Studies from
our laboratory demonstrated that IL-18 is
induced and activated after cigarette smoke
(CS) exposure and that IL-18 receptor
alpha signaling plays a critical role in the
pathogenesis of CS-induced pulmonary
inflammation and emphysema (19).
Increased levels of IL-18 were also noted in
the serum and induced sputum from
patients with COPD, where they correlate
with abnormal lung function (20, 21). Our
studies also demonstrated that IL-18 was

sufficient to induce COPD-like tissue
responses because the lung-selective
overexpression of IL-18 induced tissue
inflammation, emphysema, mucus
metaplasia, airway fibrosis, vascular
remodeling with intimal hyperplasia, and
cardiac right ventricle hypertrophy, which
resemble the features of human COPD
(22). They also demonstrate that IL-18
simultaneously induces the signature
cytokines associated with the type 1, type
2, and type 17 responses that play specific
roles in the pathogenesis of the IL-18
effector repertoire (22). Importantly,
studies from our laboratory also
demonstrated that CS exposure augments
the production of Chi3l1/BRP-39 and that
Chi3l1/BRP-39 plays essential roles in the
control of alveolar destruction (12). In
addition, a recent study demonstrated that
IL-18 overexpression induces the Chi3l1/
BRP-39 molecule in lungs (13). However,
the roles of Chi3l1/BRP-39 in IL-18–induced
pulmonary inflammatory and tissue
remodeling responses have not been
adequately defined.

We hypothesized that IL-18 is a potent
inducer of Chi3l1/BRP-39 and that Chi3l1/
BRP-39 plays significant roles in
IL-18–induced pulmonary inflammatory
and remodeling responses. To address these
speculations, we characterized the expression
of Chi3l1/BRP-39 in control mice and mice
in which IL-18 was overexpressed in a lung-
specific manner (IL-18 Tg). We also bred
these transgenic mice with mice with null
mutations of Chi3l1/BRP-39 (Chi3l12/2)
and characterized the effects of transgenic
IL-18 in the presence and absence of this
CLP. These studies demonstrated that IL-18
is a potent stimulator of Chi3l1/BRP-39 and
that this stimulation is mediated via IFN-g–,
IL-13–, and IL-17A–dependent mechanisms.
They also demonstrated that Chi3l1/BRP-39
plays a critical role in the generation of
IL-18–induced type 2 and type 17
inflammatory responses and pulmonary
fibrosis while inhibiting IL-18–induced type
1 inflammation, cytotoxic responses, and
emphysematous alveolar remodeling.

Materials and Methods

Mice
The generation of mice in which IL-18 was
targeted to the lung in a doxycycline-
inducible manner (IL-18 Tg1 mice) and
Chi3l1/BRP-39 null mutant (2/2) mice were

previously described by our laboratory
(8, 23). Wild-type (WT), IFN-g null mice
(Jackson Labs, 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 WT and genetically
modified mice were on a C57BL/6 genetic
background. All animal experimentation was
conducted with the approval of the
Institutional Animal Care and Use
Committee of Yale School of Medicine.

Preparation of Bronchoalveolar
Lavage and Whole Lung Single Cell
Suspensions
Themethods that were used in the generation
and evaluation of bronchoalveolar lavage
(BAL) and whole lung cell preparations have
been described previously by our laboratory
and others (22, 24–27).

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.

Morphometry and Lung Collagen
Content
Hematoxylin and eosin staining was
performed in the Research Histology
Laboratory at Yale 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) (19, 28), and the collagen
in the entire right lung was quantitated
using the Sircol Collagen Assay Kit
(Biocolor Ltd, Carrickfergus, UK) as per
the manufacturer’s instructions.

Flow Cytometric Analysis
For flow cytometric analysis, antibodies
against CD4, CD8, CD19, NK1.1, IFN-g,
IL-13, and IL-17A were purchased from
eBioscience (San Diego, CA). For single cell
preparation of lung tissues, Ficoll-Paque
Premium (#17-5442-02) was purchased
from GE Healthcare (Piscataway, NJ). For
intracellular cytokine staining, fixation
buffer and permeabilization buffer were
purchased from eBioscience. Single cell
suspensions were prepared as described
previously by our laboratory (22). In these
assessments BAL was not undertaken to be
sure that intraalveolar cells were included
in this analysis. To enrich for tissue
infiltrating inflammatory cells and to

Clinical Relevance

With the use of an advanced lung-
specific IL-18 transgenic
overexpression model, these studies are
novel in defining the roles of chitinase
3-like–1 (Chi3l1)/BRP-39 in IL-
18–induced pulmonary inflammatory
and remodeling responses. They are
also novel in defining the roles of type 1,
type 2, and type 17 inflammation in
the regulation of Chi3l1/BRP-39, an
ancient molecule that has been
conserved during evolution and plays
critical roles in pulmonary injury and
repair responses.
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eliminate red blood cells and cellular debris,
the cell suspensions were subjected to Ficoll-
Paque density gradient centrifugation. For
intracellular cytokine staining, cells were
stimulated with phorbol myristate acetate
(50 ng/ml) and ionomycin (1 mg/ml) for
4 hours. Flow cytometric analysis was
evaluated on a LSRII flow cytometer (Becton
Dickinson) and analyzed with FlowJo
software (Tree Star, Ashland, OR). The
gating that was used excluded dead cells, and
the isotype control staining has been
described in our previous study (22) and is
shown in Figure E1 in the online
supplement.

mRNA Evaluations
Real-time RT-PCR analysis and the primers
were used as previously described by our
laboratory (22).

Statistical Analyses
Evaluations were undertaken with SPSS
software. For the comparison of two
groups, two-tailed Student’s t test or the
nonparametric Mann-Whitney U test were
applied as appropriate. For the comparison of
more than two groups, ANOVA with post
hoc Tukey’s HSD test was applied. Values are
expressed as mean6 SEM. Statistical
significance was defined at a level of P, 0.05.

Results

IL-18 Stimulates the Production of
Chi3l1/BRP-39
Six-week-old WT and IL-18 Tg1 mice were
placed on normal water or doxycycline water
(Dox). Mice were maintained on these
regimens for 4 months and killed. The levels
of Chi3l1/BRP-39 protein in BAL fluid and
mRNA in lung tissues were evaluated by
ELISA and real-time RT-PCR, respectively.
Dox did not cause significant alterations of
the levels of Chi3l1/BRP-39 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
from those from WT animals (data not
shown). Similarly, the levels of Chi3l1/BRP-
39 were similar in specimens from WT mice
and mice with null mutations of IL-18Ra
(Figure 1A). In contrast, Tg1 mice on Dox
water manifest a significant increase in
Chi3l1/BRP-39 in BAL fluid as well as in lung
tissues (Figure 1B and data not shown). This
response was most prominent after 4 months
but could be appreciated after as little as 1
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Figure 1. The regulation of chitinase 3-like–1 (Chi3l1) (BRP-39/YKL-40) and related moieties in
lungs from IL-18 transgenic (Tg) mice. (A) Lungs from wild-type (WT) (IL-18Ra1) and IL-18Ra null
(2/2) mice were obtained, and the levels of Chi3l1/BRP-39 in bronchoalveolar lavage (BAL) were
evaluated by ELISA. (B–E) WT (Tg2) and IL-18 Tg (Tg1) mice were randomized to normal water
(Dox2) or water with doxycycline (Dox1) for 4 months. All data in B, C, D, and E represent
evaluations that were done after 4 months of Dox or water administration. (B and C) The effects of
IL-18 on the levels of Chi3l1 protein in BAL fluid and on the accumulation of Chi3l1 mRNA in
lung tissues. (D and E) The effects of IL-18 on the accumulation of AMCase mRNA and
chitotriosidase mRNA. The values in A and B–E represent the mean6 SEM of evaluations in
a minimum of four and eight mice, respectively. ***P, 0.001. Gapdh, glyceraldehyde-3-phosphate
dehydrogenase.
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month of Dox administration (Figure 1B and
data not shown). These changes in Chi3l1/
BRP-39 protein were associated with similar
changes in mRNA accumulation (Figure 1C).
They were also representative of changes in
a number of 18 glycosyl hydrolase (18 GH)
family members because IL-18 had similar
effects on the expression of acidic mammalian
chitinase (AMCase) and chitotriosidase
(Figures 1D and 1E). These studies
demonstrate that endogenous IL-18 signaling
does not play a major role in the regulation of
Chi3l1/BRP-39 at baseline but that Chi3l1/
BRP-39 and other 18 GH moieties are
powerfully induced at sites of IL-18 induction.

Type 1, Type 2, and Type 17 Cytokines
Contribute to the Stimulatory Effects
of IL-18
Previous studies from our laboratory
demonstrated that transgenic IL-18
significantly elevated the levels of
intracellular IFN-g, IL-13, and IL-17A, the
signature cytokines of type 1, type 2, and
type 17 responses in the lung (22). Thus,
studies were undertaken to determine if IL-
18 induction of Chi3l1/BRP-39 is mediated
by type 1, type 2, and type 17 cytokines.

Interestingly, IL-18 induction of Chi3l1/
BRP-39 was significantly reduced in lungs
from mice that lack of each of these
cytokines (Figure 2). Thus, optimal IL-18
stimulation of Chi3l1/BRP-39 requires
type 1, type 2, and type 17 responses.

Chi3l1/BRP-39 Plays an Important
Role in the Pathogenesis of
IL-18–Induced Inflammation
To evaluate the role(s) of Chi3l1/BRP-39
in IL-18–induced inflammation, we
characterized the BAL responses in
transgenic mice with WT or null Chi3l1
loci. Dox did not cause significant
alterations in the BAL responses in WT
mice. In addition, BAL from IL-18 Tg1

mice on normal water was not significantly
different from BAL from WT animals. In
contrast, Tg1 mice on Dox water manifest
a significant increase in BAL total cell
recovery (Figure 3A). Interestingly, the
magnitude of BAL cell recovery was not
altered in the absence of Chi3l1/BRP-39
(Figure 3A). However, Chi3l1/BRP-39 did
play an important role in defining the
nature of this cellular response. As
previously reported, transgenic IL-18
augmented BAL macrophage, neutrophil,
and lymphocyte (and to a lesser extent
eosinophil) recovery in mice that contained
Chi3l1/BRP-39 (Figures 3A, 3B, 3D, 3F, and
3G). Interestingly, in the absence of Chi3l1/
BRP-39, the number of neutrophils was
significantly enhanced (Figure 3B). In accord
with this observation, the levels of mRNA
encoding the neutrophil chemoattractant
CXCL1 in whole lung tissues was
significantly augmented by IL-18
overexpression and was further enhanced in
the absence of Chi3l1/BRP-39 (Figure 3C).
On the other hand, the number of
eosinophils and the levels of the eosinophil
inducer IL-5 were significantly decreased in
the absence of Chi3l1/BRP-39 (Figures 3D
and 3E). The numbers of macrophages and
lymphocytes in BAL from IL-18 Tg1 mice
were not significantly altered in the presence
or absence of Chi3l1/BRP-39 (Figures 3F
and 3G). Overall, these data suggest that
Chi3l1/BRP-39 inhibits the neutrophilic
inflammation and augments the eosinophilic
inflammation induced by IL-18.

IL-18–Induced Chi3l1/BRP-39
Augments Type 2 and Type 17
Responses and Inhibits Type 1
Responses
Lungs from Tg1 mice on Dox water
demonstrated significantly elevated levels

of IFN-g, IL-13, and IL-17A (22). In
accord with these observations, whole
lung evaluations also revealed
significantly increased levels of IFN-g,
IL-13, and IL-17A mRNA and proteins
(Figures 4A–4D and data now shown). In
accord with these observations,
intracellular cytokine staining and FACS
analysis highlighted significantly elevated
levels of intracellular IFN-g, IL-13, and
IL-17A in CD41 T-lymphocytes in lungs
from Tg1 mice on Dox water compared
with lungs from WT mice on normal or
Dox water and Tg1 mice on normal water
(Figures 4E and 4F and data not shown).
Interestingly, IL-18–induced type 2 and
type 17 responses were significantly
reduced, whereas the IL-18–induced type
1 response was markedly enhanced in the
absence of Chi3l1/BRP-39 compared with
those in Chi3l1/BRP-39–sufficient IL-18
Tg1 mice (Figures 4A– 4D). Similarly,
IL-18–induced Th2 and Th17 responses
were significantly reduced, whereas the
IL-18–induced Th1 response was
markedly enhanced in the absence of
Chi3l1/BRP-39 (Figures 4E and 4F and
data not shown). Similar alterations were
observed in CD4(2) lymphocytes, but
these alterations did not reach statistical
significance (Figures 4E and 4F and data
not shown). Collectively, these data
suggest that Chi3l1/BRP-39 enhances
IL-18–induced type 2 and type 17
inflammatory responses while inhibiting
IL-18–induced type 1 inflammatory
responses in the murine lung.

Chi3l1/BRP-39 Regulates the
Pulmonary Remodeling Responses
Induced by IL-18
As reported previously, transgenic IL-18 is
a potent stimulator of alveolar and airway
remodeling that induces emphysematous
alveolar septal destruction and airway
fibrosis when expressed in the murine lung
(22). Interestingly, the alveolar destructive
responses were significantly enhanced in
the absence of Chi3l1/BRP-39 (Figure 5A).
In contrast, the pulmonary fibrotic
response was significantly ameliorated in
the absence of Chi3l1/BRP-39 (Figures 5B
and 5C and data not shown). Overall, these
results demonstrate that Chi3l1/BRP-39
inhibits emphysematous alveolar
destruction and augments the fibrotic
responses that are characteristic of lung-
specific IL-18 Tg1 mice.
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Figure 2. Characterization of the roles of type 1,
type 2, and type 17 cytokines in the induction of
Chi3l1 in IL-18 Tg mice. WT (Tg2) and IL-18 Tg
(Tg1) mice with the noted WT (1/1) and
null (2/2) genetic loci were randomized to normal
water (Dox2) or water with doxycycline (Dox1) for
4 months. The lungs were then harvested, and
BAL Chi3l1 levels were characterized. The
values represent the mean6 SEM of evaluations
in a minimum of eight mice. **P, 0.01; ***P,
0.001.
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Chi3l1/BRP-39 Contributes to IL-18
Regulation of Molecules Associated
with Cell Cytotoxicity
In keeping with recent studies that demonstrate
that cytotoxic lymphocytes can play a role in
the pathogenesis of emphysematous alveolar

destruction (29), the levels of mRNA encoding
NK cell group 2D, retinoic acid early transcript
1 (Raet-1), perforin, and granzyme B were
significantly increased in lungs from IL-18
Tg1 mice compared with those from WT
controls (Figures 6A–6D). Interestingly,

comparisons of IL-18 Tg1 mice with WT and
null Chi3l1 loci demonstrated that the levels of
mRNA encoding these genes were significantly
enhanced in the absence of Chi3l1/BRP-39
(Figures 6A–6D). Taken together, these studies
demonstrate that Chi3l1/BRP-39 inhibits

B
A

L 
C

el
l R

ec
ov

er
y 

(×
 1

03 )

***

0

50

100

150

200

250

B
A

L 
N

eu
tr

op
hi

l (
× 

10
3 )

**

0

5

10

15

20

25

30

35

40 **

**

0

50

100

150

200

B
A

L 
M

ac
ro

ph
ag

e 
(×

 1
03 )

0

2

4

6

8

B
A

L 
E

os
in

op
hi

l (
× 

10
2 )

***

IL-18Tg  – – + +

Chi3l1 (+/+) (–/–) (+/+) (–/–)

Dox Water ++ + +

IL-18Tg  – – + +

Chi3l1 (+/+) (–/–) (+/+) (–/–)

Dox Water ++ + +

IL-18Tg  – – + +

Chi3l1 (+/+) (–/–) (+/+) (–/–)

Dox Water ++ + +

IL-18Tg  – – + +

Chi3l1 (+/+) (–/–) (+/+) (–/–)

Dox Water ++ + +

IL-18Tg  – – + +

Chi3l1 (+/+) (–/–) (+/+) (–/–)

Dox Water ++ + +

IL-18Tg  – – + +

Chi3l1 (+/+) (–/–) (+/+) (–/–)

Dox Water ++ + +

IL-18Tg  – – + +

Chi3l1 (+/+) (–/–) (+/+) (–/–)

Dox Water ++ + +

B
A

L 
Ly

m
ph

oc
yt

e 
(×

 1
03 )

0

5

10

15

20

25

C
X

C
L1

 / 
G

ap
dh

 m
R

N
A

0

1

2

3

4

5

6

IL
-5

 / 
G

ap
dh

 m
R

N
A

0

1

2

3

A CB

D

G

E F

Figure 3. Characterization of the roles of Chi3l1 in IL-182induced pulmonary inflammation. WT (Tg2) and IL-18 Tg (Tg1) mice with the noted WT (1/1) and Chi3l1
null (2/2) genetic loci were randomized to normal water (Dox2) or water with doxycycline (Dox1) for 4 months. (A) BAL total cell recovery. (B) BAL neutrophil
recovery. (C) CXCL1mRNA in lung tissues. (D) BAL eosinophil recovery. (E) IL-5 mRNA in lung tissues. (F) BALmacrophage recovery. (G) BAL lymphocyte recovery.
The values represent the mean6 SEM of evaluations in a minimum of eight mice. **P,0.01; ***P,0.001. CXCL1, chemokine (C-X-C motif) ligand 1.
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pulmonary cytotoxic mediators, which are
known to play important roles in the IL-
18–induced alveolar remodeling response.

Discussion

Chi3l1 is an injury- and inflammation-
induced mediator that decreases injury and
cell death while augmenting tissue repair
and regulating the nature of the local
inflammatory response (8, 30, 31). In the
lung this can be nicely seen in adaptive Th2
responses and in the injury and repair
responses induced by agents such as
bleomycin, infection with pneumococcus,
and CS exposure (8, 10, 12). IL-18 is also
a pleotropic mediator that regulates injury;
repair; and type 1, type 2, and type 17
cytokine balance (14, 16, 32, 33). In keeping
with these similarities, studies were
undertaken to define the relationship(s)
between Chi3l1 and IL-18. These studies
demonstrate that IL-18 is a potent
stimulator of Chi3l1/BRP-39 in the murine
lung. Interestingly, similar effects were seen
with other GH 18 moieties, suggesting that
IL-18 is an important regulator of many
members of this gene family. These studies
also demonstrate that Chi3l1 is a key
mediator of many of the tissue effects of
IL-18, where it contributes to the genesis
of Th2 and Th17 inflammation and
tissue fibrosis while inhibiting type 1
inflammation, cell cytotoxicity, and alveolar
remodeling. These findings add significantly
to our understanding of the stimuli that
control the elaboration of Chi3l1. They also
raise the exciting possibility that Chi3l1 is an
important regulator of injury, repair, and
inflammation at sites of and in disease
characterized by IL-18 excess.

IL-18 is surprising in its ability to
stimulate type 1, type 2, and type 17
responses. The importance of this pleiotropy
was recently demonstrated in studies from our
laboratory, which demonstrated that these
pathways play different roles in the generation
of COPD-like tissue response in the murine
lung (22). Specifically, IFN-g–dependent
pathways inhibited macrophage, lymphocyte,
and eosinophil accumulation 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
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Figure 4. Characterization of the roles of Chi3l1 in IL-18–induced type 1, type 2, and type 17 inflammation.
WT (Tg2) and IL-18 Tg (Tg1) mice with the noted WT (1/1) and Chi3l1 null (2/2) genetic loci were
randomized to normal water (Dox2) or water with doxycycline (Dox1) for 4 months. (A–D) The accumulation
of IL-13 mRNA, IL-17A mRNA, and IFN-g mRNA and the production of IFN-g protein from whole lung
tissues. (E and F) Single cell suspensions were also prepared from whole lung for flow cytometry.
Lymphocyte gating was undertaken, excluding dead cell populations, and FACS analysis was used to
evaluate the accumulation of CD41 cells that contain IL-17A and IL-13 in the presence (1/1) or absence
(2/2) of Chi3l1/BRP-39. The values in A–D represent the mean6 SEM of evaluations in a minimum of eight
mice. *P,0.05; **P,0.01. E and F are representative of a minimum of three similar experiments.
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(22). 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. The present studies add to this body
of data by demonstrating that IL-18 also
stimulates Chi3l1 and that optimal Chi3l
induction requires type 2, type 1, and type 17
responses. This finding is compatible with
the concept that Chi3l1 is induced during the
course of a variety of inflammatory and
injury responses, where it feeds back to
decrease injury and drive repair. In COPD,
these findings raise the possibility that the

levels of serum or BAL Chi3l1 can be
a surrogate for the degree of ongoing
inflammation and/or injury or a marker that
predicts disease progression.

One of themajor conceptual advances in
immunology is the appreciation that there
are T cell subsets with unique cytokine
profiles and inflammatory responses that
are characterized by the excess accumulation
of specific cytokines, such as type 2,
type 1, and type 17 moieties, differ
significantly from one another. Studies of
T cell differentiation have highlighted
the importance of dendritic cells and

the cytokine microenvironment in the
generation of these cells and cell populations.
Our studies add to this understanding
by demonstrating that the ability of IL-18
to generate these different responses
also depends on the induction of Chi3l1.
Specifically, in the absence of Chi3l1, IL-18
induction of type 2 and type 17 responses
was diminished, whereas type 1 responses
were augmented. These findings are in accord
with studies from our laboratory highlighting
the Chi3l1 dependence of aeroallergen-
induced adaptive type 2 responses,
pneumococcus-induced responses, and
autoimmune encephalitis (8, 10, 34). The
augmented type 1 response is in accord
with the exaggerated experimental
autoimmune encephalomyelitis that is seen
in mice with Chi3l deficiency (34). The
mechanisms by which Chi3l1 regulates these
responses, however, have not been defined
and require additional investigation.

CS exposure causes epithelial cell stress
and immune activation (29). The cytotoxic
lymphocyte activation receptor NK cell
group 2D on circulating and tissue T cells
links these responses by inducing cell lysis
and enhancing innate and adaptive
immunity after binding to stress-induced
ligands, such as Raet-1 (29). We previously
demonstrated that IL-18 augments
pulmonary expression of cells and molecules
that are involved in cell cytotoxicity, with
IL-18 Tg mice manifesting increased levels
of CD8 and NK1.11 cells and enhanced
expression of Raet-1, perforin, and granzyme
B (22). Our studies also demonstrated that
these responses are induced via an IFN-g–
dependent mechanism and are inhibited by
IL-18–induced IL-17A and IL-13 responses.
In accord with these findings, the present
studies demonstrate that the ability of IL-18
to induce these cell cytotoxicity alterations
is at least partially Chi3l dependent, with
Chi3l1 inhibiting these responses. To our
knowledge, this is the first time that Chi3l1
or any other GH18 moiety has been linked
to cell cytotoxicity. However, the
demonstration that Chi3l1 inhibits these
innate immune responses is in accord with
studies from our laboratory, which
demonstrated that Chi3l1 also inhibits
a number of other innate immune responses,
such as inflammasome activation (8, 10, 34).
The link between Chi3l1 and cell
cytotoxicity has interesting implications for
visceral malignancies and other diseases
where cell cytotoxicity plays an important
role and Chi3l1 levels are augmented.
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Figure 5. Characterization of the roles of Chi3l1 in IL-18–induced tissue pathology. WT (Tg2) and IL-
18 Tg (Tg1) mice with the noted WT (1/1) and Chi3l1 null (2/2) genetic loci were randomized to normal
water (Dox2) or water with doxycycline (Dox1) for 4 months. (A) Emphysematous alveolar destruction
was evaluated with assessments of mean chord length. (B) Pulmonary fibrosis was evaluated with
measurements of lung collagen content. (C) A representative trichrome stain histologic evaluation,
which compares the collagen accumulation in IL-18 Tg (Tg1) mice with WT (1/1) and Chi3l1 null (2/2)
loci. The values in A and B represent the mean6 SEM of evaluations in a minimum of eight mice.
*P, 0.05; **P, 0.01. C is representative of at least three similar evaluations.
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Although COPD is referred to as
a “disease,” it can be more accurately
thought of as a constellation of
heterogeneous syndromes (35–38). 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 profound

that the National Institutes of Health is
sponsoring ongoing studies of
subpopulations and intermediate outcome
measures in the disorder (37). To account
for this heterogeneity, some have proposed
that these differences are the result of
disparate disease causes (39). Only time and
study will determine if this is true.
However, our data allow for another
non–mutually exclusive hypothesis.
Specifically, our studies demonstrate that
IL-18 can induce many of the classic
abnormalities that are seen in COPD and
simultaneously induce the production of
Chi3l1. They also demonstrate that the
levels of expression of Chi3l1 alter the
phenotypes that are induced by IL-18. A
number of naturally occurring Chi3l1
polymorphisms have been described that
alter its levels of expression (40). This
allows for the exciting hypothesis that
environmental or genetic influences that
alter an individual’s propensity for IL-18–
stimulated activation of the Chi3l1 axis (the
Chi3l1 ligand, its stimulators, and or its
receptors) could contribute to the
heterogeneity of COPD and other IL-18–
mediated disorders. These findings also
have important implications regarding
therapeutic approaches that can be used in
COPD. In our prior studies we suggested
that optimal treatment of COPD needs to
be directed at “central” mediators, such as
IL-18, or formulated as combination
therapies to simultaneously control the
multiple pathways that it induces.
The present studies suggest that
manipulations of the Chi3l1 axis might be
a useful way to accomplish the latter.
Further investigation of the regulation and
roles of Chi3l1 and related moieties in
COPD is warranted. n

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