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Abstract

The growth of airway and vascular smooth muscle cells occurs in various lung diseases including
asthma, chronic obstructive pulmonary disease, bronchopulmonary dysplasia,
lymphangioleiomyomatosis, and pulmonary hypertension. While inflammatory responses are
critical in these diseases, the relationship between smooth muscle cell growth and inflammatory
mediators is poorly understood. The present study demonstrates that PDGF promotes the
expression of IL-13 in lung smooth muscle cells through an oxidant signaling mechanism.
Treatment of cultured human airway or pulmonary vascular smooth muscle cells with PDGF
promotes IL-13 mRNA and protein expression. IL-13 expression is also detected in smooth
muscle of airways and pulmonary vessels in allergen-stimulated mice. PDGF activates the
proximal 980 bp region of the IL-13 promoter. PDGF-induced IL-13 expression is suppressed by
the inhibition of reactive oxygen species signaling such as by NAD(P)H oxidase inhibition,
reactive oxygen species scavenging, and metal-chelation. Treatment of cells with hydrogen
peroxide as low as 1 M also promotes IL-13 gene expression. PDGF-induced cell growth is
suppressed by the neutralizing antibody against IL-13 as well as by reactive oxygen inhibitors, and
recombinant 1L-13 promotes the growth of airway smooth muscle cells. These results demonstrate
that oxidant signaling activates IL-13 gene transcription in lung smooth muscle cells and that this
signaling mechanism regulates cell growth.
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Introduction

The growth of smooth muscle cells (SMCs) plays an important role in various lung diseases,
including pulmonary hypertension, asthma, chronic obstructive pulmonary disease,
bronchopulmonary dysplasia, and lymphangioleiomyomatosis. An increased pulmonary
artery SMC mass contributes to the development of pulmonary vascular remodeling, which
is a critical component of pulmonary hypertension (1). The growth of airway SMCs is also a
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major pathogenic feature of asthma, and it is thought to contribute to increased airway
resistance (2). There is a definite role of inflammation in the pathogenesis of asthma (3), and
accumulating evidence suggests the importance of inflammation in pulmonary hypertension
(4). The relationships between lung SMC growth and inflammation are, however, poorly
understood.

Platelet-derived growth factor (PDGF) exists as a hetero- or homo-dimer and stimulates the
proliferation of SMCs, fibroblasts, and endothelial cells. PDGF is produced by various cell
types including SMCs, monocytes/macrophages, endothelial cells, fibroblasts, epithelial
cells, and eosinophils (5-8). PDGF mediates the development of airway smooth muscle
thickening in asthmatics (8-11). Hirota et al. (12) recently reported that PDGF-BB is
sufficient to induce airway SMC hyperplasia and change lung mechanics in mice. PDGF
also plays an important role in lung remodeling observed in idiopathic pulmonary fibrosis
(13) and pulmonary hypertension (14). Tyrosine kinase inhibitors such as imatinib, which
inhibit PDGF signaling, have been shown to reverse pulmonary vascular remodeling and
pulmonary hypertension (15,16).

Interleukin-13 (IL-13) is a cytokine produced by T-helper-2 (Th2) cells and is an important
mediator of allergic inflammation. IL-13 acts through the IL-13Ra.1/IL-4Ra complex to
directly transduce signals in hematopoietic as well as non-hematopoietic cells including B
cells, monocytes, eosinophils, mast cells, endothelial cells, SMCs, fibroblasts, and epithelial
cells (17). IL-13 is implicated in airway hyperresponsiveness, lung eosinophilia, mucus
generation and fibrosis in asthma (18). Genetic polymorphisms in IL-13, its receptor
components, and its essential signaling element STAT6 have all been associated with an
increased risk of asthma (19-23).

More recent studies suggest that IL-13 is also a regulator of tissue remodeling. IL-13 has
been shown to promote airway SMC growth (24,25). There is also evidence linking an
antigen-driven Th2 immune response and vascular remodeling in pulmonary hypertension.
Daley et al. (26) showed that depleting I1L-13 significantly ameliorated antigen-driven
pulmonary arterial muscularization in mice, implicating IL-13 in disease development.
Graham et al. (27) demonstrated that schistosomiasis-induced pulmonary hypertension is
caused by upregulated I1L-13 signaling. Hecker et al. (28), by contrast, showed the increased
expression of the IL-13 decoy receptor, IL-13Ra2, in idiopathic pulmonary arterial
hypertension patients, indicating that IL-13 is a negative regulator of pulmonary vascular
remodeling.

The present study reports that PDGF promotes the gene transcription of IL-13 in airway
SMCs and pulmonary vascular SMCs. The mechanism of PDGF signaling for 1L-13 gene
transcription involves reactive oxygen species (ROS)-mediated events.

Human airway (bronchial) SMCs from ScienCell Research Laboratories (Carlsbad, CA,
USA) and human lung vascular (pulmonary artery) SMCs from Cell Applications, Inc. (San
Diego, CA) were cultured in accordance with the manufacturers’ instructions in 5% CO, at
37°C. Cells in passages 3—7 were used. Cells were growth-arrested for 2 days in media
containing 0.01% FBS for proliferation assays or serum starved overnight for RNA and
promoter studies. Cells were treated with human recombinant PDGF-BB (Invitrogen,
Carlsbad, CA, USA) or recombinant human IL-13 (PeproTech, Inc., Rocky Hill, NJ, USA).
For some experiments, cells were pretreated with the 1L-13 neutralizing antibody or
matching isotype control (BD Biosciences, San Jose, CA). To knock down, p22Pho% and
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STATS, cells were transfected with siRNA Transfection Reagent and gene silencing siRNAs
along with control with scrambled sequence from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

Animal studies

Balb/c mice were sensitized by intraperitoneal injection of 10 mg/kg ovalbumin on day 0
and 1 mg/kg on day 10. Mice were then challenged with nebulization of 1% ovalbumin
solution on days 21, 22 and 23 and with 10% solution on day 25. Lungs were harvested and
fixed in buffered formalin 48 h after the final challenge. Control mice were challenged with
saline. Georgetown University Animal Care and Use Committee approved all animal
experiments, and the investigation conforms to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Four micron sections of formalin-fixed, paraffin-embedded lungs were stained with
hematoxylin and eosin (H & E) and examined under a microscope at 400x magnification.
Immunohistochemical (IHC) staining of IL-13 was performed using goat anti-mouse 1L-13
antibody (R&D Systems, Inc., Minneapolis, MN).

Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated using TRIzol Reagent (Invitrogen). cDNA made from 1 pg RNA
via RT was amplified in two sets of PCR using primers for IL-13 (Santa Cruz
Biotechnology), and nested PCR products were visualized on agarose gels with ethidium
bromide staining. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used
as a housekeeping control. 1L-13 expression values obtained from the densitometric analysis
of gels were normalized with the corresponding GAPDH values.

Enzyme-linked immunosorbent assay (ELISA)

IL-13 protein levels in the culture media were monitored using the IL-13 Human ELISA Kit
(Abcam, Cambridge, MA).

Promoter studies

The luciferase reporter plasmid containing the 980 bp human IL-13 promoter (29), that was
submitted by Prof. Anjana Rao (Department of Pathology, Harvard Medical School, Boston,
MA, USA), was purchased from Addgene Inc. (Cambridge, MA, USA). Cells on 6-well
plates were transfected with 4 g of the plasmid using Lipofectamine 2000 (Invitrogen). The
co-transfection of a plasmid expressing renilla luciferase that is controlled by the thymidine
kinase promoter (Promega Corporation, Madison, WI) was used to normalize assays. Then,
48 h after transfection, cells were serum starved and treated with PDGF overnight. A
luciferase assay was performed using the Dual-Luciferase Reporter Assay System
(Promega), according to the manufacturer’s instructions.

Immunoblotting

Cell lysates were prepared and immunoblotting was performed as previously described (30).
Carbonyl content was monitored in 2,4-dinitrophenylhydrazine (DNPH)-derivatized proteins
using an OxyBlot Protein Oxidation Detection Kit (Millipore, Billerica, MA, USA). To
monitor the activation of STAT3, a phospho-STAT3 (Tyr705) antibody from Cell Signaling
Technology (Danvers, MA, USA) was used. Electrophoresis through a reducing SDS-
polyacrylamide gel was followed by electroblotting onto a nitrocellulose membrane.
Enhanced Chemiluminescence System (Amersham Biosciences, Piscataway, NJ, USA) was
used for detection.
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Cell proliferation assay

Cell growth was assessed using a tetrazolium salt-based XTT assay (Trevigen, Inc.,
Gaithersburg, MD, USA) or by counting cells with a hemocytometer.

Statistical analysis

Results

Means + SEM were calculated, comparisons between 2 groups were analyzed by a two-
tailed Student’s ftest, and comparisons between 3 or more groups were analyzed by
ANOVA with a Student-Newman-Keuls post-hoc test. < 0.05 was considered to be
significant.

PDGF promotes IL-13 gene expression in airway and lung vascular SMCs

/L-13mRNA was found to be expressed in both airway SMCs and lung vascular SMCs. The
treatment of human bronchial SMCs with PDGF resulted in increased /L-13 mRNA with a
peak at 60 min (Fig. 1A). Similarly, the treatment of human pulmonary artery SMCs with
PDGF for 60 min increased /L-13mRNA expression (Fig. 1B). ELISA measurements of
IL-13 protein levels in the media demonstrated that PDGF caused IL-13 protein release from
airway and vascular SMCs (Fig. 1C). PDGF also promoted the gene transcription of the
luciferase reporter that is controlled by the proximal 980 bp region of the IL-13 promoter
(Fig. 1D). IL-13 protein expression was also detected as brown IHC staining in smooth
muscle layer of airways and pulmonary vessels in allergen-stimulated mice (Fig. 1E). These
experiments demonstrated that lung SMCs express IL-13 in cultured cells and in intact
animals, and that its gene transcriptional activity can be increased by PDGF.

Role of ROS in the regulation of PDGF-induced IL-13 gene expression

H»0, that is produced through the activation of NAD(P)H oxidase has been shown to serve
as a second messenger in response to various ligands, including PDGF (31-34). Thus, we
tested the role of this pathway in PDGF signaling for IL-13 gene expression. An NAD(P)H
oxidase inhibitor, apocynin (Fig. 2A), as well as the siRNA knock-down of p22Phox
NAD(P)H oxidase subunit (Fig. 2B) inhibited the PDGF-induced increase in /L-13mRNA
expression. An H,0, scavenger, catalase, also inhibited the PDGF-induced /L-13expression
(Fig. 2C). Consistent with the previous report (33), PDGF increased dichlorofluorescein
fluorescence in airway SMCs, indicating the production of ROS (data not shown). The
treatment of cells with H,O, (1-100 M) increased IL-13 expression (Fig. 2D).

H,0,, in the presence of Fe2* ions, forms the highly reactive hydroxyl radical in the Fenton
reaction (35). Iron chelators such as deferoxamine (DFO) and N,N’-bis (2-hydroxybenzyl)
ethylenediamine-N,N’-diacetic acid (HBED) limit the generation of hydroxyl radicals. The
pre-treatment of cells with DFO (Fig. 3A) or HBED (Fig. 3B) significantly inhibited PDGF-
induced /L-13mRNA expression. DFO also inhibited the PDGF-induced activation of 1L-13
promoter-dependent luciferase reporter activity (Fig 3C).

Protein carbonylation and PDGF-induced IL-13 gene expression

Our laboratory previously provided evidence that protein carbonylation may serve as a
mechanism of ROS signaling in SMCs (30,36). Thus, we tested the role of protein
carbonylation in PDGF-induced IL-13 gene expression. The treatment of cells with PDGF
promoted total protein carbonyl content (Fig. 4A). A carbonyl inhibitor, hydralazine (37),
inhibited PDGF-induced promotion of protein carbonylation (Fig. 4B), /L-13mRNA
expression (Fig. 4C), and the luciferase reporter activity controlled by the /L-13gene
promoter (Fig. 4D).
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The involvement of STAT3 in PDGF-induced IL-13 expression

Because PDGF-induced STAT3 activation has been shown to involve ROS in airway SMCs
(38), we tested if this pathway is involved in PDGF-induced IL-13 gene expression.
Knocking-down STAT3 with siRNA inhibited PDGF-induced /L-13 mRNA expression,
while control siRNA had no effects (Fig. 5A). PDGF induced the phosphorylation of STAT3
at Tyr705 that is known to activate this transcription factor. The phosphorylation is inhibited
by hydralazine (Fig. 5B), indicating that the ROS-signaling mechanism for PDGF-induced
IL13 expression resides upstream of STAT3.

Role of ROS signaling in SMC growth

To test whether ROS signaling triggered by PDGF is also involved in cell growth, cells were
treated with the ROS inhibitors before the addition of PDGF, and a cell proliferation assay
was performed 4 days after the stimulation. Apocynin, DFO, HBED, and hydralazine all
significantly inhibited PDGF-induced cell growth (Fig. 6).

Differential roles of IL-13 in the growth of airway and vascular SMCs

Since a potent growth factor of SMCs, PDGF, promotes IL-13 expression in human airway
SMCs and in human lung vascular SMCs, we tested whether IL-13 plays a role in PDGF-
induced cell growth. Cells were pre-treated with different concentrations of an 1L-13
neutralizing antibody or isotype control for 1 h before PDGF stimulation, and cell growth
was monitored after 4 days. The IL-13 neutralizing antibody inhibited the PDGF-induced
growth of airway SMCs in a dose-dependent fashion, while the isotype control had no effect
(Fig. 7A). Results using human bronchial SMCs from two different donors show that the
IL-13 neutralizing antibody almost completely inhibited PDGF-induced cell growth (Fig.
7B). Neither the I1L-13 neutralizing antibody nor the isotype affected cell growth in the
absence of PDGF (Fig. 7B). By contrast, the IL-13 neutralizing antibody did not affect the
PDGF-induced growth of human pulmonary artery SMCs (Fig. 7C).

Effects of IL-13 on cell growth

To test the hypothesis that the two lung SMC types we used in this study have different
IL-13 signaling, cells were stimulated directly with recombinant human IL-13. 1L-13
significantly promoted the growth of airway SMCs (Fig. 8A; closed diamonds). The growth
of IL-13-induced airway SMCs was comparable to the growth induced by the same
concentration of PDGF (Fig. 8B), whereas IL-13 did not promote the growth of lung
vascular SMCs (Fig. 8A, filled squares). Despite the absence of growth promoting activity
in vascular SMCs, 1L-13 promoted phosphorylation of Stat6 in both airway and vascular
SMCs (data not shown). By contrast, PDGF promoted the growth of both airway and lung
vascular SMCs (Fig. 6C).

Discussion

The major finding of the present study is that SMCs in the lung (both airway and vascular
SMC types) express IL-13, and PDGF increases its expression through a signal transduction
mechanism, which involves ROS.

Grunstein et al. (39) first discovered that IL-13 mRNA is expressed in cultured human
airway SMCs. In humans, Saha et al. (40) later showed increased IL-13 expression in airway
smooth muscle bundles in the lungs of severe asthmatics compared with those from mild to
moderate asthma patients. The present study demonstrated that SMCs do have the genetic
and signal transduction machinery to activate 1L-13 gene transcription. Our transfection
experiments using a luciferase reporter revealed that an important transcriptional regulatory
region in the IL-13 promoter that is activated by PDGF resides within 980 bp immediately
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proximal to the transcriptional start site. The present study identified the role of STAT3 in
PDGF-signaling for IL-13 gene expression. The involvement of ROS in cell signaling for
the activation of STAT3 has previously been demonstrated in airway SMCs (38).

Consistent with previous reports that PDGF activates NAD(P)H oxidase-dependent ROS
signaling in SMCs (32-34), PDGF-induced IL-13 gene expression was blocked by the
inhibitors of NAD(P)H oxidase and ROS metabolism. Further, H,O, as low as 1 .M was
found to significantly activate IL-13 gene expression. This sensitive ROS target may involve
iron-catalyzed protein carbonylation, which was previously proposed to be involved in ROS
signaling (30,36). Results of the present study, which shows that a carbonyl scavenger,
hydralazine, inhibits PDGF-mediated events, further support the concept for the role of
protein carbonylation in cell signaling. ROS appear to target upstream of STAT3, perhaps
by either activating protein kinases or inhibiting protein phosphatases. Further work is
needed to identify the exact target of oxidation in this signaling pathway.

The present study also provided evidence that IL-13 is involved in the mechanisms of
growth factor-mediated growth of human bronchial SMCs. To our knowledge, this is the
first demonstration for such a role of IL-13 or any Th2 cytokines in cell growth. We propose
that IL-13 is released extracellularly and that it serves as an autocrine or paracrine signal to
activate the 1L-13 receptor. Consistent with previous findings (24,25), IL-13 can promote
the growth of airway SMCs. Interestingly, however, these roles and actions of IL-13 only
occur in airway SMCs, but not in lung vascular SMCs.

In summary, the present study revealed a novel ROS-dependent signaling event, in which
PDGF increases /L-13gene transcription in both airway and vascular SMC types. It is
intriguing that this signaling pathway can be activated by low uM levels of H,O5,. This
suggests the existence of sensitive redox targets, which regulate gene transcription. More
work is needed to determine the exact molecular mechanism of ROS signaling.
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Fig. 1. PDGF promotes|L-13 gene expression in lung SMCs

(A) Human bronchial SMCs were treated with 10 ng/ml of PDGF for the durations
indicated. RNA was isolated and /L-13and GAPDH mRNA levels were monitored. The
values in the graph represent the means + SEM of the ratio of /L-13to GAPDH bands. (B)
Human pulmonary artery SMCs were treated with 10 ng/ml PDGF for 60 min to monitor
/L-13mRNA levels. (C) Cells were treated with 10 ng/ml PDGF. Four days after the
treatment, 1L-13 protein levels were monitored in culture media by ELISA. (D) Human
bronchial SMCs were transfected with an IL-13 promoter reporter plasmid. After 48 h, cells
were serum starved for 8 h and treated with 10 ng/ml PDGF. A luciferase assay was
performed the following day. Values were normalized with a co-transfected renilla
luciferase activity that is controlled by the thymidine kinase (TK) promoter. Values in the
graphs represent means + SEM (n = 3 — 4). * and # denote values significantly different
from the untreated control value at < 0.05. (E) Formalin-fixed lung sections from control
and allergen (ovalbumin)-treated mice were stained with H & E. Size marker = 200 pm.
IHC staining shows IL-13 expression (brown staining) in smooth muscle layer (arrows) of
airways, A, and pulmonary artery, PA, in allergen-stimulated mice.
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Fig. 2. PDGF-induced |L-13 gene expression isregulated by ROS

Human bronchial SMCs were serum starved overnight and (A) treated with 100 uM
apocynin for 30 min, (B) subjected to siRNA knock-down of p22P"X NAD(P)H oxidase
subunit, and (C) treated with 1,000 units/ml catalase for 30 min, followed by 10 ng/ml of
PDGEF for 1 h. (D) Human bronchial SMCs were treated with different concentrations of
H,0, for 1 h. RNA was isolated, and /L-13and GAPDH mRNA levels were monitored. The
values in the graph represent the means + SEM of the ratio of /L-13to GAPDHbands (n =3
—4). Values denoted with * are significantly different from the untreated control value and
those with # are different from the PDGF value at A< 0.05.
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Fig. 3. Theroleof iron in PDGF-induced |L-13 gene expression

Human bronchial SMCs were serum starved overnight and treated with (A) 50 M DFO or
(B) 50 .M HBED for 30 min, followed by 10 ng/ml of PDGF for 1 h. RNA was isolated,
and /L-13and GAPDH mRNA levels were monitored. (C) Human bronchial SMCs
transfected with an IL-13 reporter plasmid were pre-treated with DFO for 30 min and then
treated with PDGF overnight. The values in the graph represent the means + SEM (n = 4).
Values denoted with * are significantly different from the untreated control value and those
with # are different from the PDGF value at £< 0.05.
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Fig. 4. Protein carbonylation is a mechanism of ROS signaling

(A) Human bronchial SMCs were treated with 10 ng/ml PDGF for the durations indicated.
Cells were lysed and derivatized with DNPH, and carbonylated proteins were detected by
immunoblotting. Coomassie blue staining showed equal loading. (B) Cells were pre-treated
with hydralazine for 30 min and then treated with PDGF for 10 min. DNPH-derivatized cell
lysates were subjected to two-dimensional gel electrophoresis and immunoblotting. (C)
Cells were pre-treated with 50 uM hydralazine for 30 min and then treated with PDGF for 1
h. RNA was isolated, and /L-13and GAPDH mRNA levels were monitored. (D)
Transfected cells were pre-treated with hydralazine for 30 min followed by PDGF overnight,
and the IL-13 promoter activity was measured. The values represent the means + SEM (n =
3 —4). Values denoted with * are significantly different from the untreated control value and
those with # are different from the PDGF value at < 0.05.
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Fig. 5. Theroleof STAT3in PDGF-induced |L-13 expression

(A) Human bronchial SMCs were transfected with control or Sfat3siRNA and then treated
with PDGF for 1 h. RNA was isolated, and /L-13and GAPDH mRNA levels were
monitored. (B) Cells were treated with hydralazine for 30 min and then treated with PDGF
for 10 min. Cell lysates were subjected to western blotting to monitor phosphorylation of
STAT3 at Tyr705. The values in the graph represent the means + SEM (n = 3). Values
denoted with * are significantly different from the untreated control value and those with #
are different from the PDGF value at £< 0.05.
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Fig. 6. PDGF-induced SMC growth is mediated by ROS

(A) Human bronchial SMCs were pre-treated with apocynin, 50 M DFO, 50 uM HBED, or
hydralazine for 30 min and then treated with 10 ng/ml PDGF. Proliferation was assessed
after 4 days using an XTT assay. Each experiment was performed in triplicate. The values
represent the means = SEM of the three experiments for A and C and eight experiments for
B. Values denoted with * are significantly different from the untreated control value and
those with # are different from the PDGF value at A< 0.05.
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Fig. 7. Effects of neutralizing antibody against IL-13 on PDGF-induced cell growth

(A & B) Human bronchial SMCs and (C) human pulmonary artery SMCs were growth
arrested and pre-treated with an 1L-13 neutralizing antibody (anti-1L-13 Ab) or isotype
control for 1 h and then treated with PDGF. Growth was assayed after 4 days by cell
counting. For (B) and (C), 0.1 pg/ml of anti-IL-13 Ab or isotype control were used. The
values represent the means + SEM of the three experiments. Values denoted with * are
significantly different from the untreated control value and those with # are different from
the PDGF+Isotype value at A< 0.05.
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Fig. 8. IL-13 promotesthe growth of airway SMCs, but not vascular SMCs

(A) Human bronchial SMCs and human pulmonary artery SMCs were treated with different
concentrations of recombinant human 1L-13 as indicated. (B) Human bronchial SMCs were
treated with 10 ng/ml IL-13 or 10 ng/ml PDGF. (C) Human bronchial SMCs and human
pulmonary artery SMCs were treated with 10 ng/ml PDGF. Cell proliferation was assessed 2
days later using an XTT assay. Each experiment was performed in triplicate. The values
represent the means £ SEM (n = 3 — 4). Values denoted with * are significantly different
from the untreated control value at £< 0.05.
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