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Abstract
Background—Airway smooth muscle (ASM) cells may contribute to the pathogenesis of asthma
including airway inflammation and remodeling. We focused our study on the regulation of chemokine
expression by cytokines and analyzed the mechanisms of eotaxin/CCL-11 expression in ASM cells.

Methods—Human ASM cells were cultured in vitro and treated with IL-4, interferon-γ (IFNγ), and
tumor necrosis factor-α (TNFα). Secretion of chemokines into the culture medium was analyzed by
ELISA. Expression of eotaxin mRNA was analyzed by reverse transcription-polymerase chain
reaction (RT-PCR). Binding of transcription factor signal transducer activator of transcription
(STAT) 6 to the eotaxin promoter-derived DNA was analyzed by pull-down Western blot. To assess
transcriptional regulation of eotaxin, cells were transfected with eotaxin promoter-luciferase reporter
plasmids, and activity was determined by dual luciferase assay.

Results—The Th2 cytokine IL-4 preferentially stimulated the expression of the CC chemokine
receptor (CCR) 3-ligand chemokines eotaxin, eotaxin-3, and MCP-4. The Th1 cytokine IFNγ
stimulated the expression of chemokines IP-10 and RANTES. IL-4 stimulated nuclear translocation
of signal transducer activator of transcription 6 (STAT6) and its binding to the eotaxin promoter
region. IL-4 activated the eotaxin promoter and its activity was inhibited by mutation of the binding
site for STAT6 in the promoter.

Conclusions—The Th2 cytokine IL-4 preferentially stimulated the expression of CCR3 ligand
chemokines including eotaxin in ASM cells. The transcription factor STAT6 may play a pivotal role
in the activation of eotaxin transcription in response to IL-4.
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Introduction
Hyperplasia and hypertrophy of airway smooth muscle (ASM) cells are important aspects of
airway remodeling, and these pathologic features may be involved in airway narrowing, airway
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hyperresponsiveness, and disease severity of asthma [1,2]. ASM cells are involved in
constriction of the airways in patients with asthma. Recent data have also implicated that ASM
cells produce chemokines, including eotaxin, and contribute to the infiltration of inflammatory
cells into airway and pathogenesis of airway remodeling.

Brightling et al. [3] reported that mast cells infiltrate the smooth muscle layer in patients with
asthma. Mast cells are known to secrete chemical mediators and cause constriction of smooth
muscle. The proliferation of ASM cells is thought to be mediated by mast-cell-derived tryptase,
chemical mediators, such as histamine and leukotrienes, and cytokines, such as transforming
growth factor-β (TGFβ) and tumor necrosis factor-α (TNFα). Interaction of ASM cells and
mast cells may be involved in the pathophysiology of asthma [4]. Recent reports showed that
mast cells express chemokine receptors including CC chemokine receptor (CCR)1, CCR3,
CCR5 and CXC chemokine receptor (CXCR)3 [5]. RANTES/CCL5 is a ligand for CCR1,
CCR3 and CCR5. Eotaxin/CCL11 is a ligand for CCR3. IP-10/CXCL10 is a ligand for CXCR3.
These chemokines are known to cause chemotaxis of mast cells in vitro study and may be
important for the migration of mast cells into smooth muscle layer in asthmatics [6–8].

In this study, we investigated the regulation of expression of chemokines by cytokines in ASM
cells in vitro and next focused our study on the mechanism of regulation of expression of
eotaxin.

Materials and Methods
Reagents

Recombinant cytokines IL-4, IFNγ, and TNFα were purchased from R&D Systems, Tokyo,
Japan.

Cell Culture
Human airway smooth muscle cells were purchased from Cambrex (Baltimore, Md., USA)
and cultured in SmBM medium with SmGM-2 SingleQuots (Cambrex) containing insulin,
FGF, gentamicin, 5% FBS, and EGF at 37°C with 5% CO2 in humidified air. Confluent cells
at passage 2–5 were stimulated with cytokines as described below.

Assay of Chemokine Secretion
Concentrations of eotaxin, eotaxin-2/CCL24, eotaxin-3/CCL26, MCP-4/CCL13, RANTES/
CCL5, and IP-10/CXCL10 in the culture medium were determined with a commercially
available enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems) as described
previously [9].

Assay of Eotaxin mRNA Expression
Purification of RNA and synthesis of cDNA were performed as described previously [10].
Predesigned TaqMan probe sets for eotaxin was purchased from Applied Biosystems (Tokyo,
Japan) and real-time PCR was performed as described previously [9]. Data are shown as fold
induction of nonstimulated control cells.

Extraction of Nuclei and Pull-Down-Western Blot
Nuclear translocation of signal transducer activator of transcription (STAT) 6 and the binding
to the DNA probe which contains the sequence derived from eotaxin promoter region was
analyzed by pull-down-Western blot method as described previously [11]. The sequence of
the oligonucleotide probe used is 5′-GGCTTCCCTGGAATCTCCCACA-3′ (site −77 to −56)
which contains the binding site for STAT6.
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Assay of Eotaxin Promoter Activity
Methods for the construction of eotaxin promoter-reporter plasmids have been described
[11]. A 1,363-bp fragment of the promoter region of the eotaxin gene (site −1363 to −1) which
contains binding sites for nuclear factor-kappa B (NF-kB) and STAT6 was ligated to the
luciferase reporter pGL3-Basic vector (Promega Corp., Madison, Wisc., USA). The construct
is referred to as pEotx.1363 (see fig. 4). Construct pEotx. M1 was synthesized by mutating the
STAT6 binding site in pEotx.1363. ASM cells at passage 2 were seeded onto 6-well plates and
allowed to grow to 50% confluence. Cells were transfected with 1 μg of each reporter plasmid
and 10 ng of the control renilla-luciferase vector pRL-TK (Promega) with 5 μl lipofectamine
2000 (Promega) and grown in medium without gentamicin for 24 h. The medium was changed
to medium containing gentamicin. After 24 h, cells were incubated with the indicated cytokines
for 20 h. Cells were solubilized by incubation in 500 μl lysis buffer for 20 min and luciferase
activity was measured with the Dual-Luciferase Assay System (Promega) and a luminometer
(Gene-Light 55; Microtech Nichion, Chiba, Japan). Firefly-luciferase activity of the reporter
plasmid was normalized to renilla-luciferase activity and expressed as fold induction of control.

Statistical Analysis
Data were expressed as mean ± SEM. Statistical differences were determined by analysis of
variance with Fisher protected least significant difference. Data were analyzed with Stat View
IV (Abacus Concepts, Berkeley, Calif., USA).

Results
Differential Regulation of Chemokine Expression by Cytokines in ASM Cells

IL-4 stimulated the secretion of eotaxin (fig. 1a), eotaxin-3 (fig. 1b), and MCP-4 (fig. 1c)
protein into the culture medium at 24 h after stimulation, but it did not stimulate secretion of
RANTES or IP-10. TNFα alone did not stimulate the secretion of eotaxin, eotaxin-3, and
MCP-4, but it enhanced the effect of IL-4. IFNγ did not stimulate the secretion of eotaxin,
eotaxin-3, and MCP-4. However, IFNγ alone or the combination of TNFα and IFNγ
significantly stimulated the secretion of RANTES (fig. 1d) and IP-10 (fig. 1e). Eotaxin-2 was
not detected under any condition (data not shown).

Upregulation of the Expression of Eotaxin mRNA by IL-4
We next focused our study on the mechanisms of regulation of eotaxin expression by IL-4 in
ASM cells. IL-4 stimulated the expression of eotaxin mRNA at 24 h after stimulation (fig. 2).
TNFα alone did not stimulate the expression, but significantly enhanced the effect of IL-4.

Binding of STAT6 to the Eotaxin Promoter Region
Nuclear protein extracted at 30 min after stimulation with IL-4 reacted with a DNA probe
which contains the sequence of eotaxin promoter region. This complex was confirmed to
contain STAT6 by Western blot (fig. 3). TNFα did not interfere with the formation of the
STAT6 complex.

Assay of Eotaxin Promoter Activity
To analyze the function of STAT6 in ASM cells, we examined the regulation of eotaxin
transcription by IL-4. IL-4 activated the eotaxin promoter reporter pEotx.1363 (fig. 4a).
Activation of the promoter by IL-4 was lost in pEotx. M1 lacking a STAT6 site (fig. 4b).
TNFα did not activate the promoter.
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Discussion
In this study, we showed that cytokines differentially regulate the expression of chemokines
in ASM cells. Th2 type cytokine IL-4 preferentially stimulated the expression of CCR3-
specific ligands such as eotaxin, eotaxin-3, and MCP-4. Th1 type cytokine IFNγ tended to
stimulate the expression of IP-10, a ligand of CXC chemokine receptor (CXCR) 3, and
RANTES, a ligand of CCR1, CCR3 and CCR5. In our knowledge, we here report MCP-4
expression in ASM cells for the first time. Other chemokine expressions in ASM have been
reported, but reports comparing the efficacy of Th1 and Th2 cytokines in induction of
chemokines seem few [12–19]. However, our data may facilitate an understanding of the
tendency of differential regulation of chemokine expression by Th1 and Th2 cytokines. Th2
cell express CCR3, CCR4 and CCR8. Th1 cells express CXCR3 and CCR5. Th2 cells produce
IL-4 and are believed to contribute to the pathogenesis of allergic disease including asthma.
Induction by Th2 cytokines of the expression of eotaxin, eotaxin-3, and MCP-4 may favor the
recruitment of Th2 cells, eosinophils, basophils, and mast cells into the airway.

We previously reported that TNFα stimulates eotaxin expression through activation of NF-kB
in airway epithelial cells [11]. However, TNFα alone did not stimulate eotaxin expression in
ASM cells. The potency of IL-4 as an inducer of eotaxin expression in ASM cells seemed much
higher than in airway epithelial cells. We showed that STAT6 is important for activation of
eotaxin transcription by IL-4 in ASM cells. Other investigators reported that IL-4 and IL-13
induce phosphorylation of STAT6 in ASM cells [14]. Peng et al. [16] reported that antisense
oligodeoxynucleotides of STAT6 inhibited expression of eotaxin induced by IL-4 and IL-13.
Our data support these previous data and also clarified that STAT6 actually binds to the eotaxin
promoter region and this binding site is necessary to activate the transcription of eotaxin.

Further studies will be needed to determine if the expression of eotaxin-3 and MCP-4 are also
regulated by STAT6 in response to Th2 cytokines in ASM cells. Finally, our studies support
the concept that STAT6 may be an important therapeutic target for the treatment of asthma.
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Fig. 1.
Secretion of chemokine proteins into the medium of airway smooth muscle (ASM) cells. a
Eotaxin/CCL11. b Eotaxin-3/CCL26. c MCP-4/CCL13. d RANTES/CCL5. e IP-10/CXCL10.
Medium was collected from cells stimulated with 10 ng/ml IL-4, IFNγ, and/or TNFα for 24 h
and subjected to ELISA. The data are presented as the mean ± SEM of five independent
experiments. * p < 0.05 compared to nonstimulated control cells. ** p < 0.05 compared to
stimulation with IL-4. *** p < 0.05 compared to stimulation with TNFα or IFNγ.
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Fig. 2.
Regulation of eotaxin mRNA expression in airway smooth muscle (ASM) cells. RNA was
extracted from cells which had been stimulated with 10 ng/ml IL-4, and/or TNFα for 24 h and
subjected to real-time PCR. Levels of mRNA were calculated as fold induction compared with
nonstimulated control. The data are presented as the mean ± SEM of three independent
experiments. * p < 0.05 as compared with nonstimulated cells. ** p < 0.05 as compared with
the cells stimulated with IL-4.
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Fig. 3.
Nuclear translocation of STAT6 and its binding to the proximal region of the eotaxin promoter.
Nuclear protein was extracted from airway smooth muscle (ASM) cells treated with or without
10 ng/ml IL-4, and/or TNFα for 30 min. The extract was precipitated with an oligonucleotide
probe which contains a putative binding site for STAT6 derived from the eotaxin promoter.
The extract was analyzed by Western blot using an STAT6 Ab. Results are representative of
three independent experiments.
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Fig. 4.
Luciferase reporter assays of the eotaxin promoter in airway smooth muscle (ASM) cells. Cells
were transfected with the eotaxin promoter-luciferase reporter plasmids illustrated in the figure
(pEotx.1363 and M1) and control vector pRL-TK. Forty-eight hours later, cells were stimulated
for 20 h with or without 10 ng/ml IL-4 and TNFα. The relative luciferase activity was calculated
as fold induction compared with the control value. The data are presented as the mean ± SEM
of a total of five independent experiments. * p < 0.05 as compared with non-stimulated control
cells. a pEotx.1363. b pEotx. M1.
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