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Abstract

Background: Chitotriosidase (chitinase 1, Chit1), a major true chitinase in humans, is

induced in childhood asthma and has been implicated in the pathogenesis of a vari-

ety of inflammatory and tissue remodeling responses. However, the role and the

mechanisms that underlie these contributions to the diseases have not been

defined. We hypothesized that Chit1 plays a significant role in the pathogenesis of

allergic asthma.

Methods: Wild-type and Chit1-deficient mice and cells in culture were used to

define the roles of Chit1 in models of allergic adaptive Th2 inflammation. In addi-

tion, the levels of sputum Chit1 were evaluated in pediatric asthma patients and

compared to control.

Results: The levels of sputum Chit1 were significantly increased in the patients with

childhood asthma. Mice with Chit1 null mutation demonstrated enhanced allergic

Th2 inflammatory and cytokine and IgE responses to OVA or house dust mite aller-

gen sensitization and challenge. However, the expression levels of TGF-b1 were sig-

nificantly decreased with a diminished number of Foxp3+ regulatory T cells (Treg) in

the lungs of Chit1�/� mice compared to WT controls. In vitro, the absence of Chit1

significantly reduced TGF-b-stimulated conversion of CD4+CD25� na€ıve T cells to

CD4+Foxp3+ Treg cells, suggesting Chit1 is required for optimal effect of TGF-b1 in

Treg cell differentiation.

Conclusion: Chit1 plays a protective role in the pathogenesis of allergic inflamma-

tion and asthmatic airway responses via regulation of TGF-b expression and Foxp3+

Treg cells.
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1 | INTRODUCTION

Asthma is one of the most common chronic diseases in the world

and is a major cause of morbidity in the USA.1,2 In keeping with its

public health impact, the immune and cellular events that are

involved in asthma pathogenesis have been studied intently. These
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studies have demonstrated that exaggerated type 2 immune

responses play an important role in disease pathogenesis.3 However,

the processes that control type 2 responses in normal airways and

how these control mechanisms fail to function in asthma have not

been adequately defined.

The 18 glycosyl hydrolase gene family contains true chitinases

and chitinase-like proteins (CLP) that bind but do not cleave chitin.

The former includes moieties such as acidic mammalian chitinase

(AMCase) and chitotriosidase (chitinase 1; Chit1), which play impor-

tant roles in the control of chitin-containing pathogens.4 The latter

includes the prototypic CLP, chitinase 3-like-1 (Chi3L1) (BRP-39 in

mice and YKL-40 in man), which is an impressive regulator of cell

survival, inflammation, and remodeling.4 Recent studies have

demonstrated that AMCase and Chit1 play important roles in the

regulation and stimulation of Th2 responses.5,6 These studies have

demonstrated that the levels of Chit1 are increased in asthma and

other diseases characterized by inflammation and remodeling and,

in some cases, correlate with fungal sensitization.5,7,8 Moreover,

studies from our laboratory and others have demonstrated that

Chit1 is the major chitinase in the human lung and that genetic

variations in the CHIT1 are associated with the frequency of atopy

and atopic biomarkers, including blood eosinophils, serum IgE, and

eosinophil cationic protein (ECP).9,10 However, the mechanism(s) by

which Chit1 contributes to the pathogenesis of Th2 inflammation

and the relationship between Chit1 and asthma have not been

defined.

Immune responses in the lung and other organs are regulated by

a variety of mechanisms including regulatory T cells (Tregs).11 This

can be readily appreciated in asthma and Th2 inflammation where

Tregs deficiencies have been noted and Tregs inhibit type 2 inflam-

matory responses. In the mouse, CD4+CD25�Foxp3� cells can be

induced to express Foxp3 and manifest the phenotypic and func-

tional qualities of Tregs when activated in vitro by T-cell receptor

stimulation in the presence of TGF-b.12 Recent studies from our lab-

oratory have demonstrated that Chit1 augments TGF-b1 signaling.8

However, a relationship between Chit1 and Tregs has not been

defined and the role of Chit1 in the generation of Tregs and their

ability to control Th2 inflammation has not been defined.

We hypothesized that Chit1 is induced in childhood asthma and

allergen-induced airway inflammation mice where it plays an impor-

tant role in disease promotion by regulating Th2 inflammation. To

test this hypothesis, we characterized the levels of Chit1 in sputum

for children with asthma and controls. We also compared the adap-

tive Th2 responses induced after antigen sensitization and challenge

in wild-type and Chit1 null mice and the role of Tregs in the differ-

ences that were noted.

2 | METHODS

2.1 | Animals

All experiments used 7 to 13-week-old, sex- and age-matched

mice, housed under specific pathogen-free conditions.

Chitotriosidase null mutant (Chit1�/�) and TGF-b1 transgenic (Tg)

mice were generated on a C57BL/6 background and maintained

as previously described.8,13 All experiments were performed in

compliance with Korea Research Institute of Bioscience and

Biotechnology and approved by the institutional review boards of

Yonsei University College of Medicine Council of Science and

Technology.

2.2 | Single cell isolation and flow cytometry

Lung, spleen, lymph node (LN) and thymus cells were isolated.14,15

For intracellular staining, cells were fixed and permeabilized with Fox-

p3 staining kit (eBioscience, San Diego, CA, USA) or Fix/Perm

reagent kit (BD Biosciences). Samples were run on a FACS LSRII

flow cytometer (BD Biosciences), and data were analyzed using

FlowJo software (Tree Star, Ashland, OR).

2.3 | Human subjects

A total of 140 children aged 6.6-12.2 years were enrolled in this

study, divided into two groups: atopic asthma and controls. Subjects

with asthma were classified on the basis of consistent respiratory

symptoms verified by physicians, together with the presence of

bronchial hyper-responsiveness in methacholine challenge (PC20 ≤

16 mg/mL) or at least 12% reversibility of forced expiratory volume

in 1s (FEV1) after inhalation of b2 agonist, in accordance with previ-

ous guidelines.16 Children treated with systemic corticosteroids due

to asthma exacerbation in the preceding month were excluded from

the study. The control group visited the hospital for general health

workup or vaccination and had no history of chronic diseases, recur-

rent wheezing, or respiratory infection for at least 4 weeks prior to

evaluation.

Spirometry and subsequent sputum induction were performed at

the initial visit. A methacholine challenge test and serum sampling

for peripheral blood eosinophil count and IgE measurements were

performed at the second visit. This study was approved by the Insti-

tutional Review Board of Severance Hospital (protocol no. 4-2004-

0036). Written informed consent was obtained from the participants

and their parents. Details on sputum induction, IgE measurement,

spirometry, and methacholine challenge test are provided in the

Appendix S1.

2.4 | Statistical analyses

Normally distributed data were analyzed using the Student’s t test

for two groups or ANOVA followed by Tukey test for 3 or more

groups. Chi-square test was used with categorical variables. Correla-

tions between Chit1 levels and PC20 were evaluated using the Pear-

son test. All statistical analyses were performed using SPSS 20

(version 22.0, IBM Corp, Armonk, NY).

Details on the other methods employed in this study are

included in the Appendix S1.
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3 | RESULTS

3.1 | Chit1 accumulation in sputum from childhood
asthma

Sputum samples were obtained from childhood asthma and com-

pared with similar samples from age- and sex- matched controls. As

shown in Table 1, the blood eosinophil counts, levels of total IgE,

and levels of serum ECP were increased in children with asthma

compared to controls (P < .001). Importantly, the levels of sputum

Chit1 were significantly higher in the asthmatics compared to the

controls (1262 � 69.97 pg/mL vs 1758 � 129.2 pg/mL, P = .001;

Figure 1A).

3.2 | Regulation and accumulation of murine
pulmonary Chit1 during aeroallergen challenge

To define the roles of Chit1, we evaluated the regulation and accumu-

lation of pulmonary Chit1 in murine allergic inflammation. Models

were utilized that employ the chitin-free aeroallergen, OVA, and HDM

which contains chitin.17 The levels of Chit1 protein and mRNA were

significantly increased in the lungs from OVA sensitized and chal-

lenged mice compared with controls (Figure 1B-D). IHC evaluation

demonstrated that airway epithelial and inflammatory cells, especially

alveolar macrophages, are the major cells expressing Chit1 in the lungs

of aeroallergen challenged mice (Figure 1E). These effects were not

specific for chitin-free aeroallergens because similar increases in the

levels and sites of Chit1 expression were noted in the lungs from the

mice sensitized and challenged with HDM (Figure 1F).

3.3 | Role(s) of Chit1 in allergen-induced airway
inflammation and airway responsiveness

In these experiments, WT and Chit1�/� mice were sensitized and

challenged with OVA and the resulting inflammatory responses were

evaluated. In the absence of OVA exposure, BAL cell accumulation,

IgE production, and parameters of airway responsiveness were

similar in WT and Chit1�/� mice. Interestingly, after OVA sensitiza-

tion and challenge, Chit1�/� mice manifest significantly increased

BAL total cells and eosinophil recovery (Figure 2A), increased total

and OVA-specific IgE accumulation (Figure 2B), and heightened air-

way responsiveness to methacholine (Figure 2C) compared to WT

mice. Histologic evaluations demonstrated enhanced perivascular

and peribronchial inflammatory cell infiltration in comparison with

Chit1�/� and WT mice (Figure 2D). The noted effects of Chit1 in

airway inflammation and responsiveness were not specific for chitin-

free aeroallergens because similar changes were noted in comparison

with lungs from Chit1�/� and WT mice challenged with HDM (Fig-

ure S1A, D). However, heightened IgE response in the WT mice with

HDM challenges compared to OVA challenge mice was noted (Fig-

ure S1B and Figure 2B), and that blunted statistical difference in

total IgE levels between Chit1�/� and WT mice challenged with

HDM.

3.4 | Role of Chit1 in aeroallergen regulation of
Th2 cytokines, TGF-b1 and IL-10

To understand the mechanism(s) by which Chit1 regulates allergen-

induced inflammation, we next characterized the expression and

accumulation of cytokines in BAL fluids and lungs from WT and

Chit1�/� mice. As previously reported,18 OVA sensitization and chal-

lenge stimulated, the expression of IL-4, IL-5, and IL-13 in lungs from

WT mice. Importantly, these inductive events were significantly aug-

mented in the lungs of Chit1�/� mice when compared to WT mice

(Figure 3A, B). Ovalbumin sensitization and challenge also stimulated

the expression of TGF-b1 and IL-10 in lungs from WT mice. In con-

trast to the Th2 cytokines noted above, these inductive events were

markedly blunted in lungs from Chit1�/� mice compared to WT mice

(Figure 3C, D). Enhanced Th2 cytokine and decreased anti-inflamma-

tory cytokine responses were also noted in comparison with WT

and Chit1�/� mice challenged with HDM (Figure S1C). In combina-

tion, these results demonstrate that Chit1 inhibits allergen-stimulated

Th2 cytokine production while enhancing the expression of the anti-

inflammatory cytokines TGF-b1 and IL-10.

Characteristics Asthma (n = 80) Control (n = 60) P value

Age, y 8.3 (6.6-10.9) 8.9 (6.8-12.2) n.s.

Sex, male (%) 53 (66.2) 35 (58.3) n.s.

Blood eosinophil,/lL 551.8 � 407 165.8 � 94.2 <.001

Total IgE, IU/mL 421.5 (202-1636) 47.9 (21.5-87.4) <.001

Serum ECP, lg/L 14.4 (6.8-28.1) 7.5 (4.9-17.3) <.001

FEV1, % predicted 89.4 � 18.3 105.2 � 11.5 <.001

Change in FEV1 after BD, % 10.2 (1.6-18) 0.65 (0-5.8) <.001

FEV1/FVC, % 87.0 � 12.9 102.5 � 8.0 <.001

FEF25%-75%, % predicted 62.1 � 25.6 95.7 � 20.8 <.001

ECP, eosinophil cationic protein; FEV1, forced expiration volume in one-second; BD, bronchodilator;

FVC, forced vital capacity; FEF25%-75%, forced expiratory flow at 25%-75% of vital capacity; n.s., not

specified.

Values are presented as mean � standard deviation, median (interquartile range), or number (%).

TABLE 1 Subject characteristics
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3.5 | Role of Chit1 in CD4+ T-cell population in the
lung of allergen challenged mice

Studies were next undertaken to assess whether Chit1 plays a

role in T-cell population. After OVA challenge, the number of

CD4+GATA3+Foxp3� Th2 cells and CD4+GATA3�Foxp3+ Tregs

was evaluated. In keeping with the enhanced inflammation noted

in Chit1�/� mice, these studies revealed a significant increase in

the number of CD4+GATA3+Foxp3� cells in the lungs from

Chit1�/� mice compared to WT mice (Figure 4A-C). On the other

hand, CD4+GATA3�Foxp3+ cell accumulation in the lung of

Chit1�/� mice was significantly lower than in WT mice (Fig-

ure 4A-C). These Chit1-induced effects on Th2 and Tregs were

lung-specific, because similar differences were not noted in medi-

astinal lymph nodes (mLN) or spleens from WT and Chit1�/� ani-

mals (Figure 4A-C). These results indicate that Chit1 inhibits

allergen-induced Th2 cell differentiation while enhancing Foxp3+

Tregs development in the lung.

3.6 | Role of Chit1 effect on the regulatory T cells
in the absence of allergen challenge

To further understand the mechanisms that Chit1 uses to regulate

Tregs, studies were undertaken to determine whether Chit1 alters

Foxp3+ Tregs development, proliferation, or the ability of Tregs to

suppress T-cell proliferation. First, we compared the accumulation of

CD4+Foxp3+ T cells in thymus, spleen, and mLN tissues from WT

and Chit1�/� mice at baseline. Significant difference in CD4+Foxp3+

T-cell accumulation in tissues from WT and Chit1�/� mice was not

noted regardless of the source of the cells (Figure 5A, B). This sug-

gests that Chit1 does not play a major role in the regulation of Fox-

p3+ Treg cell development in vivo under steady-state conditions. To

F IGURE 1 Chit1 expression in childhood asthma and allergen-induced airway inflammation mice. A, Chit1 levels in supernatants of
induced sputum from patients with normal control subjects (n = 60) and asthma (n = 80). B-E, WT and Chit1�/� mice were sensitized
with OVA/Alum and challenged with OVA. 24 h After the last OVA challenge, the levels of Chit1 protein and mRNA expression were
assessed via (B) ELISA and (C) real-time PCR and (D) Western blot. E, Representative immunohistochemistry on lung sections with vehicle
(PBS) or OVA challenge (solid arrows, alveolar macrophages; open arrow, airway epithelial cells). F, WT and Chit1�/� mice were sensitized
with house dust mite (HDM)/Alum and challenged with HDM. The level of Chit1 in bronchoalveolar lavage (BAL) fluids was assessed
using ELISA. The values in panels B-D, F represent the triplicate evaluations in a minimum of 5 mice each group. Panels E is
representative photograph of minimum 5 mice each group. Scale bars in E; 100 lm, respectively. *P < .05, **P < .01. by Pearson test
and Student’s t test [Colour figure can be viewed at wileyonlinelibrary.com]
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determine whether Chit1 regulates Treg cell proliferation, peripheral

CD4+CD25+ T cells were purified from WT and Chit1�/� mice, and

their ability to proliferate following in vitro TCR stimulation was

evaluated. In this assay, both WT and Chit1�/�CD4+CD25+ T cells

manifest strong proliferative responses and the frequency of dividing

Chit1�/�CD4+CD25+ T cells was comparable in cells from WT and

Chit1�/� mice (Figure 5C). And the suppressive ability of Tregs was

assessed in vitro by evaluating the proliferation of na€ıve T cells

(CD4+CD25�) co-cultured with WT or Chit1�/�CD4+CD25+ T cells.

We found that Chit1�/� Tregs were as effective at suppressing pro-

liferation of na€ıve T cells as WT Tregs (Figure 5D). Lastly, to exam-

ined the direct effects of Chit1 on Tregs proliferation, freshly

isolated cells were stimulated in CD3/CD28 with or without Chit1.

We found that Chit1 have no direct effect on the proliferation of

Treg cells (Figure 5E). Therefore, Chit1-deficient Tregs have

proliferative and suppressive abilities comparable to WT Tregs, high-

lighting the limited effect of Chit1 in Tregs development and func-

tion in the absence of allergen stimulation.

3.7 | Effect of TGF-b1 expression on Chit1
inhibition of Th2 inflammation

As TGF-b1 expression and Treg differentiation were decreased in

the lung under allergen sensitization and challenge in the absence

of Chit1, studies were undertaken to see whether TGF-b1 is

responsible for Chit1 regulation of allergic inflammation in the

lung. In this evaluation, TGF-b1 Tg mice were used to express

TGF-b1 specifically in the lung. After WT and Chit1�/�, TGF-b1

Tg (+), and double mutant mice of Chit1 and TGF-b1 Tg (TGF-b1

Tg(+)/Chit1�/�) were exposed to PBS (�) or OVA (+), then BAL

F IGURE 2 Role of Chit1 in allergen-induced airway inflammation and airway hyper-responsiveness. WT and Chit1�/� mice were
sensitized with OVA/Alum and challenged with OVA. A, Total and differential cell counts in BAL fluid. B, Serum levels of total and OVA-
specific IgE measured by ELISA. C, Airway resistance in response to inhaled methacholine in WT and Chit1�/� with and without OVA
challenge was measured by FlexiVent system. D, Representative lung sections with H&E staining. Panel A is representative of two
separate analysis. The values in panels A-C represent the triplicate evaluations in a minimum of 5 mice each group. Panel D is
representative photograph of minimum 5 mice each group. *P < .05, **P < .01, #P < .05 (WT/OVA vs Chit1�/�/OVA). Scale bars in D,
50 and 100 lm, respectively [Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 3 Role of Chit1 in allergen-induced expression of Th2 cytokines, TGF-b, and IL-10 in the lung. Levels of IL-4, IL-5, IL-13, TGF-b,
and IL-10 in the lungs from WT and Chit1�/� mice after PBS or OVA challenge were evaluated. A, C, The protein levels of IL-4, IL-5, IL-13,
TGF-b, and IL-10 in BAL fluid measured by ELISA. B, D, The mRNA expression levels of IL-4, IL-5, IL-13, TGF-b, and IL-10 measured by real-
time RT-PCR. The values represent the mean � SEM of duplicate evaluations in a minimum of 5 mice in each group. *P < .05, **P < .01,
***P < .001, n.s. = not significant
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and lung inflammation and Th2 cytokine expression were evalu-

ated. As shown in Figure 6A-D, OVA challenge significantly

increased of eosinophil-dominant BAL and tissue inflammation,

serum levels of total IgE and BAL IL-4, IL-5, and IL-13 in WT ani-

mals. In the absence of Chit1, all these parameters of Th2

inflammation were significantly increased compared to WT animals.

However, transgenic expression of TGF-b1 abrogated these

increases seen in Chit1�/� mice to the levels of WT mice, sug-

gesting that TGF-b1 is mediating Chit1 inhibition of Th2 inflam-

matory responses in the lung.

F IGURE 4 Role of Chit1 in CD4+ T-cell population in murine model of allergic asthma. WT and Chit1�/� mice were sensitized with
OVA/Alum and challenged with OVA. A, 24 h after the last OVA challenge, cells were isolated from mediastinal lymph node (mLN),
spleen, and lung from WT and Chit1�/� mice, stained with anti-CD4, Foxp3, and GATA3, and analyzed by flow cytometry. B, Bar graph
represents percentage of CD4+GATA3+Foxp3�, CD4+GATA3+Foxp3+, and CD4+GATA3�Foxp3+ cells in the mLN, spleen and lungs from
WT and Chit1�/� mice. C, Graphs represent absolute numbers of CD4+GATA3+Foxp3�, CD4+GATA3+Foxp3+, and CD4+GATA3�Foxp3+

cells in the mLN, spleen, and lungs from WT and Chit1�/� mice. Panel A is a representative FACS evaluations in a minimum of 5
mice each group. The values in panels B and C represent the mean � SEM of triplicate evaluations in a minimum of 5 mice each group.
*P < .05
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3.8 | Role of Chit1 in TGF-b1-stimulated Foxp3+

Treg conversion

TGF-b1 is an important regulator of T-cell tolerance, in part through

the conversion of CD4+CD25� T cells to inducible Treg cells (iTregs)

in the periphery. Therefore, studies were undertaken to investigate

the role(s) of Chit1 in the conversion of na€ıve T cells to iTregs. We

stimulated na€ıve T cells (CD4+CD25�) in the presence of TGF-b1

and/or Chit1. The addition of TGF-b1 alone led to an increase in

Foxp3 conversion. However, Chit1-deficient T cells showed less

effective Foxp3 conversion compared with cells from WT mice (Fig-

ure 6E). In these evaluations, the TGF-b1-induced Foxp3 induction

was significantly enhanced with the co-treatment with recombinant

Chit1 (Figure 6E). These data demonstrate that Chit1 effect is nota-

ble only in the presence of TGF-b1 for further development of

peripheral CD4+Foxp3+ iTreg cells from na€ıve T cells.

3.9 | Role of Chit1 in the regulation of TGF-b-
stimulated TGF-b receptor expression and signaling in
T cells

Previous studies from our laboratory demonstrated that Chit1 inter-

acts in a synergistic fashion with TGF-b1 to enhance TGF-b receptor

expression and Smad phosphorylation and the development of pul-

monary fibrosis.8 Thus, to further understand the mechanism by

which Chit1 participates in the genesis of Tregs, studies were under-

taken to determine whether Chit1 regulated TGF-b receptor I

(TGFRI) expression and signaling during Treg development. These

studies demonstrated that Chit1 significantly enhanced the ability of

TGF-b1 to stimulate the expression of TGFRI in TGF-b1 and Chit1-

stimulated T cells (Figure 6F). As TGF-b1 and/or Chit1 treatment in

T cells showed increased TGFRI expression and therefore an

increased sensitivity to TGF-b1 signaling, we next evaluated the acti-

vation of Smad2 in sorted na€ıve T cells treated with recombinant

TGF-b1 and recombinant Chit1, alone and in combination. As

expected, treatment of exogenous of TGF-b1 increased p-Smad2 in

both WT and Chit1�/� T cells compared with stimulation with TCR

alone, but the level of p-Smad2 in WT T cells was higher than that

in Chit1�/� (Figure 6G). In these evaluations, the TGF-b1-induced

TGFRI expression and signaling was significantly enhanced with the

co-treatment with recombinant Chit1 (Figure 6G). In addition,

CD4+CD25+ T cells with OVA challenge, Chit1�/� mice showed sig-

nificantly lower expression of TGFRI expression compared to WT

CD4+CD25+ T cells (Figure 6H). When viewed in combination, these

findings demonstrate that Chit1 enhances TGF-b-dependent Treg

conversion, at least in part, via its ability to increase T-cell TGFRI

expression and signaling.

4 | DISCUSSION

Although mammals do not have chitin or chitin synthase, they contain

chitinases and CLP that can be detected in the circulation as well as in

local tissues.4,18,19 Chit1, a major enzymatically active true chitinase, is

produced, stored, and secreted by macrophages and neutrophils and

plays important roles in innate immune homeostasis.20 This can be

appreciated in the pivotal roles it plays in host defenses against chitin-

containing pathogens such as fungi, protozoa, and insects.20 Its impor-

tance as a sensitive biomarker of macrophage activation can also be

seen in its dysregulated expression in a variety of human diseases

including Gaucher’s disease, diabetes, sarcoidosis, inflammatory bowel

disease, atherosclerosis, Alzheimer’s disease, and prostate cancer.21,22

Recent studies from our laboratory and others have also demonstrated

that Chit1 is dysregulated in lung diseases characterized by inflamma-

tion and remodeling such as asthma, COPD, and pulmonary fibro-

sis.8,19,23 However, the roles of Chit1 in these diseases and the

mechanisms it uses to contribute to disease pathogenesis have not

been defined. To begin to address these deficiencies, we focused on

the regulation of Chit1 and its roles in the pathogenesis of allergic

asthma. This study demonstrates that Chit1 is expressed in an exag-

gerated manner in pediatric asthma. Increased expression and activity

of Chit1 in patients with asthma was already reported by other stud-

ies.23,24 Consistent with sputum data from children with asthma, the

lung of allergen-induced mice showed a significant increase in the level

of Chit1 compared with those of control mice. Chit1 is the most read-

ily active chitinase in the lung from mammal and man9 and increased

in the patients with inflammatory disorder disease also in the animal

models.25,26 The reasons for the elevation of Chit1 might be associ-

ated with the protective role in the immune response against allergens.

And our murine models of asthma-like adaptive Th2 inflammation also

demonstrated that Chit1 inhibits aeroallergen-induced Th2 inflamma-

tion, IgE production, type 2 cytokine elaboration, and airways hyper-

responsiveness while stimulating the anti-inflammatory cytokines

TGF-b1 and IL-10. We also defined the novel mechanisms that under-

lie these responses by demonstrating that Chit1 plays a critical role in

TGF-b1 stimulation of Tregs accumulation and that this response is

mediated, at least in part, by the ability of Chit1 to augment the ability

of TGF-b1 to stimulate T-cell TGF-b1 receptor expression. When

viewed in combination these studies suggest that Chit1 plays an

important protective role in aeroallergen-induced Th2 pulmonary

inflammation.

CD4+Foxp3+ Tregs can be generated in the thymus, natural

Tregs (nTregs). Conventional CD4+ T cells can also be converted to

Tregs in peripheral tissues via TGF-b-dependent mechanisms,

induced Tregs (iTregs).27 Importantly, iTreg cells potently inhibit

TCR-driven T-cell proliferation in vitro and when adaptively trans-

ferred in vivo.15 In many reports, TGF-b, in the presence of TCR

stimulation, could induce Foxp3 expression in na€ıve peripheral

CD4+CD25�Foxp3� T cells and converted them into Foxp3+ Treg

cells, not only in murine,15,28,29 but also in human CD4+ T cells.15,30

TGF-b1 is a pleiotropic cytokine that regulates the many cellular

functions, such as proliferation, migration, differentiation, and sur-

vival.31 TGF-b1 is not only known for its anti-inflammatory, but also

for its proinflammatory effects in the inflammation, as demonstrated

by its fibrotic effects on airway remodeling. Although airway TGF-b1

expression has not been well quantified in children with asthma,32
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increased TGF-b1 expression has been shown in the airways of asth-

matic adults after allergen challenge.33,34 On the other hand, TGF-b1

acts as a negative feedback mechanism to suppress of immune

response, inducing T-cell tolerance. Neutralization of TGF-b reduced

the Treg cell induction in transplantation model35 and systemic

increases in TGF-b-induced Foxp3+ Treg cell numbers in mice.36

Therefore, the conversion of Foxp3+ Treg cells was shown to be

dependent on TGF-b in vivo. Moreover, we recently demonstrated

that Chit1 interacts with TGF-b1 in the pathogenesis of tissue fibro-

sis by augmenting TGF-b1-induced expression of TGF-b receptors 1

and 2, Smad2 phosphorylation and the activation of MAPK ERK1/2

in fibroblasts.8 The present studies add to our understanding of the

interactions of Chit1 and TGF-b1 by demonstrating that Chit1 is

required for optimal TGF-b1 stimulation of Foxp3+ T cells in allergic

inflammation and that TGF-b1-induced expression of TGF-b recep-

tors on T cells was significantly impaired in the absence of Chit1.

This raises the interesting possibility that the failure to induce Fox-

p3+ Tregs in Chit1�/� mice is due, at least in part, to this loss of

TGF-b receptor expression and downstream signaling of TGF-b. The

specific contribution of TGF-b in this Chit1-regulated response was

further confirmed by the experiment using Chit1�/� and TGF-b1 Tg

(+) mice that demonstrated transgenic expression of TGF-b1 abro-

gated exaggerated IgE and Th2 cytokine responses in the absence of

Chit1. In combination, the current studies highlight novel Chit1-TGF-

b interactions that control Tregs accumulation, airway inflammation,

and AHR in aeroallergen-induced Th2 pulmonary responses.

Previous studies demonstrated that GATA3, a key regulator of Th2

polarization, inhibits the induction of T-cell Foxp3 by binding to the

Foxp3 promoter.37 In keeping with these findings, IL-4 has been

shown to inhibit TGF-b-induced Foxp3 induction and prevent T-cell

conversion to a regulatory phenotype.38 Similar effects have been

described for IL-6 which induces the differentiation into Th17 cells

while inhibiting the generation of iTreg cells.38 Our studies demon-

strate that aeroallergen sensitized and challenged Chit1 null mice man-

ifest augmented Th2 responses and decreased numbers of Tregs. This

led to the intriguing possibility that the Chit1 that is induced at sites of

Th2 inflammation counteracts the effects of GATA3, Th2 cytokines,

and/or IL-6 on Foxp3+ Tregs differentiation and that these effects are

mediated by its ability to enhance T-cell TGF-b receptor expression.

Additional investigation will be required to assess the veracity of these

speculations and the mechanisms that are involved.

Our studies demonstrate that the levels of TGF-b1 were signifi-

cantly lower in lungs from allergen sensitized and challenged

Chit1�/� mice than in lungs from WT controls. Interestingly, the

lungs from the Chit1�/� mice also manifest impressive increases in

inflammation including macrophages and eosinophils. These findings

are in accord with the appreciation that macrophages are major

sources of TGF-b1 and Chit119,39 and that allergen-stimulated alveo-

lar macrophages act as antigen presenting cells (APCs) that promote

the generation of Foxp3+ iTreg cells, that suppress the induction of

lung inflammation, mucus production, and airway hyper-reactiv-

ity.39,40 They are also in accord with studies from our laboratory

that demonstrated that the CLP chitinase 3-like-1 also plays a criti-

cal role in the stimulation of TGF-b1 elaboration. When viewed in

combination, these studies demonstrate that Chit1 plays a critical

role in the production of TGF-b1 by macrophages and other inflam-

matory cells at sites of inflammation and that this property may be

a critical feature of 18 GH regulatory moieties.

The immune regulatory function of Chit1 acquired immune

responses is still largely elusive compared to its function to innate

immune response (for recent review, see21). In the prior study using

lung-specific IL-13 transgenic mice, we have shown that IL-13 strongly

induced the expression of Chit1 together with TGF-b,13 suggested that

Th2 cytokine could be a major driver of Chit1 as well as TGF-b expres-

sion in asthmatic airways. In that setting, we have identified a signifi-

cant role of Chit1 in fibrotic tissue repair response interacting with

TGF-b. Up to date, only a few studies are directed to address a specific

role of Chit1 in adaptive allergic responses. Recent studies of Crypto-

coccus neoformans pulmonary infection demonstrated enhanced

inflammation in lungs from Chit1 null vs WT mice.5 On superficial anal-

ysis, this is the opposite of the results that were seen in aeroallergen

sensitized and challenged Chit1�/� animals. Interestingly, the Th2

inflammation in the fungal model was dependent on the enzymatic

activity of Chit1 and its ability to digest the chitin in the Cryptococcus

to release free chitin which can be a potent macrophage activator.5 In

contrast, in the current studies, enhanced inflammation was seen in

Chit1�/� mice regardless of whether they were sensitized and chal-

lenged with ovalbumin which does not contain chitin or HDM which

does. These observations suggest that these responses and the mecha-

nisms that induce them are different. Support for this can be seen in

the fact that the aeroallergen-induced responses are manifestations of

adaptive Th2 immunity while chitin induction of inflammation is a

macrophage-induced innate immune response and that reflect a signifi-

cant role of chitin as an adjuvant.17,41-43 These studies also suggest

that Chit1 and possibly Tregs play different roles in these responses. It

is important to point out that studies in our laboratory and others have

F IGURE 5 Role of Chit1 in the development, proliferation and functionality of regulatory T cells. A, Cells were isolated from thymus, spleen
and mediastinal lymph node (mLN) from WT and Chit1�/� mice, stained with CD4 and Foxp3, and analyzed by flow cytometry B, Bar graphs
representing percentage and absolute numbers of CD4+Foxp3+ cells in the lungs from age- and sex-matched WT and Chit1�/� mice.
C, Regulatory T-cell proliferation assay using carboxyfluorescein succinimidyl ester (CFSE) staining and FACS analysis. D, Suppression of T-cell
proliferative response by CD4+CD25+ T cells sorted from WT and Chit1�/� mice following co-culture with WT CD4+CD25� (Tresp) cells.
E, The proliferation of CD4+CD25+ Treg cell was measured by CCK-8. Isolated cells were stimulated with plate bound-anti CD3/CD28 in the
presence of IL-2 with or without Chit1 following culture for 3 d. Panel A is a representative FACS evaluations in a minimum of 5 mice each
group. The values in panel B represent the mean � SEM of FACS evaluations in a minimum of 5 mice each group. Panel C is a representative
of CFSE evaluations in a minimum of 3 separate experiments. Panel D and E represent the mean � SEM of triplicate evaluations in a minimum
of 2 separate experiments. *P < .05, n.s. = not significant [Colour figure can be viewed at wileyonlinelibrary.com]
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demonstrated that the immunological activities of chitin depend on its

chemical modification, dose, route of exposure, and size with proin-

flammatory and anti-inflammatory responses being induced with inter-

mediate sized chitin (40-70 lm) and small chitin (<40 lm),

respectively.44-47

In summary, we have shown augmented expression of Chit1 in

sputum from patients with asthma compared to healthy subjects. In

murine models of asthma-like adaptive Th2 inflammation, these

studies demonstrated that Chit1 inhibits aeroallergen-induced Th2

inflammation, IgE production, type 2 cytokine elaboration, and AHR

F IGURE 6 Effect of TGF-b1 expression on Th2 inflammation and Foxp3+Treg conversion. A-D, WT, Chit1�/�, TGF-b1 Tg(+), and double
mutant mice of Chit1 and TGF-b1 Tg (TGF-b1 Tg(+)/Chit1�/�) mice were sensitized with OVA/Alum and challenged with OVA then evaluated
inflammatory and cytokine responses in the lung. A, Total cell and eosinophil recovery in the BAL at 24 h after the last OVA challenge, B,
H&E stains for the evaluation of lung tissue inflammation. C-D, total serum IgE levels, and BAL Th2 cytokine levels. E-F, Na€ıve CD4+CD25�

cells were isolated from spleen from WT and Chit1�/� mice. Cells were then stimulated with plate bound-anti CD3/CD28 in the presence of
IL-2 and TGF-b1 with or without Chit1 following culture for 3 d. E, A representative flow cytometry analysis on the cell that were harvested
and stained with anti-CD4/Foxp3. F, TGF-b receptor I mRNA expression determined by real-time PCR. G, Smad2 phosphorylation was
assessed by Western blot in sorted na€ıve T cells stimulated by recombinant TGF-b1 and Chit1, alone and in combination. H, CD4+CD25+

cells were isolated from lung from WT and Chit1�/� mice. TGF-b receptor I mRNA expression determined by real-time PCR. The values in
panels A, C, D, F, and H represent the mean � SEM and panel E is a representative FACS evaluations in a minimum of 5 mice each
group. Panel B is a representative tissue section with H&E stains. G, is representative of a minimum of three separate experiments. *P < .05,
**P < .01, ***P < .001, n.s. = not significant. Scale bar in panel B; 100 lm [Colour figure can be viewed at wileyonlinelibrary.com]
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while stimulating the anti-inflammatory cytokines TGF-b1 and IL-10.

They also defined the novel mechanisms that underlie these

responses by demonstrating that Chit1 plays a critical role in TGF-b1

induction and TGF-b1 stimulation of Tregs accumulation and that

this response is mediated, at least in part, by the ability of Chit1 to

augment the ability of TGF-b1 to stimulate T-cell TGF-b1 receptor

expression. When viewed in combination, these studies highlight a

novel protective role of Chit1 in allergic inflammation and airway

F IGURE 6 Continued
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responses via regulation of TGF-b expression and its effector func-

tion on Tregs.
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SUPPLEMENTARY METHODS

Spirometry, Sputum induction, and methacholine challenge test

Spirometry was performed, and sputum samples were obtained at the initial

visit. At the second visit, a methacholine challenge test was performed and total

serum IgE and specific IgE levels were measured using the Pharmacia CAP assay

(Uppsala, Sweden). A specific IgE test was performed for 6 allergens common in

Korea: Dermatophagoides pteronyssinus, Dermatophagoides farina, egg whites, cow

milk, German cockroach, and Alternaria alternata. Atopy was defined as >0.7 KUa/l

specific IgE to more than one allergen, or 150 IU/ml total IgE. This study was

approved by the Institutional Review Board of Severance Hospital (protocol no. 4-

2004-0036). Written informed consent was obtained from the participants and their

parents.

Sputum induction was previously reported successful, defined as obtaining a

readable sputum cytospin, in 68–100% of children (1). All children were instructed to

wash their mouths thoroughly with water, after which they inhaled a 3% saline

solution nebulized in an ultrasonic nebulizer (NE-U12; Omron Co., Tokyo, Japan) at

maximum output at room temperature. The children were encouraged to cough

deeply at 3-min intervals thereafter. After sputum induction, spirometry was

repeated. If the FEV1 was ≤ 80% of the post-BD baseline value, the child was

required to wait until it returned to baseline values (2).

Spirometry (VIASYS Healthcare, Inc., Conshohocken, PA, USA) was

performed, and flow–volume curves were obtained according to the American



3

Thoracic Society guidelines before and after BD inhalation (3). BHR was assessed

using the methacholine challenge test according to standardized procedures (4).

Each child inhaled increasing concentrations of methacholine (0.075, 0.15, 0.31,

0.62, 1.25, 2.5, 5, 10, 25 and 50 mg/mL) nebulized by a dosimeter (MB3; Mefar,

Brescia, Italy) until FEV1 decreased 20% from a post-nebulized saline solution value.

The concentration of methacholine that caused a 20% decrease in FEV1 (PC20) was

determined, and the result for a challenge was considered positive if the PC20 was

≤ 16 mg/mL.

Ovalbumin and house dust mite challenge

Female wild type (WT) and Chit1-/- mice were sensitized by intraperitoneal

(i.p.) injection of 20 μg ovalbumin (OVA; Sigma-Aldrich, St. Louis, MO), with 2 mg

aluminum hydroxide (alum; Pierce, Thermo scientific, Rockford, IL), on days 1 and

14. Mice underwent intranasal (i.n.) challenges with 1% OVA in PBS or PBS alone

(control mice) on days 28–30. Mice were immunized with i.p. injections of 10 μg

house dust mite (HDM; Greer Laboratories, Lenoir, NC) with 2 mg alum, on days 1

and 5. Starting on day 12, mice were i.n. challenged with 50 μg HDM in PBS or PBS

alone (control mice) daily for 3 days. Mice were sacrificed 1 day after the final

challenge for evaluation.

Inflammatory cell counts in bronchoalveolar lavage fluid

Lung underwent lavage with PBS and was centrifuged. The supernatant was

frozen for later analysis and total bronchoalveolar lavage (BAL) cell counts were
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determined using trypan blue exclusion. Cells were centrifuges onto slides and

differential cell counts were determined by Diff-Quick® staining (Merck, Germany).

Airway hyperresponsiveness (AHR)

AHR to methacholine (Mch; Sigma-Aldrich) was measured by animal

ventilator (Flexivent; SCIREQ, Montreal, QC, Canada). Anaesthetized and

tracheostomized mice were challenged with aerosolized saline or Mch (3.125–50

mg/ml). Lung resistance (Rn) was calculated from measures of pressure and flow

and expressed as cm H2O/ml/s.

Quantification of Chit1, Th2 cytokines, and TGF-β1

Mouse Chit1 in BAL fluid was quantitated using a commercial assay

(CUSABIO, Hubei, China). Interleukin (IL) - 4, 5, 10, 13 and TGF-β1 were measured

by ELISA using commercial kits (R&D Systems, Minneapolis, MN) according to

manufacturer’s instructions.

Quantification of total IgE and OVA-specific IgE

Blood was collected by cardiac puncture of mice. Serum samples were

obtained by centrifugation and stored at −20 °C until use. Total IgE and OVA-specific

IgE serum levels were measured using IgE ELISA assay kit (BD Biosciences, San

Diego, CA) according to manufacturer instructions. For OVA-specific IgE, plates were

coated with OVA (20 μg/ml) in 0.1 M carbonate buffer. Samples and standards were

added and incubated for 2 h at room temperature. After washing, detection antibody
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and SAv-HRP reagent were applied on to plate for 1 h at room temperature. The

reaction was developed with a TMB substrate (KPL, Gaithersburg, MD) and stopped

with 2 N sulfuric acid. Plates were read at 450 nm.

Histology and immunohistochemistry (IHC)

Left lung was fixed with 10% formalin, embedded in paraffin, and cut into

sections. Paraffin sections (5 μm) were stained with hematoxylin and eosin (H&E).

For IHC, slides were heated in citrate buffer and incubated with rabbit anti-Chit1

(H66) or rabbit anti-IgG antibody (Santa Cruz Biotechnology, Danvers, MA) at 1:100

dilutions. After washing in PBS, sections were incubated with EnVision+ system-

HRP (AEC) (DAKO, Carpentaria, CA). The signal was developed with AEC (3-amino

9-ethylcarbazole) substrate for 10 min. After staining, images were acquired using

an Olympus DP73 microscope and analyzed using CellSens Dimension software

(Olympus, Tokyo, Japan).

Single cell isolation and flow cytometry

Lung, spleen, lymph node (LN) and thymus cells were isolated (5, 6). For

intracellular staining, cells were fixed and permeabilized with Foxp3 Staining Kit

(eBioscience, San Diego, CA) or Fix/Perm reagent kit (BD Biosciences). Samples

were run on a FACS LSRII flow cytometer (BD Biosciences), and data were

analyzed using FlowJo software (Tree Star, Ashland, OR).

The single cells were rsuspended in MACS buffer (5 % FBS, 2 mM EDTA in

PBS, pH 7.2), and then CD3ε-specific antibody (Miltenyi Biotec, Auburn, CA) were
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added to the suspension, which was incubated for 15 min at 4°C. After washing with

MACS buffer, anti- microbeads were added to the suspension for 10 min at 4°C. The

cells were then centrifuged and resuspended in 500 μl of MACS buffer. The cell

suspension was applied onto the AutoMACS (Miltenyi Biotec). The marker negative-

and positive- cells were collected.

To sort CD4+CD25+ and CD4+CD25- cells, CD3+ cells were stained with anti-

CD25 and anti-CD4 (eBioscience) and then sorted on a BD Biosciences FACSAria II

(BD Biosciences). For Treg proliferation assays, CFSE-labeled CD4+CD25+ T cells

were cultured in the presence of anti-CD28 (2 μg/ml), anti-CD3 (4 μg/ml) and

recombinant IL-2 (10 U/ml; R&D systems) for 5 days. For Treg suppression assays,

CD4+CD25- T cells (5 × 104/well) from OT-II were used as responder T cells (Tresps).

Antigen presenting cells were prepared from WT mouse spleen. WT Tresps were

cocultured separately with OTII or Chit1-/- OTII Treg at different ratios, as indicated,

along with mitomycon C (20 μg/ml)-treated APCs (5 × 104/well) plus anti-CD3 (2

μg/ml) for 72 h. Plates were pulsed with Cell Counting Kit-8 (CCK-8) reagent

(Dojindo Laboratories, Tokyo, Japan) and cell proliferation in triplicates was

measured at 405 nm using ELISA reader.

In vitro stimulation of Tregs

Sorted CD3+CD4+CD25+ T cells were cultured with recombinant Chit1 (100

μg/ml; R&D systems) for 72 h in RPMI containing 10% FBS in the presence of anti-

CD3 (2 μg/ml) and anti-CD28 (1 μg/ml) at 37℃. Plates were pulsed with CCK-8
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reagent (Dojindo Laboratories) and cell proliferation in triplicates was measured at

405 nm using ELISA reader.

In vitro induction of Foxp3+ Tregs

Naïve splenic CD4+CD25- T cells (2 × 105/well) were cultured in 96-well plates

precoated with anti-CD3 (2 μg/ml) and anti-CD28 (1 μg/ml). Cells were cultured for

72 h with rIL-2 (100 U/ml) in the presence or absence of different concentrations of

recombinant TGF-β1 (R&D systems; 1–10 ng/ml). Foxp3 expression was assessed

by flow cytometry.

Real-time-PCR
First strand cDNA was synthesized using SuperScript® with random hexamer

primers (Invitrogen). Real-time PCR was performed with an Exicycler 96 (Bioneer,

Daejeon, Korea), and mRNA levels were quantified using the

AccuPower® GreenStar qPCR Master Mix (Bioneer), according to manufacturer's

instructions. Relative expression was determined by normalizing expression of each

target to GAPDH or β-actin.

Western blot anlalysis

Lung tissue was homogenized by using a homogenizer in a protein extraction

reagent (RIPA Lysis and Extraction Buffer; Pierce) containing proteinase inhibitor

cocktail (Pierce) and centrifuged at 14,000g for 15 min, and the supernatants were
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collected. Protein content was measured using Bradford protein assay (Bio-Rad) and

10 μg of protein were loaded on SDS-PAGE gels. Subsequently, proteins were

transferred to PVDF membranes (Millipore, Beaford, MA) and were probed with

specific primary antibodies for Chit1(R&D Systems), phospho-Smad2/Smad3 (Cell

Signaling Technology, Danvers, MA), Smad2/3 (Cell Signaling Technology) and β-

actin (Santa Cruz Biotechnology) overnight at 4°C. Specific bands were visualized

after incubation with the respective secondary antibodies by autoradiography by

using enhanced chemiluminescence, according to the manufacturer (ECL Plus

Western Blotting Substrate; Pierce). Immunoblot signals were detected using a LAS-

4000 camera system (Fujifilm,Tokoy, Japan).
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Figure S1

Figure S1. Chit1 regulates house dust mite-induced airway inflammation and airway
hyperresponsiveness. WT and Chit1-/- mice were sensitized with house dust mite (HDM)/Alum and
challenged with HDM. (A) BAL total and inflammatory cell recoveries were quantitated. (B) Total IgE
and (C) Cytokines were measured by ELISA. (D) AHR was evaluated by measuring the airway
resistance of HDM-sensitized and challenged WT and Chit1-/- mice. (E) H&E staining of lung sections
from WT and Chit1-/- mice. The values in panels A-D represent the meanSEM (standard error of
mean) of evaluation on the mice in a minimum of 5 mice each group. Panel E is a representative
photograph of minimum 5 mice each group. *p<0.05, **p<0.01, ***p<0.005 (control vs. HDM), #
p<0.05 (WT/HDM vs. Chit1-/-/HDM) by student’s t-test. Scale bar=100 m.
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