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Rationale: Airway hyperreactivity and remodeling are characteristic
features of asthma. Interactions between the airway epithelium and
environmental allergens are believed to be important in driving
development of pathology, particularly because altered epithelial
gene expression is common in individuals with asthma.
Objectives: To investigate the interactions between a modified air-
way epithelium and a common aeroallergen in vivo.
Methods: We used an adenoviral vector to generate mice over-
expressing the transforming growth factor-b signaling molecule,
Smad2, in the airway epithelium and exposed them to house dust
mite (HDM) extract intranasally.
Measurements and Main Results: Smad2 overexpression resulted in
enhanced airway hyperreactivity after allergen challenge concomi-
tant with changes in airway remodeling. Subepithelial collagen
deposition was increased and smooth muscle hyperplasia was
evident resulting in thickening of the airway smooth muscle layer.
However, therewasno increase in airway inflammation in micegiven
the Smad2 vector compared with the control vector. Enhanced
airway hyperreactivity and remodeling did not correlate with ele-
vated levels of Th2 cytokines, such as IL-13 or IL-4. However, mice
overexpressingSmad2 in the airway epithelium showedsignificantly
enhanced levels of IL-25 and activin A after HDM exposure. Blocking
activin A with a neutralizing antibody prevented the increase in lung
IL-25 and inhibited subsequent collagen deposition and also the
enhanced airway hyperreactivity observed in the Smad2 overex-
pressing HDM-exposed mice.
Conclusions: Epithelial overexpression of Smad2 can specifically alter
airway hyperreactivity and remodeling in response to an aeroaller-
gen. Moreover, we have identified novel roles for IL-25 and activin A
in driving airway hyperreactivity and remodeling.
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Asthma is a complex disease typically characterized by a Th2-
type pulmonary inflammatory response and airway hyperreac-
tivity (AHR). Structural changes to the airway wall, termed
airway remodeling, are believed to contribute to the decline in
lung function observed during chronic disease. Airway remod-
eling encompasses subepithelial fibrosis, deposition of extracel-
lular matrix (ECM) proteins, increased smooth muscle mass,
and mucus gland hyperplasia. It is a generally held belief that
continued cycles of Th2 inflammation driven by allergen
exposure ultimately lead to the development of remodeling.

Recently however, it has been proposed that inflammation and
remodeling may occur in parallel rather than sequentially, and
that the interaction of the immune system with the lung
structural cells is critical in both initiation and development of
chronic disease (1).

Airway epithelium represents the site of initial exposure to
environmental antigens, which induce allergic airway inflam-
mation in a proportion of atopic individuals. The airway
epithelium is crucial to both the origins and progression of
asthma (2), and as a result of activation by environmental
triggers susceptible asthmatic epithelium creates a microenvi-
ronment that supports chronic cycles of injury, inflammation,
and airway remodeling (3). Epithelial cells isolated from
patients with asthma demonstrate delayed epithelial repair,
a change to a mucus-secreting phenotype, and generation of
growth factors that drive mesenchymal cell proliferation and
differentiation toward increased matrix deposition and smooth
muscle production (1, 4, 5).

Growth factors involved in fetal lung development (such as
members of the transforming growth factor [TGF]-b family) are
also involved in airway wall remodeling in asthma (6). The
similarities between wound healing and organ morphogenesis
have led to the development of a new concept of chronic tissue
inflammation in which there is reactivation of the processes that
drive branching morphogenesis in the fetus, where the epithe-
lium and the mesenchyme function as a trophic unit. It is
proposed that epithelial damage and Th2 cytokines cooperate
to promote functional disturbance of this epithelial mesenchy-
mal trophic unit (EMTU), leading to myofibroblast activation
and induction of airway inflammation and remodeling, charac-
teristic of chronic asthma (1, 6, 7).

To investigate the contribution of altered epithelial gene
expression to airway inflammation and remodeling we have
used an adenovirus encoding Smad2 (a downstream signaling
molecule in the TGF-b/activin cascade) to overexpress this
protein in airway epithelium before exposure to the environ-
mentally relevant allergen house dust mite (HDM).

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Airway epithelial cells are crucial to the origins and pro-
gression of asthma. However, the link between altered
epithelial gene expression and the development of airway
remodeling and hyperreactivity has not yet been explored.

What This Study Adds to the Field

A novel role for activin A and IL-25 in mediating airway
remodeling and hyperreactivity in response to the aero-
allergen house dust mite in mice with altered epithelial
Smad2 gene expression is identified.
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Using this model we have determined that epithelial over-
expression of Smad2 increased expression of IL-25 and activin
A in the lung and potentiated airway remodeling and AHR
without affecting inflammatory responses. These data reinforce
the vital contribution of the epithelium to allergic pathology
and outline a novel in vivo role for activin A and IL-25 in
mediating AHR and remodeling after allergen exposure.

Some of the results of these studies have been previously
reported in the form of an abstract (8).

METHODS

Animals

Female BALB/c mice 6 to 8 weeks old (Charles River, Morgate, UK)
received 15 mg HDM extract (Dermatophagoides pteronyssinus in
phosphate-buffered saline [PBS]) (Greer Laboratories, Lenoir, NC)
or 15 ml PBS intranasally 3 days a week for up to 3 weeks. Some groups
received a first-generation replication-deficient adenovirus serotype 5
containing murine Smad2 cDNA (AdSmad2) (2 3 109 viral particles in
25 ml PBS) or an empty vector lacking a transgene (AdC) 2 days before
commencing installation of either HDM or PBS. In blocking experi-
ments mice received either 20 mg of neutralizing antibody to murine
activin A or control IgG (R&D Systems, Abingdon, UK) intraper-
itoneally 2 hours before intranasal challenge with either PBS or
HDM.

Measurement of AHR

AHR was determined by direct measurements of resistance and com-
pliance in anesthetized and tracheostomized mice in response to inhaled
methacholine (MCh; Sigma, Cambridge, UK) at concentrations of 3 to
100 mg/ml for 1 minute in an EMMS system (EMMS, Hampshire, UK)
in a modified version of previously described methods (9, 10).

Sample Preparation

Collection of bronchoalveolar lavage (BAL) and lung cells were
performed as previously described (11). Differential cell counts were
performed on Wright-Giemsa–stained cytospins.

Western Blotting

Expression of total and phosphorylated Smad2 were assessed after
protein fractionation, transfer to polyvinylidene difluoride membranes,
and sequential reaction with a rabbit anti-mouse Smad2 (Zymed Lab-
oratories, San Francisco, CA) or pSer465/467 Smad2 Ab (Calbiochem,
Nottingham, UK). (More detailed methods are provided in the online
supplement.) Immunoblots were incubated with peroxidase-conjugated
secondary antibodies and developed using ECL Western blotting
detection system (Amersham, Buckinghamshire, UK). Data were
normalized to mouse a-tubulin. Densitometry analysis was performed
using ImageJ 1.41 software.

Pathology

Paraffin-embedded sections were stained with hematoxylin/eosin to
evaluate general morphology. Goblet cells were visualized on periodic
acid-Schiff (PAS)-stained lung sections and scored as previously
described (12). Collagen deposition was assessed on Sirius red–stained
sections. Image analysis was performed using Scion Image (Scion
Corporation, Frederick, MD) (13). Epithelial cell height and thickness
of the airway smooth muscle layer around medium-sized conducting
airways measuring between 150 and 250 mm in diameter were mea-
sured. (Additional details are provided in the online supplement.).

Immunohistochemistry

Paraffin sections were stained with rabbit anti-mouse proliferating cell
nuclear antigen (PCNA) (Abcam, Cambridge, UK), goat anti-mouse
activin A (R&D Systems), and a- smooth muscle actin (a-SMA)
(Abcam) using an avidin/biotin staining.

Quantification of Total Lung Collagen

Recently synthesized acid-soluble collagens were measured in lung
tissue by biochemical assay according to the manufacturer’s instruc-
tions (Sircol collagen assay; Biocolor, Belfast, UK) and normalized for
tissue weight.

Cytokine Analysis

Lung tissue was homogenized and the supernatant collected for
analysis by ELISA. Paired antibodies for murine IL-4, IL-5, TGF-b1,
and IFN-g (PharMingen, Oxford, UK), IL-25, and activin A (R&D
Systems) were used in standardized sandwich ELISAs. Kits to measure
IL-13 were purchased from R&D Systems. All presented data have
been normalized for tissue weight.

Statistical Analysis

Data were analyzed using Prism 4 for Windows from GraphPad
Software Inc. Multiple comparisons were performed using Kruskal-
Wallis test for nonparametric data and where statistical differences
were observed the data sets were further analyzed using a paired
Mann-Whitney test. Data are presented as averages 6 SEM.

RESULTS

Intranasal instillation of HDM three times a week resulted in
lung eosinophilia, a Th2-type immune response, AHR, and
airway remodeling similar to that previously reported (14),
despite lower and less-frequent dosing. This regime was chosen
for all future experiments to enable us to observe any abroga-
tion or enhancement of airway inflammation and/or remodeling
parameters as a result of overexpression of Smad2 in the airway
epithelium. In preliminary experiments we investigated the
effect of administration of AdC on the development of in-
flammation and airway remodeling compared with mice treated
with either PBS or HDM alone. Mice exposed to PBS alone or
with control virus showed no significant change in BAL or lung
cellular profile compared with naive, untreated mice. Likewise,
the inflammatory profile, AHR, and remodeling parameters in
mice exposed to HDM alone or with control virus were not
different from each other (see online supplement Figure E1). In
conclusion, examination of both differential cell counts and lung
histology confirmed that the dose of viral vector used did not
cause viral-mediated inflammation. Thus, in all subsequent
experiments the effects of treatment with AdSmad2 were
compared with mice treated with an equal number of AdC
viral particles as an appropriate control. An optimal dose of 2 3

109 viral particles delivered in 30 ml of PBS was arrived at based
on observations using an adenovirus encoding the marker
protein b-galactosidase that resulted in epithelial transgene
expression in 30 to 70% of the medium airways 48 hours post
intranasal administration in the absence of cellular infiltrate in
the lung (data not shown). Using this dosing regimen expression
of the transgene was limited to the conducting airways with no
significant expression observed in alveolar epithelial cells.
Western blotting for total Smad2 in the lung 48 hours post
intranasal AdC or Adsmad2 clearly showed an increase in
Smad2 protein expression (the inactive form encoded by the
adenoviral vector) in the Adsmad2-treated mice indicating
expression of the transgene after vector administration (Figure
1). Immunohistochemistry confirmed increased expression of
Smad2 in the airway epithelium in these mice with negligible
transduction of alveolar epithelial cells or macrophages (Figure
1). At 48 hours post adenoviral administration exogenous gene
expression was present in less than 3% of alveolar macrophages
and thus does not contribute significantly to viral-mediated gene
expression during the allergen challenge phase of the experi-
ment. TGF-b family ligands bind type II receptors, which then
recruit type I receptors, which phosphorylate the serine residues
of Smad2 and 3 enabling them to form a complex with the co-
smad, Smad4. The phosphorylated Smad complex then enters
the nucleus where it binds transcription promoters/cofactors
of target genes resulting in DNA transcription. Levels of phos-
phorylated Smad2 (pSmad2) were also increased in the AdS-
mad2-treated mice and were further increased in the presence
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of HDM challenge in both AdC and Adsmad2 groups, in-
dicative of active cellular signaling via the Smad2 pathway.
Importantly, the amount of pSmad2 detected was greater in
the AdSmad2 HDM mice compared with the AdC HDM group
(Figure 1).

Overexpression of Smad2 in the Airways Does Not Influence

HDM-induced Airway Inflammation

Recruitment of leukocytes to the lung is a characteristic feature of
allergen challenge. We found that total cell recruitment to the
lung and airway lumen was enhanced in the HDM-exposed groups
compared with PBS and was largely due to robust eosinophilic
inflammation (Figure 2A). Inflammatory infiltrates were absent
from lungs of mice in the AdC and AdSmad2 groups treated with
PBS, and there were no observable differences in lung morphol-
ogy between these two groups (Figure 2B). In contrast, mice
administered HDM showed significant perivascular and bronchial
infiltrates in the lung. There were no significant differences in the
quantity of infiltrating cells or their distribution between the AdC-
treated and AdSmad HDM-exposed mice. CD41 and CD81

subsets and the proportion of CD4 cells staining for the surrogate
Th2 marker T1/ST2 were determined in cells isolated from lung
digests by flow cytometry. A significant increase in the population
of CD41 cells (12-fold increase) and T1ST21/CD41 cells were
detected after 3 weeks of HDM exposure compared with PBS
in the lung (Figure 2C). Similar increases in CD41 and T1/ST21

T cells were observed in the BAL fluid (data not shown). How-
ever, no significant differences in the inflammatory profile were
detectable between animals overexpressing epithelial smad2 and
those treated with the control vector.

Epithelial Smad2 Expression Enhances AHR

AHR to MCh was determined in anesthetized ventilated mice.
Overexpression of Smad2 had no effect on lung function in mice
24 hours after the final challenge because no significant
differences were measured between AdC and AdSmad2 groups
of mice receiving PBS. However, AdSmad2 mice exposed to
HDM showed significantly increased airway resistance in re-
sponse to increasing doses of MCh when compared with the
AdC HDM mice (Figure 3A). Baseline airway compliance was

Figure 1. Increased protein expression of Smad2 in airway
epithelium 2 days after intranasal installation of AdSmad2.

(A) Protein levels of total Smad2 and phosphorylated

Smad2 (pSmad2) and the housekeeping protein a-tubulin

were determined in the lung by Western blotting and
quantitated by densitometry. (B) Immunohistochemistry

for total smad2 expression demonstrates positively stained

epithelial cells of the conducting airways. Staining was

absent in alveolar epithelial cells and macrophages (arrows).
Photographs are representative examples from each group.

Original magnification, 340. Scale bar 5 50 mm. AdC 5

control adenoviral vector; Adsmad 5 Smad-expressing

adenoviral vector; HDM 5 house dust mite;
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significantly decreased in the AdSmad2 HDM mice compared
with PBS-treated controls and lung compliance was further
decreased in response to escalating MCh doses (Figure 3B).

Overexpression of Epithelial Smad2 Augments

Airway Remodeling

The effect of epithelial Smad2 overexpression on lung tissue
pathology is shown in Figures 4–6. PAS staining for mucus was
absent from lungs of mice in the AdC and AdSmad2 groups
treated with PBS, and there were no observable differences in
lung morphology or Sirius red staining for collagen between these
two groups.

Epithelial changes. Marked morphological changes were ob-
served in the HDM-treated groups. PAS staining demonstrated
the presence of mucus containing goblet cells in all HDM-treated
animals (Figures 4A and 4B). This same trend was observed
when mucus in the BALF was measured by ELISA (Figure 4C)
and the change in the epithelium to a mucus-secreting phenotype
in the HDM-treated animals was associated with an increase in
the height of the epithelium (Figure 4D). In PBS-treated animals
the average epithelial cell height was 27 mm compared with the
height of the hyperplastic goblet cells present in the HDM-
exposed animals, which averaged 49 mm. However, despite the
significant effect of HDM exposure on epithelial cells, there was
no enhanced change after overexpression of Smad2.

Extracellular matrix deposition. Significant alterations to the
subepithelium, most notably an increase in the deposition of
collagen, were observed in the mice exposed to HDM (Figure
5). PBS control mice showed little collagen staining around the
airways and most of the lung collagen was distributed perivasc-

ularly. Peribronchial collagen deposition was clearly increased
in the AdC HDM-treated mice and further increased in the
HDM mice overexpressing epithelial Smad2 (Figure 5A). It was
clear from high-power examination of the histological sections
that the collagen was laid down subepithelially between and
around the smooth muscle cells (Figure 5B). The density of the
peribronchial collagen was determined quantitatively by image
analysis on Sirius red–stained lung sections (Figure 5C). Peri-
bronchial collagen deposition was significantly increased by
41% in the AdC HDM-exposed mice compared with control
mice. In the AdSmad2 HDM mice the subepithelial collagen
accumulation was further increased by 32%. The recently
synthesized acid-soluble collagens in the lung were also quan-
tified by a biochemical assay and were increased compared with
the PBS-treated animals. However, unlike the peribronchial
collagen, which was significantly greater in the AdSmad2 HDM
mice compared with AdC HDM-treated animals, total lung
collagen, which includes perivascular collagen, was not signifi-
cantly different between these two groups (Figure 5D).

Smooth muscle cell changes. From the hematoxylin and
eosin–stained lungs in Figure 2B, changes to the smooth muscle
layer were visible when AdSmad2 HDM mice were compared
with those of either the PBS groups or AdC HDM. To further
investigate these changes, sections were immunostained with
a-SMA to positively identify myofibroblasts and smooth muscle
cells. Single positive-stained cells were observed in the PBS-
treated mice and these did not form a continuous layer around
the airways (Figure 6A). In contrast, a continuous layer of
smooth muscle cells and myofibroblasts were observed around
the bronchioles of the AdC HDM mice and this layer was

Figure 2. Inflammatory response in the lung

after exposure to house dust mite (HDM) in

the presence or absence of epithelial over-

expression of Smad2. (A) Differential counts.
E 5 eosinophil; L/M 5 lymphocyte mono-

cyte; M 5 macrophage; N 5 neutrophil. (B)

Lung sections stained with hematoxylin and

eosin showing peribronchial and perivascular
cellular infiltrate. Scale bar 5 50 mm. (C )

Flow cytometric analysis of T-cell subsets.

Data shown represent means 6 SEM (n 5

6–12). Photographs are representative ex-

amples from each group. Original magnifi-

cation 340. *P , 0.05 compared with

phosphate-buffered saline (PBS) controls.
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frequently up to two or three cells deep in the AdSmad2 HDM
mice. To quantify the increase in smooth muscle mass in the
HDM mice the thickness of the airway smooth muscle layer was
measured (Figure 6B). There was an increase in the depth of the
smooth muscle layer surrounding the bronchioles in the AdC
HDM group compared with controls; however, the increased
smooth muscle mass was significantly greater (10-fold compared
with control mice) in the AdSmad2 HDM-treated group. To
determine the extent of airway smooth muscle cell proliferation,
sections were immunostained with PCNA (Figure 6C). PCNA is
a cell surface antigen expressed by proliferating cells in S-phase
of the cell cycle. The number of smooth muscle cells expressing
PCNA was calculated as a percentage of the total number of
airway smooth muscle cells around a given airway (as described
in Reference 11). Smooth muscle hyperplasia, as determined by
the percentage of PCNA-positive cells, was significantly in-
creased from less than 1% in PBS treated mice to 8% in the
AdC HDM-exposed mice. This index of hyperplasia was further
doubled in the Adsmad2 HDM group (Figure 6D).

Enhanced Airway Remodeling Is Associated with Early

Increases in Activin A and Interleukin-25

We next sought to identify a mediator that could be responsible
for the increased airway remodeling changes observed in the
Adsmad2 HDM mice. Significant increases in IL-4, IL-5, IL-13,

TGF-b, and activin A were measured in the lung homogenate in
the HDM-treated mice compared with the PBS groups (Figure
E2). In contrast, the levels of IL-25 and IFN-g were unchanged.
However, despite the increased AHR and airway remodeling in
the AdSmad2 HDM-treated mice compared with the AdC
HDM group no differences in the levels of any of the mediators
tested were observed. We therefore examined groups of mice
treated with either the AdC or AdSmad2 after three intranasal
challenges with PBS or HDM (1-week protocol) to determine
cytokine levels before the induction of airway remodeling. At
this early time point there were no significant changes in the
levels of IL-4, IL-5, IFN-g, or TGF-b in the lung between any of
the treatment groups (Figure 7). In contrast, IL-13 was in-
creased three- to fourfold in the lungs after HDM treatment,
although there was no significant difference between AdC and
AdSmad2 HDM-treated mice. However, both IL-25 and activin
A were significantly increased in lungs from AdSmad2 HDM
mice compared with AdC HDM-treated mice. These data
suggest that activin A and IL-25 play a fundamental role in
the enhanced AHR and airway remodeling observed in the lung
after exogenous expression of Smad2 in the airway epithelium
in the HDM-exposed mice. Increased immunohistochemical
staining for activin A was observed in the airway epithelium
of AdSmad2 HDM-treated mice compared with the AdC HDM
group (Figure E3).

Neutralizing Activin A Abrogates Enhanced Airway

Remodeling and AHR

To confirm a role for activin A in promoting airway remodeling
we administered a neutralizing antibody to this cytokine 2 hours
before each HDM challenge. Blocking activin A had no effect
on recruitment of inflammatory cells to the lung or airway
lumen and the level of airway eosinophilia was similar in AdC
and AdSmad2 HDM-treated mice whether pretreated with the
neutralizing antibody or isotype control (Figure E4). Likewise,
there was no effect on epithelial mucus secretion. Levels of
activin A in the lungs of HDM-exposed anti-activin A–treated
mice were comparable with PBS-treated control groups (Figure
8A). Blockade of activin A did not impact the levels of the Th2
cytokines IL-4, IL-5, or IL-13, or the pleiotropic mediator TGF-
b measured after 3 weeks of allergen challenge (data not
shown). However, the early increase in IL-25 in the lungs of
Adsmad2 HDM mice was completely inhibited (Figure 8B).
Blocking activin A in the lung resulted in complete abrogation
of peribronchial collagen deposition in response to HDM
(Figure 8C). Similarly, changes in the smooth muscle layer
surrounding the bronchioles were absent in HDM-treated mice
receiving the blocking antibody compared with those adminis-
tered the control IgG. There was an increase in smooth muscle
mass surrounding the airways in the AdSmad2 HDM IgG-
treated mice as previously described, but there was no enhanced
remodeling in the AdSmad2 HDM mice receiving the anti-
activin (Figures 8D and 8E). In agreement with these observa-
tions there was also no evidence of smooth muscle hyperplasia
as assessed by the percentage of peribronchiolar PCNA-positive
smooth muscle cells (Figure 8F).

Blocking Activin A Prevents the Smad2 Mediated

Enhancement of AHR

Airway resistance in response to increasing doses of MCh was
significantly increased in AdSmad2 HDM IgG mice compared
with AdC HDM IgG as previously described, and this increase
in airway hyperreactivity was completely abolished in the
AdSmad2 HDM-exposed mice receiving the activin A neutral-
izing antibody (Figure 8G). Collectively, these studies directly

Figure 3. Analysis of airway hyperreactivity to methacholine (MCh) as
determined by resistance/compliance measurements in tracheotom-

ized restrained animals at 3 weeks. (A) Increased airway resistance (RI)

and (B) decreased airway compliance (Cdyn) in response to increasing

doses of MCh. Data shown represent means 6 SEM (n 5 6). *P , 0.05
compared with phosphate-buffered saline (PBS) control. †P , 0.05

comparing control adenoviral vector (AdC) house dust mite (HDM)

with Smad-expressing adenoviral vector (AdSmad) HDM groups.
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demonstrate that activin A signaling is critically involved in the
enhanced AHR observed in AdSmad2-treated mice exposed to
the clinically relevant aeroallergen, HDM.

DISCUSSION

We set out to investigate the role of altered epithelial gene
expression on the development of airway remodeling in an
HDM model of allergic airways disease and chose to use an
adenoviral vector encoding Smad2 to perturb the airway
epithelium. We have determined that epithelial overexpression
of Smad2 specifically promoted enhanced airway hyperreactiv-
ity and smooth muscle and matrix remodeling without increas-
ing airway inflammation. Interestingly, this effect was associated
with the specific induction of activin-A and IL-25, rather than
IL-13, in the lungs of allergen-exposed mice. Blocking activin A
with a neutralizing antibody prevented the increase in IL-25 and
abolished the observed collagen deposition, smooth muscle
hyperplasia, and enhanced AHR. These data provide evidence
that development of AHR and airway remodeling are not
necessarily dependent on inflammation but may be driven
directly by cytokines such as activin A and IL-25. These data
further contribute to our understanding of disease evolution in
asthma and are important given that there is a lack of effective

treatments that can directly impact airway remodeling in this
disease.

Smad2 is an essential arm of both the smad-dependent TGF-
b and activin signaling pathways, and there is extensive
evidence documenting the importance of TGF-b in airway
remodeling (15). Smad2 is of interest since phosphorylated
Smad2 (pSmad2) expression has been found to be increased
in the epithelium of individuals with asthma as determined by
immunostaining in clinical biopsies (16) and in the lungs of
ovalbumin (OVA)-challenged mice (17). Ectopic Smad2 ex-
pression has also been shown to enhance TGF-b–induced
epithelial–mesenchymal transition in vitro (18). Epithelial over-
expression of Smad2 in vivo did not modulate collagen de-
position or other markers of lung fibrosis in the absence of
allergen challenge (AdSmad2 PBS group). This is not un-
expected because Smad2 needs to be phosphorylated to trans-
locate to the nucleus and bind smad-responsive elements in the
promoter region of target genes.

Th2-type inflammation is characteristic of asthma and is
believed to be critically important for disease pathogenesis (19,
20). In our study, exposure of mice to inhaled low-dose HDM
was characterized by the hallmarks of allergic asthma, namely
lung eosinophilia, Th2-type cytokines, AHR, and airway remod-
eling, as previously described (14). Epithelial overexpression of

Figure 4. Epithelial remodeling in response to house dust
mite (HDM) and ectopic epithelial smad2 expression. (A)

Scoring of periodic acid-Shiff (PAS)-stained sections. (B) PAS

staining demonstrates pink/purple-colored mucin containing

cells in the epithelium. Scale bar 5 50 mm. (C ) Quantification
of mucus in the bronchoalveolar lavage fluid by ELISA. (D)

Quantitative measurements of epithelial cell height. Data

shown represent means 6 SEM (n 5 6). Photographs are
representative examples from each group. Original magnifi-

cation 340. *P , 0.05 compared with phosphate-buffered

saline (PBS) controls. AdC 5 control adenoviral vector;

Adsmad 5 Smad-expressing adenoviral vector.
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Smad2 did not seem to modulate T-cell function, because there
was no change in the numbers of T-cell subsets or in levels of
Th2-associated cytokines (IL-4, 5, 13) in the lung at 3 weeks.
There was also no effect on humoral immunity because serum
levels of IgE and IgG1 were unchanged between the AdC and
AdSmad2 HDM groups of mice. Previous studies have shown
that IL-13 plays a pivotal role in the development of AHR,
eosinophil recruitment (via the secretion of chemokines such as
eotaxin), as well as the structural changes to the lung that
encompass airway remodeling (13, 21, 22). Although we de-
tected IL-13 in the lung and BAL after only 1 week of HDM
challenge, there was no significant increase with Smad2 over-
expression in the epithelium. Additionally, epithelial mucous
production and goblet cell hyperplasia, which are induced by
IL-13, were not greater in the Adsmad2 mice compared with the
AdC group. Therefore, it is unlikely that the enhanced AHR
and remodeling initiated by Smad2 overexpression was due to
IL-13. In contrast, we observed greatly enhanced production
of activin A and IL-25 specifically in the lungs of mice over-
expressing Smad2 in the airway epithelium.

Both TGF-b and activin A were up-regulated in the lung tissue
in response to 3 weeks of inhaled HDM in the present study.
However, at an early time point, corresponding to only three
challenges with allergen, the levels of activin A in the lung are
differentially increased in the AdSmad2 HDM mice, whereas
there are no significant changes in the TGF-b activity in the lung
at this time point in response to either allergen challenge or
altered epithelial gene expression. The most potent activator of
TGF-b1 expression is TGF-b itself (23). Epithelial overexpres-
sion of Smad2 did not affect auto-induction of TGF-b expression,

although this is not unexpected as the autocrine signaling loop is
believed to be mediated via smad 3/4 complexes as opposed to
Smad2/4 (24, 25). Activin A is a dimeric glycoprotein belonging to
the TGF-b superfamily (26). In common with TGF-b, it shares
Smad2 as an intracellular signaling target and both cytokines
share functions in inflammatory reactions, including tissue repair.
This overlap in function and signal transduction is also observed
for the target genes induced by both (27). Activin A is expressed
in biopsy specimens from patients with asthma and in mouse
models of asthma and has been suggested to provide a link
between acute allergen-specific T-cell responses and chronic
TGF-b1–mediated airway remodeling in asthma (26). Activin
A has previously been shown to have an immunomodulatory role
in a murine model of acute allergic airway inflammation using
OVA as a surrogate allergen (28). However, in the HDM model,
in which sensitization occurs at the mucosal surfaces of the lung,
blocking activin A had no effect on the pulmonary inflammatory
profile. Instead, the effects of activin A are fibrogenic, with this
mediator having a profound effect on collagen deposition. The
differential requirements to develop airway remodeling between
OVA- and HDM-based models has been extensively discussed by
Fattouh and Jordana (29). It has previously been shown using
neutralizing antibodies to TGF-b that this cytokine mediates
OVA-induced airway remodeling (11); however, remodeling can
develop independently of TGF-b after respiratory exposure to
HDM extract (30). The data presented in the current study
suggest that activin A signaling via Smad2 is responsible for
driving airway remodeling after HDM challenge. The relative
importance of different mediators in different murine models of
allergic airway disease is indicative of the heterogeneity of the

Figure 5. Quantitation of extracellular matrix

deposition in mice exposed to house dust mite

(HDM) in the context of altered epithelial
smad2 expression. (A) Sirius red staining of lung

sections depicts perivascular and peribronchio-

lar collagen (red ). (B) High-power magnifica-

tion of collagen deposition around the airway
smooth muscle. (C ) Quantitative analysis of

subepithelial peribronchiolar collagen density

determined by measuring Sirius red–stained
collagen in lung sections under polarized light.

(D) Total lung collagen was quantified by a bio-

chemical Sircol assay. Data shown represent

means 6 SEM (n 5 6). Photographs are repre-
sentative examples from each group. Original

magnification 340. Scale bar 5 50 mm. *P ,

0.05 compared with phosphate-buffered saline

(PBS) controls. †P , 0.05 comparing control
adenoviral vector (AdC) HDM with Smad-

expressing adenoviral vector (AdSmad) HDM

groups.
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disease and may also reflect the existence of distinct asthma
phenotypes (31). Activin A has been demonstrated to stimulate
the proliferation of various cell types, including lung fibroblasts
and smooth muscle cells (32–34) and like TGF-b can induce the
expression of collagen and other components of the ECM (27,
35). Importantly, in this context, TGF-b–induced collagen pro-
duction has been shown to depend on an autocrine activin A
signaling loop (36). Additionally, a-SMA expression in myofi-
broblasts also depends on activin A (36). In keeping with the
hypothesis that reactivation of the EMTU is fundamental to
airway remodeling in asthma, activin A is induced in the wound-
healing process in skin within 15 to 24 hours after injury (37, 38).
Activin could therefore act as an inducer of ECM molecules in the
mesenchymal compartment as it has been shown to stimulate
fibronectin expression and type I collagen mRNA (35, 38). This is
the first study to link activin A with IL-25 and airway remodeling.
However, in vitro treatment of primary normal human bronchial
epithelial cells with activin A did not induce IL-25 and likewise
activin A was not induced by treatment of the cells with IL-25,
suggesting that regulation of IL-25 by activin A is complex and
requires interaction with additional cell types and mediators
likely present in the EMTU in vivo (data not shown). Blocking
activin A prevented the allergen-induced increase in pulmonary
IL-25 levels, suggesting that in this model system IL-25 acts
downstream of activin to modulate airway remodeling and AHR.

IL-25 (IL-17E) is a member of the IL-17 cytokine family and
is believed to play a role in the development of Th2-type
immunity (39, 40). Transgenic expression of IL-25 in the
bronchial epithelium results in mucus production and recruit-
ment of macrophages and eosinophils to the airways (39).
Similarly, intranasal instillation of recombinant IL-25 promotes
AHR, eosinophilic inflammation, mucus hypersecretion, and
production of Th2-type cytokines in the lung (41). In contrast,
blockade of IL-25 reduces airway inflammation and Th2
cytokine production in an acute allergen-induced asthma model
(39, 42). Interestingly, the latter study suggested that IL-25–
mediated AHR occurred independently of the inflammatory

response, because intranasal instillation of IL-25 caused AHR
in naive il42/2il52/2il92/2il132/2 mice (42). In our study, HDM-
treated mice overexpressing Smad2 had significantly increased
levels of IL-25 in the lungs after 1 week of allergen challenge
and showed enhanced AHR but no increase in Th2 cell number
or IL-13 levels compared with AdC mice. The lack of enhance-
ment of Th2-type inflammation despite elevated levels of IL-25
in the lung may be due to the local microenvironment. We did
not measure significant increases in the BAL, and all previous
studies have relied on delivery of recombinant IL-25 protein
directly to the airway lumen. Interestingly, the study by
Ballantyne and colleagues (42) determined that IL-25–induced
AHR occurred via either an IL-13–dependent or IL-13–in-
dependent pathway, implicating a key role for IL-25 in the
changes in lung function that are indicative of allergen chal-
lenge. Previous studies have determined that although IL-13 is
critical for the initiation of AHR, other mechanisms are
important in maintenance of AHR (43). Our data implicate
IL-25 via activin A in this process. It is possible that the early
(after three HDM challenges) induction of IL-25 in Smad2-
expressing mice promoted the AHR and remodeling pathology
observed at later stages in disease. Previous studies suggest
a role for IL-25 in acute Th2-type inflammation; however, the
present study is the first to implicate IL-25 in the promotion of
airway remodeling.

Immunohistochemical analysis of biopsies from subjects with
asthma reveals that the IL-25 receptor is abundant in smooth
muscle layers (44). Although IL-25 does not directly induce
smooth muscle contraction, stimulation of cells with IL-25
increases their expression of components of the extracellular
matrix, namely procollagen-a1 and lumican mRNA (44). In-
stillation of a single dose of IL-25 to the airways of mice has
been shown to result in AHR, which is maintained for at least
16 days (41). Conversely, blocking IL-25 in an acute experi-
mental model of allergic asthma has been demonstrated to
prevent AHR (42). We have also demonstrated a reduction in
AHR using a neutralizing antibody to activin A, which resulted

Figure 6. Hypertrophy and hyperplasia of smooth muscle

cells. (A) Smooth muscle cells and myofibroblasts were
identified by immunohistochemical staining of a–smooth

muscle actin (a-SMA). (B) The thickness of the peribronchial

smooth muscle layer was measured from a-SMA stained
sections. (C ) Proliferating cells were identified as those stained

positively with an antibody against proliferating cell nuclear

antigen (PCNA). (D) Percentage PCNA-positive cells. Data

shown represent means 6 SEM (n 5 6). Photographs are
representative examples from each group. Original magnifi-

cation 340. Scale bar 5 50 mm. *P , 0.05 compared with

phosphate-buffered saline (PBS) controls. †P , 0.05 compar-

ing control adenoviral vector (AdC) house dust mite (HDM)
with Smad-expressing adenoviral vector (AdSmad) HDM

groups.
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in an inhibition of HDM-induced IL-25 release in mice over-
expressing Smad2 in the airway epithelium. Importantly, the
critical role of IL-25 in the induction of AHR has been shown to
be independent of the inflammatory response because admin-
istration of IL-25 to naive IL-4/5/9/13 knockout mice results in
significant AHR. These data provide compelling evidence for
the involvement of IL-25 in the initiation and perpetuation of
airway remodeling during allergic airways disease. It is in-
teresting to note that although a causative link to asthma has
not been established, the IL-25 gene maps to a postulated
asthma susceptibility locus (45).

The use of transient adenovirus-mediated gene transfer to
investigate lung inflammation has previously been described
(46). Epithelial overexpression of IL-1b induces marked tissue
injury and inflammation, whereas expression of active TGF-b
induces severe and progressive fibrosis in rodent lung without
apparent inflammation (47–49). In these experiments both
vector treatments induced a fibrotic response in the absence
of allergen challenge extending over days involving the entire
lung and pleural surface. In the current study, airway remodel-
ing changes were restricted to the peribronchiolar airways
rather than lung parenchyma, making this a more relevant
model to investigate aberrant epithelial mesenchymal cell in-
teraction during allergic disease. In all these studies it is

interesting to note that despite the transient nature of exoge-
nous gene expression from adenoviral vectors the features of
fibrosis and airway remodeling persist, suggesting that the
remodeling process, once initiated, is self-perpetuating. These
data reinforce the importance of the local microenvironment at
the EMTU to the development of remodeling and support the
hypothesis that the epithelium is central to the development of
pathophysiological symptoms after inhalation of allergen.

This is the first report to describe how epithelial over-
expression of a gene can specifically influence AHR and airway
remodeling in response to an aeroallergen without affecting the
inflammatory profile. The data therefore support the hypothesis
that inflammation, AHR, and remodeling can be dissociated
from each other and may be separately regulated. Moreover, we
have identified novel roles for activin A and IL-25 in driving
airway remodeling and AHR. We show that perturbations of
the airway epithelium are capable of driving structural changes
linked to airway remodeling. Thus, the model lends further
support to the idea that the epithelium is central to asthma
pathogenesis (2). This alternative view of the pathogenesis of
asthma is important to open up new therapeutic avenues that
focus on protection of the epithelium from external environ-
mental stimuli rather than suppression of Th2-driven inflam-
mation.

Figure 7. Cytokine and growth factor levels
in the lung after 1-week exposure to house

dust mite (HDM) in the presence or absence

of epithelial overexpression of Smad2. Me-
diator levels were determined by ELISA in

lung homogenate. (A) IL-4, (B) IL-13, (C ) IL-

25, (D) IFN-g, (E ) transforming growth factor

(TGF)-b, (F ) activin A. Data shown represent
means 6 SEM (n 5 6). *P , 0.05 compared

with phosphate-buffered saline (PBS) con-

trols. †P , 0.05 comparing control adenovi-

ral vector (AdC) house dust mite (HDM) with
Smad-expressing adenoviral vector 2 (AdSmad)

HDM groups.
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Figure 8. Blocking activin
A in vivo prevents Smad2-

mediated airway remodel-

ing and airway hyperres-
ponsiveness (AHR) in

response to house dust

mite (HDM). Mediator

levels were determined by
ELISA in lung homogenate

prepared from mice

treated with either the iso-

type control (Ig) or neutral-
izing activin antibody

(Act). (A) Activin A after 3-

week HDM challenge. (B)
IL-25 after 1-week HDM

challenge. (C ) Quantitative

analysis of subepithelial

peribronchiolar collagen
density determined by

measuring Sirius red–

stained collagen in lung

sections under polarized
light. (D) The thickness of

the peribronchial smooth

muscle layer was measured
from a-SMA stained sec-

tions. (E ) Collagen was

stained by Sirius red.

Smooth muscle cells and
myofibroblasts were identi-

fied by immunohistochem-

ical staining of a-smooth

muscle actin (a-SMA). Pho-
tographs are representative

examples from each group.

Original magnification

320. Scale bar 5 50 mm.
(F ) The percentage of peri-

bronchial proliferating cell

nuclear antigen (PCNA)-
positive mesenchymal

cells. (G) Analysis of airway

hyperreactivity to metha-

choline (MCh) as deter-
mined by resistance

measurements in tracheo-

tomized restrained animals

at 3 weeks. Increased air-
way resistance in response

to increasing doses of MCh

(for clarity only a single
phosphate-buffered saline

[PBS] dose-response curve

is shown, but all PBS treat-

ment groups were not dif-
ferent from one another).

Data shown represent

means 6 SEM (n 5 6).

*P , 0.05 compared with
PBS controls. †P , 0.05

comparing anti-activin

HDM-treated mice with

the appropriate Ig control
HDM group. AdC 5 con-

trol adenoviral vector;

AdS 5 Smad-expressing ad-
enoviral vector.
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